|

) <

The University of Osaka
Institutional Knowledge Archive

Tale Studies on the Redox State of Metal Ions in
Glass and the Basic Properties of Glass Melts

Author(s) |Yamashita, Masaru

Citation |KFRKZ, 2008, HIFwX

Version Type|VoR

URL https://hdl. handle.net/11094/140

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Studies on the Redox State of Metal lons in Glass

and the Basic Properties of Glass Melts

Masaru Yamashita

SEPTEMBER 2008



Studies on the Redox State of Metal lons in Glass

and the Basic Properties of Glass Melts

A dissertation submitted to
THE GRADUATE SCHOOL OF ENGINEERING SCIENCE
OSAKA UNIVERSITY
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY IN ENGINEERING

BY

Masaru Yamashita

SEPTEMBER 2008



Chapter 1 General Introduction



1-1 Background and history of the study of oxide melts
1-1.1  Previous studies of oxide melts

Studies of the properties of oxide melts and glass have been conducted since
the 19th century, and such properties as viscosity have been studied in detail. Among
the oxide melts, slag has been most extensively studied. These properties are especially
important for metal production, since slag is produced during metal smelting. Molten
rocks have also been studied, as they are important for geological mineralogy.
Measurement of the properties of melts is not easy due to the high temperature
conditions, normally above 1200 °C, which limit the materials to be used as probes, and
to their structure. However, since the melt properties of steel slag are important to steel
production, methods for measuring the properties at high temperatures have been
developed.

Slag consists primarily of SiO,, CaO, and Al,O;. The main difference between
ordinary silicate glasses and slag is the amounts of silica and alkali oxides included in
them. The glass used for windows and bottles usually contains more than 70 mol% of
silica and 12 to 15 mol% of Na,O. In contrast, slag contains less silica, more CaO, and
no NayO. This difference in composition results in the difference in viscosity at high
temperatures. Though the softening temperature of ordinary glass is lower than that of
slag, the viscosity at higher temperatures is higher in ordinary glass than in slag.
Another feature of glass melt is its corrosivity, which arises from the high Na,O content.
Because of the corrosivity and high temperature of glass melt, the container of the melt
is easily deteriorated unless platinum is used as the container. This problem has limited
the study of glass melts, and most of the previous work has been carried out on borate
glasses, which have low viscosity even below 1000 °C. Furthermore, the data for

ordinary silicate glasses have been limited to such properties as viscosity.



1-1.2  Electrochemical measurement of oxide melt

In the fields of slag and molten rocks, studies have focused on the
thermodynamical properties such as the formation energy, the phase diagram and
activity of oxide ion, and the bonding structure. The free energy change has been
evaluated based on the measurements of equilibrium change with temperature and on
direct measurements of the reaction heat with a calorimeter. These methods are,
however, not suitable for glass melt since the melt is a mixture of many oxides and has
no phase transformation. Alternatively, the free energy change can be measured
electrochemically. The electrochemical method is popular in the field of molten salt. In
oxide glass melt, however, use of this method has not been common because higher
temperatures are needed for glass melt than for molten salt. In addition, the liquid-
junction potential may not be ignored. However, in 1972, Sato et al. succeeded in
measuring the Na,O activity in borate glass melts' using two stabilized zirconia
electrodes that transmit oxide ions at high temperature. They measured the activity of
the oxide ion in several series of compositions such as NazO-Bzog,l’2 Na20-8i02,3 and
Na,0-GeO,." They determined not only the equilibrium of the main component, but
also the equilibrium of additives by the electrochemical method.

The redox state for polyvalent ions is also an important property in glass melt.
Slag contains polyvalent ions, M™", formed from metals such as Fe. The redox state of
M is represented by the equation,

M™ + (n/4)0; -> M™™" + (n/2)0* (1).
Since this equation contains oxide ion and oxygen, the redox equilibrium depends on
the activity of the oxide ion and the concentrations of oxygen in the melt. Oxygen
activity in slag melt was measured by Goto et al. in 1968.” They used a stabilized

zirconia electrode’ as a reference electrode. The oxygen activity was calculated using



the Nernst equation on the basis of the voltage difference between a metal probe outside
the zirconia in the melt and an electrode wire inside the zirconia. Oxygen activity in
slag tends to be very low since the slag is reduced by contacting to molten metal.
Hence metal/metal oxides such as Mo/MoO, are used as a reference instead of air in the
zirconia electrode, and the oxygen activity is determined from the equilibrium of the
metal/metal oxide. The oxygen activities in glass melts have been measured since
1980.” In the present case, air was used for the reference gas since the oxygen activity
is higher in glass melt than in slag. From measurements of oxygen activities in glass
melt, it has been clarified that the activity value changes with temperature and that the
degree of change depends on the polyvalent ions. When As or Sb is included in the
glass melt as a refining agent, the oxygen activity changes with temperature. The redox
potential of polyvalent ion M can be measured by voltammetry, and the measurements
have been carried out for many ions such as Cr, Mn, Fe, Cu, As, Sb, and Ce, in many
systems. For the measurements, cyclic voltammetry was at first used by Sasahira and
Yokokawa.®  Recently, differential pulse voltammetry such as square wave
voltammetry”’ has been used, as this method is advantageous in eliminating the effect of
the capacitance and can accurately determine the redox potential. By this method, we
can determine the redox ratio of a polyvalent ion contained in melt if we know the

oxygen activity in the melt and the redox potential of the ion.

1-1.3  Importance of the measurement of melt properties

The measurement of melt properties is important not only scientifically but also
practically. In the glass production process, raw materials such as carbonates are first
decomposed and react with other materials such as silica. Melt is then generated, and

bubbles are formed inside the melt. In order to produce high-quality homogeneous



glass without bubbles or striae, information about the properties of glass melts is
important. Hence, the properties of glass melts have long been studied. Multivalent
ions are often added to the raw material. If multivalent ions are present in the melt as a
refining agent, oxygen activity increases with increasing temperature and the generated
oxygen enters into the bubbles and helps them to rise to the surface. When temperature
decreases, oxygen activity decreases and the residual oxygen bubbles are absorbed in
the melt.

Recently, computer simulation of glass melting has become a useful tool for
calculation of melt flow in the furnace. In such a simulation, accurate parameters are
needed for precise calculations; in particular, viscosity, density, surface tension, thermal
conductivity, infrared transmittance, etc. are important. Gas solubility, oxygen activity
and diffusion, redox reactions, etc., are also important properties for the simulation of
bubble formation and shrinkage. To meet such these research needs, the New Glass
Forum Japan supported a study of glass-melt properties.'” In this project, the methods
for measuring density, surface tension, thermal conductivity, electric conductivity, and
X-ray diffraction patterns of glass melt at high temperatures were investigated. The
necessity for obtaining accurate surface-tension values was also shown in the study of
the glass-flow simulation carried out by NEDO. As a part of this study, the expansion
and shrinkage of rising bubbles in the melt was simulated by Yoshikawa et al.'' In the
equation used for the simulation, parameters such as surface tension, gas solubility, and

the reaction between oxygen and redox species were included.

1-2 The objectives of this thesis work
1-2.1  Electrochemical measurement of oxygen activity in glass melt

Since oxygen activity in glass melt is directly related to the redox ratio of the



polyvalent ions included in it, the oxygen activity can be a useful measure of the ratio.
During glass melting from raw materials, the oxygen activity will change with time and
the value must be dependent on the melting methods. This activity change during
melting has, however, not been studied in detail.

Determination of the oxygen activity as a measure of the oxidation state of
redox species in glass is one of the chief motivation of this thesis work. The
experimental methods for measuring oxygen activity in glass melt are described and a
theoretical explanation is provided in chapter 2. The oxygen activity change was
determined experimentally during the melting process, and the resultant oxidation state
of redox species in glass is explained in chapter 3.

The oxidation state of redox species is also affected by the diffusion process of
oxygen in glass melt. In order to obtain the necessary information, oxygen diffusion has
been measured by tracer diffusion'” and activity change.”> The first method uses an
isotope such as '"O or '®0O, and its penetration depth in glass is determined by mass
analysis. This method can measure the diffusion coefficient of total oxygen element,
which includes oxygen atoms, oxygen molecules, oxide ions, and oxygen atoms bonded
to other elements. However, the diffusion coefficients of these species must be
different. Although the diffusion coefficients of oxygen atoms or molecules are high in
glass melt, their contribution to the value determined by the method is small due to the
small amounts of these species included in the glass melt. The second method can trace
the diffusion of oxygen atoms or molecules by monitoring their activities in the glass
melt. However, reliable data have not been reported by this method, probably due to
experimental problems. To solve these problems, the author used a probe lead that was
totally covered with an insulating material and succeeded in determining the oxygen

diffusion coefficient in glass melt. The method for measuring the oxygen diffusion



coefficient is explained and the results are reported in chapter 4. If redox ions are
included in the melt, they will work as buffers for the change of oxygen activity because
they react with oxide or oxygen atoms or molecules. The effects of these species are

also discussed in the chapter.

1-2.2  Surface tension of glass melt

The viscosity, density, and surface tension of glass melt have been studied. Of
these properties, viscosity has been measured extensively and accurate values have been
obtained by several methods. Although the accurate measurement is not easy, density of
glass melt can be measured by the Archimedes method using a Pt ball.'* It is also
difficult to obtain accurate data regarding the surface tension of glass melt. Since the
data are important to the computer simulation of the glass flow, surface tension has been
a subject of study in the field of glass science. The surface tension has been measured
by the Du Nouy ring method," the maximum bubble pressure method,'®"'® the sessile
drop method'®?° and the pendant drop method.”' The former two methods are dynamic
ones, and the latter two are static. Drop methods that are static may give accurate data
if the drop shape is precisely measured. Recent development of CCD imaging and
computer calculations has resulted in higher accuracy in the data. However, the shape
of the drops used in these methods is affected by the surface wettability and by the
volatility of the liquid. In contrast, dynamic methods are easier to perform because they
are based on force or pressure, which can be precisely measured. However, the
application of these methods to viscous liquids such as glass melts has been difficult
because the viscosity requires extra force to expand the surface. Therefore, for their
application to glass melt, some corrections must be made in the relationship between the

pressure and the bubble-formation rate. A method for correcting the relationship in the



maximum bubble pressure method is presented in chapter 5.

1-2.3  Solubility of noble metals in glass melt

The solubility of noble metals in glass melt is another important property in
practical applications, and especially in the melting of nuclear waste glass, since the
precipitates of Ru and Pd, which are included in the nuclear waste, disturb the Joule's
heat melting. Ruthenium is known to precipitate as RuO; to form needle-like crystals,
which may short-circuit between the electrodes for heating. In order to prevent this
short-circuiting, the practical furnace has an inclined bottom wall and the precipitated
RuQO; is pulled from the furnace through the bottom together with molten glass. In
order to further prevent the problem, the properties of Ru in glass melt should be

clarified. The behavior and solubility of Ru in glass melt is discussed in chapter 6.
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Chapter 2. Measurement of oxygen activity in glass melts
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2-1 Introduction

Bubbles in the glass are a major problem in glass production. Since limits on
their size and number have become stricter, their removal is an important issue.
Bubbles are generated in glass production by the decomposition of raw materials such
as carbonate and hydroxide and by air encapsulated in powdery raw materials. They
rise to the surface when the melt temperature increases and viscosity becomes low.
Bubble generation and shrinkage is related to many other factors such as the gas
solubility, viscosity, surface tension and composition of the melt, and atmosphere and
temperature. In order to control bubble generation, polyvalent elements such as arsenic
or antimony, known as refining agents, are sometimes added to the raw material. At
high temperatures, the refining agent converts to its lower valence state and releases
oxygen, which enters and expands the bubbles, resulting in their removal from the melt.
During cooling, the refining agent reverts to its higher valence state and absorbs the
residual oxygen bubbles.'

The use of arsenic or antimony is, however, undesirable for environmental
reasons” and other refining reagents are needed. Sodium sulfate is used as the refining
agent in the production of sheet and bottle glass. It decomposes at high temperature and
releases oxygen and sulfur dioxide, which assist the removal of bubbles. However, it
does not exercise the function of oxygen absorption during cooling. Certain other
refining agents are undesirable because they affect the color of the glass.

To resolve the problem, the development of new refining agents is needed.
The redox state of polyvalent elements in glass melt is dependent on the redox potential
of the element and the oxygen activity in the melt. The redox potential, which is
affected by the melt composition and temperature, can be experimentally determined by

voltammetry. A solution to the problem also requires a deeper understanding of the
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behavior of oxygen in the melt, as this also affects the redox potential. The solubility of
oxygen in the melt depends on the glass composition and on temperature and
atmosphere. Oxygen activity in the melt can be measured by the electromotive force
(EMF) method using a working electrodes and an oxygen reference electrode.” For the

latter electrode, stabilized zirconia is used.*

2-2 Principle for measurement of oxygen activity and redox potential of
polyvalent ions
2-2.1  Oxygen activity

The configuration of the electrodes for the EMF measurements is shown in Fig.
1. The equilibrium between oxygen and oxide ion is represented as follows

1120, +2e2 O, (1),
and obtains in the melt both inside the zirconia electrode and on the platinum electrode.
The electrode potentials, E(1) and E 1) for the zirconia and Pt electrodes, are shown as

E(1)=E° + (RT/4F) In ( pOo/ (a0 (1))"), (2)

Ecy=E’+ (RT/4F) In (a0, / (@0™ (1)) 3)
where pO; is the oxygen partial pressure in the zirconia electrode, aOz'( 1) 1s the oxide
ion activity in stabilized zirconia, a0, and aOz'( ny are the oxygen and oxide ion
activities, respectively, on the Pt electrode, R is the gas constant, T is the absolute
temperature, and F is the Faraday constant. Since the oxide ion activities are the same
at steady state, the potential difference AE, namely EMF, is

AE = (RT/4F) In (a0, / pOy) (4).

The zirconia electrode can be used as the standard electrode and the potential is
0 V if the oxygen pressure inside the electrode is 1 atm. Thus, from equation (2), we

deduce
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Glass melt

Fig. 1. Illustration of oxygen activity measurement in glass melt. A Pt electrode is
immersed in melt with oxygen activity, a0,, and oxide ion activity, a0”. A zirconia

electrode with reference air is dipped in the melt.

0=E"+ (RT/2F) In (1/a0% (1)),
and

E’ = (RT/2F) In (a0™ (1)) (5)

E(r) = (RT/4F) In (pO2) (6).
If there is a separator between the electrodes and the activities of oxide and sodium ion
in the melt on either side of the separator are different, the potential difference between
the two sides of the separator membrane, AE,,, is

AE, = (RT/F) In (aNa'(1y/aNa' (i)
since the transport number of sodium ion is close to unity in glass melt containing soda.
The potential difference between the electrodes is

AE = (RT/4F) In (20, / (a0*(11))*) — (RT/4F) In(pO; / (@0*(1))*) + (RT/F) In

( aNa+( 1) / aNa+( ) )
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= (RT/4F) In (a0, / pO;) + (RT/2F) In ( aNa,Or) / aNa,O(1r)) .
The difference in oxide ion activity between different melt compositions can be

measured using this principle.’

2-2.2  Redox potential of polyvalent ions

When a polyvalent ion such as iron or antimony is contained in a melt, the
equilibrium

M™ 4 pe2 MO ®)
obtains in the Pt electrode. The potential can be represented by

E = E” + RT/nF In ((M™™"/[M™)) 9)
if the activity coefficients of both ions are unity. Since E” cannot be obtained directly
from the electrochemical measurement alone, the half-wave potential, EY 2, is often used
in place of E”. E"? values are determined by square-wave voltammetry (SWV)® and are
reported for many ions in glass melts.”® Theoretically, the relationship between E° and
E'2 is written as

E'? =E"” + (RT/nF) In (DM™/DM™™")!2 (10),”
where DM™™" and DM™ are the diffusion coefficients for the oxidant and the
reductant. Strictly speaking, therefore, the use of E"? for E” is valid only when the
diffusion coefficients are closely similar.

When redox polyvalent ions are present in melt, they react with oxygen. The
reaction is generalized by

M™ ™ 4020 2 M™ + n/40, (11).
When the reaction reaches the equilibrium state, the potential of the Pt electrode in the
melt is given by both Egs. (3) and (9), which give the same redox potential. In glass

melt, Eq. (11) reaches equilibrium very fast due to the high temperatures. Therefore,
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once we know the potential of the Pt electrode (or EMF between the Pt and zirconia
electrodes), we can obtain information on the a0,/pO, and [M™™*]/[M™] ratios using

Egs. (4) and (9).

2-3 Experimental

In the experiment, the base glass composition was chosen to be 70SiO;-
20Na;O0-10Ca0. Glass with the base composition was prepared using SiO,, Na,CO;
and CaCOs; as the raw materials. Three kinds of glasses were prepared; (1) base
composition, (2) 1 mol% of Sb,O3 added as refining agent, and (3) 1 mol% of sulfur
component added as refining agent. The glass containing the sulfur component was
prepared by substituting 1 mol% of sodium carbonate in the base component with
sodium sulfate and sodium sulfide. These materials were mixed thoroughly, melted in a
Pt crucible inside an electric furnace at 1400 °C, and poured onto graphite plates. The
resulting glass samples were then remelted in an alumina crucible (PSA999) inside an
electric furnace.

The structure of the zirconia electrode is shown in Fig. 2-(a). Platinum paste
was applied to the hollow of an yttria-stabilized zirconia rod and platinum wire attached
to the paste as a lead. The rod was then attached to an alumina tube with zirconia
cement. Air as a reference gas was passed into the tube through another thin tube of
alumina. The Pt electrode, for which a platinum wire of 1 mm¢ was used, was covered
except for the tip with an alumina tube with an inner diameter of 1 mm¢ and an outer
diameter of 3 mm¢ to serve as an insulator at the melt-air interface, as shown in Fig. 3.
Although alumina, as stated in Chapter 4 below, is not a perfect insulating material, the

potential can be measured roughly because of the high electric resistivity.
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Fig. 2. Structure of zirconia electrode. (a): Standard electrode in glass melt for

oxygen activity measurement. (b): Oxygen concentration sensor in atmosphere.
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Fig. 3. Configuration of electrodes. a, b: Type I electrode for oxygen activity

measurement in bulk, c: Type II electrode for measurement at surface.
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EMF between the zirconia and Pt electrodes was measured with a digital
voltmeter, as shown in Fig. 1. Oxygen activity was calculated from EMF using
equation (4). The value of pO, in the equation was 0.21. Air or N, gas was passed into
the electric furnace, where the oxygen concentration was measured with a zirconia
sensor which had an extra platinum wire electrode on the outside of the zirconia
electrode mentioned above, as shown in Fig. 2-(b). The oxygen concentration was also
measured with an oxygen monitor (Toray Engineering, LC-750L) at the gas outlet of the

furnace.

2-4 Result and Discussion

The changes in oxygen activity in glass melt without additives were measured
under varying conditions of temperature and atmosphere. The results are shown in
Figures 4 and 5. The value at the melt surface, represented by curve no. 3 in Fig. 5,
responded quickly to the change in atmosphere. The activity values in curves no.1, 2
and 3 of Fig. 4 differed slightly, which may have been caused by non-uniformity of the
melt.  When the temperature was varied, oxygen activity changed slightly.
Theoretically, in the melt without additives, the activity should not change with
temperature, as shown in Fig. 4. The change in the oxygen activity seen in Fig. 5 is
probably due to redox ions contained in the melt as contaminants. When the oxygen
content in the atmosphere was lowered, oxygen activity in the melt decreased gradually,
as seen in Figs. 4 and 5. This was due to oxygen diffusion from the bulk to the surface
of the melt.

Figure 6 shows the change in oxygen activity in the soda-lime-silicate melt
containing 1 mol% of Sb,O3. When the temperature was raised or lowered, the oxygen

activity went up or down accordingly. Such changes were caused by a shift in the
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Fig. 4. Oxygen activity change in melt without additives. Four electrodes of type I in
Fig. 3. were used. Atmosphere changed in order of air — N, with air - N, — air.

Temperature change shown at bottom of figure.
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Fig. 5. Oxygen activity change in melt without additives. Two electrodes of type I (nos.
1 and 2) and one electrode of type II in Fig. 3 (no. 3) were used. Atmosphere changed

in order of air - N, — air. Temperature change shown at bottom of figure.
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Fig. 6. Oxygen activity change in melt with 1 mol% Sb,O;. An electrode of type I was
used. Atmosphere changed in order of air - N, — air. Temperature change shown at

bottom of figure.
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equilibrium (11), which moves to the right with increasing temperature. This behavior
provides the basis for refining processes using redox elements such as antimony.>'® The
results in the melts with 0.3 and 0.1 mol% of Sb,Os are shown in Figs. 7 and 8§,
respectively. The initial activities were different in these figures. This may have been
caused by a difference in the conditions of the batch melting or by carbon contamination
in the casting process. The changing tendency of the oxygen activity in Figs. 7 and 8
was slightly different from the tendency in Fig. 6. The variation in the activity under
changing temperature became larger as the antimony content increased. This is similar
to the tendency of glass melt containing iron."' In contrast, the dependence of oxygen
activity on oxygen content in the atmosphere became less significant with increasing
antimony content. In the case of 1 mol% Sb,03, even when the oxygen content in the
atmosphere was changed from 0.2x10° Pa to 40 Pa, there was little change in oxygen
activity in the bulk of the melt. This “buffering” phenomenon produced by Sb,O; must
be related to the reaction between oxygen and antimony as a redox element. When the
oxygen activity dropped, the equilibrium (11) moved to the right, resulting in the
production of Sb®>" and oxygen. This is the origin of the buffering effect.

The changes in oxygen activity in melt containing sulfate are shown in Figs. 9
and 10. When the temperature was raised, the activity increased and the value became
unstable. This instability, which was reproducible in melt containing sulfate but not in
other melts not containing sulfate, is probably due to bubbles of sulfur dioxide gas.
The gas is produced by thermal decomposition of sulfate, which is written as

S04 — SO, + 1/2 0, + OF (12).
When the concentration of oxygen in the atmosphere was lowered, the activity of

oxygen in the melt decreased slightly. This suggests that sulfate has a weaker buffer
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Fig. 7. Oxygen activity change in melt with 0.3 mol% Sb,Os. Three electrodes of type I
(nos. 1 to 3) and one electrode of type II (no. 4) were used. Atmosphere changed in

order of air — N, — air. Temperature change shown at bottom of figure.
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Fig. 8. Oxygen activity change in melt with 0.1 mol% Sb,Os. Three electrodes of type I
(nos. 1 to 3), and one electrode of type II (no. 4), were used. Atmosphere changed in

order of air - N, — air. Temperature change shown at bottom of figure.
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Time t / min

Fig. 9. Oxygen activity change in melt with sulfate. One mol% of sodium carbonate in
the raw materials was replaced with sodium sulfate. Four electrodes of type I were
used. Atmosphere changed in order of air — N, with air - N; — air. Temperature

change shown at bottom of figure.
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Fig. 10. Oxygen activity change in melt with sulfate. One mol% of sodium carbonate in
raw materials was replaced with sodium sulfate. Two electrodes of type I and one of
type II were used. Atmosphere changed in order of air - N, — air. Temperature

change shown at bottom of figure.
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effect than redox elements. As seen in Fig. 10, the oxygen activity decreased when the
temperature was lowered. However, this kind of refining effect is not seen in melt
containing sulfate® and was not observed in Fig. 9. Since the phenomenon has no
reproducibility, the reason may again be the presence of redox contamination as in the

melt with no additives.

2-5 Conclusion

Oxygen activity was measured using the EMF method in silicate glass melts
with or without addition of refining agent. The effect of the refining agents was studied
in detail under varying conditions of temperature and atmosphere. The results indicated
that oxygen activity in the melt containing no refining agent changes with atmospheric
variation but little with temperature variation. Oxygen activity in melt containing
antimony changes with temperature variation and displays a buffer effect, but shows
little change in response to atmospheric variation if the concentration of antimony is
increased. Oxygen activity in melt containing sulfate as a refining agent changes with

atmospheric variation and rises and becomes unstable with increasing temperature.
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Chapter 3. Oxygen activity and redox state in glass melts.
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3-1 Introduction

Iron is the most frequent impurity in commercial glass since it is commonly
contained in low-purity raw materials. The effects of iron on the optical properties of
glass have therefore been studied widely by many researchers.'” Since iron has two
redox states, Fe?" and Fe3+, with these states each having a different color, control of the
redox condition during melting is important in adjusting the transmittance of glass in the
wavelength regions of UV, visible light, and IR.*” When glass melt is placed in a
reductive environment, the content of Fe*" increases and the glass turns bluish green
because Fe*" has a broad absorption band centered at 1100 nm. This absorption band is
utilized in IR-cut glass such as cold filtered glass, which is produced under reductive
conditions. When glass melt is placed in an oxidative environment, meanwhile, the iron
in the glass is oxidized to the Fe'" state and produces a yellowish color due to an
absorption band which shows strong absorption below 380 nm that tails off towards
longer wavelengths up to about 450 nm. Such glass containing Fe’* in large amounts is
used as UV-cut glass. The control of the redox states of Fe in glass is thus important for
optical applications.

In order to control the redox states of iron in glass melt, other substances are
usually added to the raw materials. Carbon or an organic reagent is used as a reducing
agent, while nitrate or sulfate is added to glass as an oxidizing agent. Atmospheric
control is also effective for the redox control of iron in glass. However, as the diffusion
coefficient of oxygen in glass melt is less than 10 cm’s™,* atmospheric control is not
effective after the formation of the melt unless the melt layer is very thin. It has been
reported that, even in shallow melts, several hours are required to reach redox
equilibrium by atmospheric control.” In contrast, atmospheric control is effective for

powdery raw materials at temperatures below the melt formation.
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For the above reasons, the heating modes used to make the melt from the raw
material must affect the redox states of species in glass. To our knowledge, however, no
relevant study has yet been carried out. Here, we report on the oxidation states of iron
in glass and on the activity of oxygen in melts formed by two melting modes: gradual
temperature increase and sudden temperature increase.

Oxygen activity in melts can be monitored by measuring electromotive force
(EMF) using a Pt working electrode and a zirconia reference electrode.''? A stabilized
zirconia electrode is useful as the reference electrode for the measurement of oxygen
activity because it transports oxide ions and its electric potential is determined by the
oxygen concentration inside the electrode.'®'® The zirconia electrode has been used to
measure the redox potential of many ions in melts.'*"

Since the two redox elements have mutual interactions,'® we also report on the

effect of Sn addition on the redox states of iron in glass formed by the two melting

modes.

3-2 Experimental Procedure

The composition of the base glass was 15.0Na,O—11.3Ca0—0.6A1,05—73.1
Si0, (mol%). Reagent-grade powders of Na,COs;, CaCO;, AI(OH);, and SiO, were
used as the raw materials for glass containing Fe. Fe,Os; and SnO were used as
additives. The raw materials were mixed thoroughly and melted in a high-purity
alumina crucible (PSA-999) placed in an electric box furnace. We employed two
heating modes. In Mode I, the temperature was raised at a rate of 5.6 °C/min from room
temperature to 1400 °C. In Mode II, the raw materials were placed in a pre-heated
crucible and immediately transferred to a furnace preheated to 1400°C. In both modes,

the melt in the crucible was observed from the top of the furnace through a viewing
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port. The oxygen activity of the melt was measured using a Pt wire sealed in a silica
tube and a stabilized zirconia electrode using air as the reference gas.® These electrodes
were inserted into the raw materials when the powder surface started to melt. The
voltage between the electrodes, AE, was monitored after they were immersed in the
glass melt. The Pt electrode was set at a depth of about 10 mm from the melt surface.
The oxygen activity, a0,, was determined from the equation

a0, =0.21 exp(4FAE/RT),
where F is the Faraday constant, R the gas constant, and T the absolute temperature.
pO, in air gives 0.21 in the equation. Because of the slow diffusion of oxygen
mentioned in the introduction above, the value of aO, differs in different parts of the
melt if the melt is not perfectly homogeneous. A difference of more than 10 mV may be
observed at different Pt electrode positions.

After measurement of the electromotive force for a certain period, the crucible
was taken out of the furnace and kept at 560 °C for about 15 min, then cooled slowly to
room temperature. A glass specimen was obtained by breaking the crucible. The
obtained glass samples were sliced and polished to give two flat, parallel sides for the
measurement of absorption spectra, which were obtained with a spectrophotometer
(Model U-4100, Hitachi Co., Ltd. Tokyo).

In certain samples, the Fe content and the Fe*/total-Fe ratio were determined
from wet analysis. The Fe* content was determined by means of redox titration of an
HF solution in which the glass powder had been dissolved under an N, atmosphere, as

described by Close et al."”

For the analysis of total Fe amount, one gram of glass
powder was dissolved in an HF-HCIOj solution. After the powder had been completely

dissolved in the mixed acid, the solution was evaporated and the residue dissolved in a

certain volume of diluted HNOs. The total Fe concentration in the solution was then
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analyzed using an ICP (Model SPS7800, Seiko Instruments Inc. Chiba). It is estimated
roughly that an error of a few percent may occur in the analysis.

To determine the redox state of Sn in glass samples, their Mdssbauer spectra
were measured using ''*"Sn as the gamma-ray source. The sample thickness was about
2 mm and the spectra were measured at room temperature with standard transmission

geometry.

3-3 Results
3-3.1  Redox state of Fe in glass

Glass containing Fe is commonly greenish due to absorption of Fe*" and Fe*'.
In samples containing both Fe and Sn, however, we found that the color depends
strongly on the heating mode. Samples prepared from the raw materials by gradual
heating to 1400 °C were green, whereas those prepared by rapid heating were blue. The
UV-Vis-IR absorption spectra of these samples are shown in Fig. 1. Some discontinuity
was seen at 850 cm™ because the detector in the spectrophotometer was changed. This
caused error of no more than 1 % in transmittance. Each spectrum was curve-fitted with
several Gaussian and Lorentzian curves after the background level caused by reflection
had been subtracted. The peaks at 3.26 eV, 2.98 ¢V, and 2.81 eV are attributed to Fe**
and those below 2 eV to Fe*". Sample (a), which was prepared by heating gradually
from room temperature, appeared to contain more Fe’" than did Sample (b), which was
prepared by rapid heating. The Fe®'/total-Fe ratios of these samples, which were
calculated from the ratio of the absorbance peak at 1.13 eV to that at 3.26 eV according
to the method reported by Bamford,” were determined to be 10.9 % for Sample (a) and
74.2 % for Sample (b). This result indicates that the heating conditions strongly affect

the redox states of Fe in glass.
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Fig. 1. Examples of UV-vis-IR spectra of glass samples containing Sn(0.76 mol%)
and Fe (0.75 mol%) with Fe*" to total Fe ratios of (a) 0.11 and (b) 0.74. The spectra
are deconvoluted with Gaussian and Lorentzian lines. The absorbance is converted to

the value for a sample thickness of 1 mm.
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Table 1. Fe*'/total-Fe ratios determined from absorption spectra and wet analysis for 3
glass samples. The samples contained 0.75 mol% Fe and no Sn. Samples (B) and (C)
were prepared by remelting Fe-free cullet with addition of Fe,O; and Fe;0q,

respectively.

Fe?'/total Fe

Absorption spectrum | Wet analysis
(A) 0.094 0.103
(B) 0.175 0.183
(© 0.386 0.396

In order to confirm the accuracy of the Fe*" to total-Fe ratios determined from
the absorption spectra, we compared them with those determined from wet analysis of
the samples by the method described in the experimental section. In the comparison,
we used glass samples containing different Fe*” to total Fe ratios. The Fe*'/total-Fe
ratios determined from the absorption spectra and by wet analysis are summarized in
Table 1. The results show that the Fe*/total-Fe ratios calculated from the spectra and
those obtained from wet analysis agreed within the error limit of 1%. The estimation of
the Fe’'/total-Fe ratio based on absorption spectra is therefore concluded to be
sufficiently accurate. Incidentally, the glass samples apparently containing a large
amount of Fe*”, Samples (B) and (C) in the table, were prepared by remelting the cullet
in an N, atmosphere with addition of 0.75 mol% of iron in the form of Fe,O3 or Fe;0..

Since we found that the Fe*" to total Fe ratio determined from the absorption
spectra was reliable, we used this method for the determination of the ratio in
subsequent experiments, in which samples containing Fe and Sn at different

concentrations were prepared using the two heating modes. The Fe" to total Fe ratios
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Table 2. Fe*"/total-Fe ratios in glass samples and oxygen activity in melts of samples
prepared from raw materials containing different amounts of Fe as Fe;O3 and Sn as
SnO. The samples were prepared by gradual heating (Mode I) or rapid heating (Mode
I1) (see caption of Fig. 3). The oxygen activity in the melts was monitored at 200 min

after the temperature reached 1400 "C.

No. /mFo?% /mSor:% Hrﬁitcljzg Fe?'/total Fe log(aO,) | Remarks
1 0.75 0 I 0.094 0.03 Table 1-(A)
2 0.75 0 1] 0.117 -0.37
3 0.04 0.45 I 0.235 -0.20
4 0.04 0.45 Il 0.628 -1.84
5 | 075 0.76 | 0.109 0.12 Fig.1-(a)
6 | 075 0.76 Il 0.742 -2.27 Fig.1-(b)

are shown in Table 2. The results show clearly that Samples 1, 3 and 5, which were
heated gradually from room temperature, contain less Fe’" than Samples 2, 4 and 6,
which were heated rapidly to 1400 °C. The results also show that the addition of Sn
leads to higher Fe*" content in samples if prepared by heating rapidly. In contrast, this
tendency is not clear in samples prepared by heating gradually, which show low Fe** to

total Fe ratios irrespective of Fe content.

3-3.2  Redox state of Sn in glass

Mossbauer spectra were measured for the samples containing both Fe and Sn.
The samples were prepared by gradual heating and rapid heating. For reference, we
also measured the spectrum for P,Os-SnO glass in which most of the Sn ions were
present as Sn°". The results showed that all the Sn ions in the samples containing both

Fe and Sn were present as Sn*" irrespective of the heating process, as shown in Fig. 2.
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(c) Sn** glass

(b)

velocity / mms -

Fig. 2. Mdossbauer spectra for glass samples containing Fe (0.75 mol%) and Sn (0.76
mol%), which were prepared by (a) Mode I (gradual heating), and (b) Mode II (rapid
heating). Spectrum (c) is for a sample containing P,Os and SnO in which most of the

2+
Sn was present as Sn”".
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3-3.3  Oxygen activity in melts

The Fe** to total Fe ratio in the samples was expected to be affected by the
concentration of oxygen in the samples during the heating process. We therefore
measured the oxygen activity in the melts during the heating process using Pt and
zirconia electrodes. Two heating modes were applied. In Mode I, the temperature was
raised at a rate of 5.6 °C/min and the electrodes were immersed in the melt at
approximately 1000 °C, at which the materials started to melt. In Mode II, the
temperature was raised rapidly by placing the sample in a furnace preheated to 1400 °C,
where they started to melt immediately, as observed through a viewing port.

The oxygen activity in the sample without the addition of Sn increased
gradually with increase in temperature as shown by Line 1 in Fig. 3 in the time region
before zero. When the temperature reached the plateau of 1400 °C, the oxygen activity
leveled off after a slight overshoot. In contrast, when the sample was heated rapidly to
1400 °C, the oxygen activity in the melt was almost constant, as shown by Line 2, and
was lower than the stationary value at 1400 °C for the sample heated gradually.

Figure 4 shows the oxygen activity of samples containing Fe as Fe;O3; and Sn
as SnO. When the temperature of the sample was raised gradually, the oxygen activity
rose with the increase in temperature and reached a constant value at 1400 °C, where the
temperature was maintained, as shown by Lines 3 and 5. These two lines are for
samples containing Fe and Sn at different concentrations. The oxygen activity profiles
of these two samples were similar to each other and also to Line 1 in Fig. 3. The small
difference in the oxygen activity between Lines 3 and 5 is attributable to a difference in
the Sn/Fe ratios of these samples, which were about 11 and 1.0, respectively. When the
temperature was raised rapidly, the oxygen activity was low, as shown by Lines 4 and 6.

The values were generally much smaller than those of the samples not containing Sn
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Fig. 3. (a) Change in oxygen activity in glass melts heated by two different modes and
(b) temperature of melt. The raw material contained 0.75 mol% of Fe. The raw
material was heated gradually at a rate of 5.6 °C/min to 1400 °C (Mode I) or rapidly in a
furnace preheated to 1400 °C (Mode II). Lines 1 and 2 represent the data for the

samples heated by Mode I and Mode II, respectively.
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Fig. 4. (a) Change in oxygen activity in glass melts heated by two different modes and
(b) temperature of melt. The raw materials contained 0.04 mol% Fe and 0.45 mol% Sn
(Lines 3 and 4) or 0.75 mol% Fe and 0.76 mol% Sn (Lines 5 and 6). The raw materials

were heated by Mode I (gradual heating) for Lines 3 and 5 and by Mode II (rapid

heating) for Lines 4 and 6 (see caption of Fig. 3).
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(see Line 2, Fig. 3). As will be discussed later, this is probably due to the reductive
properties of the SnO added to the samples.

The ratio of Fe*™ to total Fe in glass samples prepared from raw materials
containing different concentrations of Fe,O3; and SnO is shown in Table 2. For each set
of concentrations, samples were prepared by gradual and by rapid heating. The oxygen
activity of the melts is also shown in the table. A good correlation is observed between

the Fe*" to total Fe ratio and oxygen activity.

3-4 Discussion

The oxygen activity in melt containing Fe ions was expected to be determined
by a number of factors: the atmosphere surrounding the melt, the redox species included
in the material, and the equilibrium between oxygen and Fe ions. Oxygen activity may
also be affected by the ease of oxygen molecule exchange with the atmosphere, which is
affected by the conditions of the melt layer because the diffusion coefficient of oxygen
in melt is very low.® If however the melt is agitated by bubbles formed in it, exchange
will be accelerated.

Bubbles of CO, and H,O are usually observed when the raw materials are
heated and are due to the decomposition of materials such as Na,CO;. In the present
study, when the samples were heated rapidly, bubbles were emitted vigorously from the
melt for about 10 min. On the other hand, when the samples were heated gradually at
the rate of 5.6 °C/min, the raw material partially melted at temperatures above 1000 °C
and the bubbles appeared continuously at temperatures between 1050 and 1150 °C, at
which a thick melt layer was formed. The bubbling stopped almost completely at
temperatures higher than 1200 °C, at which the raw material melted completely. When

the sample is heated gradually, the exchange between oxygen in the melt and that in the
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atmosphere may thus be difficult at temperatures higher than 1150 °C.

At low temperatures before the formation of the melt, reaction between oxygen
in the atmosphere and species in the raw material occurs easily, which affects the redox
state of the species and the oxygen activity in the melt. The reaction between SnO
particles and oxygen in the atmosphere was confirmed from the fact that, when the
temperature was raised at the rate of 5 °C/min, the SnO powder was almost completely
oxidized to SnO, in the furnace before the temperature reached 800 °C.

Oxygen is produced in the melt at elevated temperatures if the material
contains Fe’" as a result of a reaction with O, which is abundantly present in the
material. The equation is represented by

4Fe’" +20% 2 4Fe* +0,. (1)

Since the equilibrium shifts to the right with the increase in temperature,'® the
oxygen activity in the melt will increase with temperature, as observed when the
temperature was raised gradually (see Line 1, Fig. 3 and Lines 3 and 5, Fig. 4). Such
phenomena are well known in melts containing redox species.'” If the amount of
oxygen included in the melt is small, the reaction of Equation (1), even if it is very
small, will cause a large change in the oxygen activity.

After the formation of the melt layer on the raw materials, the release of
oxygen from the material to the atmosphere is prevented due to the low diffusion
coefficient of oxygen in the melt. This is especially important when the sample is
heated gradually and when temperatures have reached 1150 °C. Under such conditions,
because of the high oxygen activity, the reaction represented by equilibrium (1) is
suppressed and the concentration of Fe’" in the melt is kept low. On the other hand,
when the sample is heated rapidly to 1400 °C, the reaction in Equation (1) occurs at the

same time as the emission of CO; and H,O. The melt layer formed on the surface of the
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samples is therefore agitated and stirred by gas emission, which can be observed
visually. This allows the release of oxygen from the sample to the atmosphere and
promotes the reaction in Equation (1), leading to a lower oxygen activity in the melt and
higher concentration of Fe" in the glass. These tendencies are consistent with the
experimental results (see entry numbers 1 and 2 in Table 1).

When the sample contains SnO together with Fe as Fe,Os3, the reaction between
Sn*" and Fe*" will affect the content of Fe’" in the glass. However, Sn*" also reacts with
oxygen, which is expressed by

SnO + 1/20,2 SnO, . (2)

The forward process of Equation (2) is likely to occur at relatively low
temperatures below 1000 °C, as described before. Thus, if the materials are heated
gradually, the SnO in the materials is converted to SnO, before the melting is complete
and has little influence on the concentration of Fe’* in the glass. In contrast, when the
materials are heated rapidly, Sn*" remains in the melt in which the reaction in Equation
(1) takes place. Under such conditions, the Sn*” and Fe’™ in the melt react, leading to an
increase in Fe*" and decrease in Fe*". This reaction is represented by

2Fe’" +Sn*" 2 2Fe*” + Sn*". (3)

This reaction must have proceeded all the way to the right during cooling since
no Sn** was detected in the glasses after cooling by Mossbauer analysis. All the above
propositions based on the reactions in Equations (1) — (3) are consistent with the Fe*" to
total Fe ratios shown in Table 2. We will now discuss the oxygen activity in the melt.
The oxygen activities and Fe*" to total Fe ratios, which are presented in Table 2, show
good correlation. This suggests that the equilibrium expressed by Equation (1) controls
the concentrations of oxygen, Fe’", and Fe'" in the melts and that the Fe*" to total Fe

ratio is maintained in the glass produced. When the melt is annealed and cooled down
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after heating to 1400 °C, the reverse reaction of Equation (1) may occur. However, the
results suggest that the total amount of oxygen diffused into the melt from the
atmosphere is not large enough to affect the Fe*" to total Fe ratio except in samples

containing only a small amount of Fe,O3 (entry number 3 in Table 2).

3-5 Conclusion

Soda-lime silicate glass samples containing iron were melted by gradual
heating to 1400 °C or rapid heating at 1400 °C and the difference in oxygen activity
measured. The redox state of iron in the glass was measured by optical absorption
spectroscopy. When the raw materials were heated gradually at a rate of 5.6 °C/min,
oxygen activities were approximately 1 x 10° Pa, which indicates that the melt was
saturated with oxygen. This is because oxygen released from the raw material at high
temperatures remained in the melt due to its low oxygen diffusion coefficient. When
the raw material was heated rapidly at 1400 °C, the oxygen activity in the melt was
lowered to about 0.4 x 10° Pa because the melt was vigorously agitated by bubbles of
CO; and H,O. When SnO was added to the raw material, the oxidation state of Fe was
strongly affected by the heating mode: the Fe** to total Fe ratio exceeded 60% following
rapid heating, but was lower than 25% after gradual heating. The oxygen activity in the
melt was also strongly affected by the heating mode. When heated gradually, a large
part of the SnO in the raw material was oxidized by atmospheric oxygen before the
formation of the melt. This led to a weakened reductive environment in the melt and
high Fe’" content in the glass. On the other hand, when heated rapidly, a large amount
of the Sn** remained in the melt and reduced Fe'* to Fe*". These findings are important
because the heating speed of raw materials strongly affects the oxidation state of Fe

contained in glass and therefore its optical properties.
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4-1 Introduction

The mechanism of bubble formation and disappearance in glass melt is an
essential subject to be clarified for the understanding of glass refining process. Many
studies have been carried out for bubble formation,' gas solubility in melts,”* bubble
shrinkage’ etc. In the refining process, a refining agent such as arsenic oxide or sodium
sulfate plays an important role for bubble reduction. During the process, the agent
produces oxygen, which expands bubbles and eases them to move toward the melt
surface.® Bubble shrinkage and expansion have been treated in many studies’ " and
equations for diffusion and reaction have been proposed.'' " If there were an accurate
value for the oxygen diffusion coefficient in the melt, these evaluations would be more
precise. However, there have not been many attempts to measure the diffusion
coefficient since the high temperature makes it difficult to measure many properties.
Moreover, since most of the oxygen contained in melts exists as oxide ions, it is difficult
to distinguish the molecularly dissolved oxygen from the ions. Probably for this reason,
diffusion coefficients measured using a tracer by means of mass analysis'® or proton
activation analysis'’ were much smaller than that measured by bubble shrinkage’; the
former methods measured the total oxygen diffusion, while the latter focused on oxygen
molecules.

During the past two decades, oxygen activity in melts has been measured by
the electromotive force (EMF) method with zirconia and platinum electrodes.'®* The
refining process for arsenic oxide-containing melts could be easily understood from the
result by this method: Raising the temperature increases the oxygen activity in the melt,
which expands the bubbles, causing them to rise to the surface. Falling temperature
lowers the activity, which reduces the residual bubbles. Other redox elements such as

antimony oxide and transition metal ions have a similar effect though the effective
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temperature is different and the effectiveness is low in ordinary silicate melts.

Using the EMF method, the diffusion of oxygen can be measured:*'** When
the oxygen content in the atmosphere is changed, the oxygen activity in the melt
changes by diffusion and the EMF changes. In these studies, the obtained diffusion
coefficients were very large compared with other results. The oxygen concentration

change using this method can be written as>

C 4 &(=D" -D@2n+1)’7’t
C_OZZ';;njleXp{ : 4h2) } (0,
when the electrode is located on the bottom. In this equation, C is the oxygen
concentration, C the initial concentration, D the diffusion coefficient, h the melt depth
and t the time after atmosphere change. By comparing equation (1) and a simplified
equation at t >> 0,%* an incubation time t; can be determined. This is the period needed
for transmission of detectable concentration change by diffusion; after this period the
EMF will start to change. In cases where the incubation time was not observed,”? some
error might be included in the experimental procedure.

Equation (1) is valid if no polyvalent element is contained in the melt. Since
polyvalent elements react with oxygen, they exert a buffer effect on the oxygen activity.
When oxygen activity decreases with diffusion, the element will turn to a lower valence
state and an oxygen molecule will be produced. This effect suppresses the voltage
change in the EMF method and leads to a lower apparent diffusion coefficient.** In the
case of bubble shrinkage measurement, oxygen physically dissolved near the bubble
reacts with the element of the lower valence state, leading to a higher apparent diffusion
coefficient. Hence, for oxygen diffusion in the case of a melt containing a polyvalent

element, this reaction and the diffusion of the polyvalent element, which is considered
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to be a part of the chemically dissolved oxygen, should be taken into account.

The diffusion of polyvalent elements has been measured with voltammetric
techniques such as cyclic voltammetry> and square wave voltammetry.”*>® Results of
these studies show that the diffusion coefficients of polyvalent elements were one to two
orders of magnitude lower than those of alkalis. The redox potentials of these elements
were also measured by the same method. These values are important for the redox
conditions of these elements and for the refining process.

The solubility of oxygen in a melt is also important. If the value of physically
dissolved oxygen is much lower than the concentration of a polyvalent element, the
buffer effect mentioned above becomes predominant compared with the oxygen
diffusion. If the diffusion coefficient of oxygen molecules is the same in melts with and
without polyvalent elements, it will be valuable to measure the coefficient in the melt
without the element since it would be difficult to measure the value in the melt with the
element.

In this study, the experimental method for EMF measurement is investigated.
The oxygen diffusion coefficient was estimated by comparing the experimental and
calculated results. The reaction of antimony as a polyvalent element was also
examined. The procedure, results and remaining experimental problems are discussed

below.

4-2 Experimental

The glass composition was 20Na,O-10Ca0-70S10,. Reagent grade Na,COs,
CaCOs; and SiO, were weighed and mixed thoroughly in a mortar and melted in a Pt
crucible at 1400 °C in an electric furnace, then cast in a graphite mold. The glass blocks

were placed in a cylindrical alumina crucible (SSA-S, Nikkato) 40 mm in diameter.
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After setting a Pt and a zirconia electrode, the glass was remelted inside a vertical
alumina tube 70 mm in diameter in an electric furnace. Antimony-containing glass was
prepared by adding 1 mol % of Sb,0; to the described mixture.

Figure 1 shows the structure of the Pt electrode. A Pt wire 1.5 mm in diameter
with a Pt plate was heated and vacuum-sealed in a silica tube 5 mm in outer-diameter

and 2 mm in inner-diameter. The silica tube was required as an insulator to avoid an

Pt lead

A Y

———————————————J) ) —
=== —========§f—=4
A3 )

<— Sjlica tube

Alumina tube

Alumina cement

gy 4 (g |

<«— Sealed with heat

<«— Sapphire or silica tube
(not sealed)

P Pt electrode

(a) (b)

Fig. 1. Structures of Pt electrodes for (a) oxygen diffusion measurements and (b)

comparing materials used as insulators.
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oxygen redox reaction on the Pt lead at the melt-air interface. For comparison of
insulating materials, a silica tube or sapphire (alumina single crystal) tube having a hole
of 1.5 mm ¢ (Kyocera) was used and connected to an alumina tube (SSA-S, Nikkato)
with alumina cement (Aron ceramic D, Toagosei) as shown in Fig. 1-b. A Pt wire 1.5
mm in diameter was used as an electrode in this case. The structures of the zirconia
electrode and O, sensor made of zirconia have been described in chapter 2. Dry air
(mixture of 20% O, and 80% N,) was passed over these zirconia electrodes as a
reference gas.

The furnace had a slight temperature gradient of 0.4°C/cm, with the upper level
at a higher temperature to avoid convection. Dry air (mixture of 20% O, and 80% Ny)
or N, gas was passed through the tube at a rate of 500 cm’/min. For accurate
measurement of the diffusion coefficient, the Pt electrode position had to be precisely
determined. For this purpose, a Pt wire was immersed at the edge of the crucible and
the electrodes were slowly dropped with a screw while measuring AC impedance with
an LCR meter (hp 4262, Hewlett-Packard) between the electrodes and the Pt wire. The
surface position of the melt was detected by a sudden drop of impedance. The Pt
electrode was dropped at a preset position and the zirconia electrode was set at the
surface of the melt. EMF (4E) was measured between the platinum electrode and a
platinum wire connected to the zirconia electrode with a digital voltmeter (2114H,
Advantest). The schematic electrode configuration is shown in Fig. 2. After raising the
temperature, air was passed for at least 20 h to stabilize the EMF value, and the
atmosphere was changed to N, for several hours, then changed to air again.

Oxygen activity in the melt (20,) was calculated from the equation

AE = (RT/4F) In(a0; / pO,) (2)

where R is the gas constant, T the absolute temperature, F the Faraday constant and the
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pO; of the zirconia electrode is set at 0.2.

4-3 Calculation

First, oxygen diffusion without polyvalent elements was considered. Oxygen
diffusion in the melt was assumed to be one dimensional from the surface. Let X be the
vertical direction, X = 0 the surface position, X = L the depth of melt and X = X, the
position of the electrode. The melt is divided into small increments Ax, and [O; ]|x is
the oxygen concentration at a distance NAX from the surface of the melt. Assuming a
constant diffusion coefficient of oxygen, D, the oxygen concentration change is

calculated numerically with Fick's equation,

Thermo insulator

| Zirconia sensor for a measurement of

Pt electrode oxygen concentration in atmosphere

Zirconia
reference electrode

Pt wire — «— Alumina tube

Fig. 2. Schematic cell configuration.
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The oxygen concentration, [O;], is considered to be proportional to the oxygen activity,
a0, as shown in the equation,

a0, =[02] / [O2]satd, 4),
where [O;]sa. 1S the saturated concentration of physically dissolved oxygen in a melt at
a temperature when the partial pressure of oxygen is unity. Though the [O;]sa. Value is
decided by the Henry's law, it is not necessary to consider the value since it is canceled
in equation (3). As initial and boundary conditions,

a0,=0.2 (t=0, 0<x<L) (5)

2[02]/0x=0 (x=1L) (6).

At the melt surface, oxygen activity was assumed to be the same as in the atmosphere.
Hence, the oxygen activity at the surface, aO,|s, is equilibrated to the atmosphere, as

a0,|s = pO; in atmosphere (7).

The calculation was repeated from X =0 to X = L and from t = 0 to some period
for several D values, and the oxygen concentration changes at X = X, were recorded. AE
values were obtained from equation (2). A smaller Ax or At was confirmed not to
change the resultant curve.

If antimony is contained in the melt as a polyvalent element, it reacts to oxygen
with the following equation:

Sb*" +1/20,2 Sb*" +O* (8).

The change of oxygen concentration at any point in the melt is expressed with the
equation

A[O2] = A[Ox2]ditr +A[Ox]react 9),

which can be treated as a case of diffusion with reaction.”> The diffusion term indicates
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a movement of physically dissolved oxygen and the reaction term represents the
contribution of chemically dissolved oxygen. If the diffusion of antimony is ignored,

A[Os]react = 1/2 A[SH* ] =—=1/2 A[SH*"] (10).
Since the diffusion coefficient of antimony was around 10 cm’s™ at 1200°C,**** this
assumption will be valid if the oxygen diffusion coefficient is larger than 1x107 cm’s™
at this temperature. The change in oxygen concentration becomes

2[0,]/ ot=D 8 [0,]/ x* = 1/2 J[Sb "]/ ot (11).*
When reaction rates, ki for the right hand and k;, for the left hand in equation (8), are
introduced and [O*] is considered to be constant, the concentration change of antimony
becomes

A[Sb>1/ At = k¢ [SH*T][02]"* — ks [SH'] (12).
Here, [Sb*'] becomes [Sbiw] — [Sb°7]. From equations (11) and (12), the oxygen
concentration change can be numerically calculated using an equation similar to
equation (3). The D value, [O2]satd., [Sb5+]/[Sb3+] at t = 0, k¢ and k¢ /ky, should be

considered to simulate the oxygen concentration change in this case.

4-4 Results and Discussion

Figure 3 shows the results of our comparison of insulating materials. The X
axis shows time and y axis shows the observed EMF values and calculated 4E values.
Since a complete sealing between sapphire and Pt was impossible, the silica tube was
not sealed so that conditions would be uniform. Electrodes were set 4 mm from the
melt surface. The dot-dashed line is the oxygen content in the atmosphere, which was
changed from dry air to N, and from N to air. When N, was introduced above the glass
melt, the EMF value on the electrode with sapphire started to drop within 1 min as

shown in curve b, while the value on the electrode with silica, shown in curve a, showed
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Fig. 3. Comparison of insulating materials for Pt electrode. (a): EMF change on Pt
electrode with silica tube, (b): EMF change on Pt electrode with sapphire tube. The
EMFs were measured in a 20Na,O+10Ca0-70Si0, melt at 1200°C. The dot-dashed
line shows the oxygen concentration change in the atmosphere. Curves (c) to (e) show
simulated activity changes with diffusion coefficients of 2x10™, 5x10* and 1x107

2 -1 .
cm’s™, respectively.
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no meaningful change. After the atmosphere was changed to air, the EMF value at the
former electrode rose within 1 min while the value at the latter did not change. If the
result on the former electrode is assumed to be true, O, diffusion should be very fast
since the incubation time of EMF change was very short, about 30 seconds. Curves c to
e in Fig. 3 show the simulated results with various diffusion coefficient values. The
shape of curve ¢ was different from that of experimental curve b; the calculated
incubation time was much longer than in curve b. Curve e, having a shorter incubation
time, showed a larger AE change. Moreover, the diffusion coefficient was 1x107

2931
7 For

cm’s”, which was extremely large compared with those in the literatures.
these reasons, the obtained values are not plausible. On the other hand, curve a, the
result on the electrode with silica, showed no sign of O, diffusion within the
experimental period. The difference between these electrodes was limited to the
insulating materials. This phenomenon could be explained by the idea that alumina
must have electronic conduction at the measuring temperature and that some redox
reaction of oxygen occurred at the melt-air interface on the alumina. When an ordinary
sintered alumina tube (SSA-S, Nikkato) was used instead of a sapphire single crystal,
the result of short incubation time and large EMF change was the same. Hence, it was
concluded that alumina cannot be used as the insulating material for oxygen diffusion
measurement at high temperatures.

Figure 4 shows the oxygen activity change measured with the Pt electrode with
silica. The y axis shows the oxygen activity calculated from equation (2). The Pt
electrode was set at a depth of 4.5 mm from the surface in a melt 6 mm deep. The
atmosphere was changed from dry air to N, and from N to air. The EMF value began

to decrease about 25 min after the change of atmosphere from air to N,. After the

atmosphere was changed from N to air again, the EMF started to increase within about
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Fig. 4. Measured oxygen activity change with atmosphere change at 1200°C and
simulated results. Curve (a) shows experimental results in 20Na,O+10CaO - 70Si0,
melt. Curves (b) to (e) show simulated activity changes with diffusion coefficients of
2><10'6, 4><10'6, 6><10'6, and 1x107 cmzs'l, respectively. Melt depth was 6.5 mm and the

electrode position was 4.5 mm from the surface.
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50 min. The EMF value rose or dropped slightly just after the atmospheric change, and
the direction of this change was opposite to the EMF change caused by oxygen
diffusion. When the amount of air passed in the zirconia electrode as a reference gas
was increased, the EMF change value just after the atmosphere change became smaller.
If the inner pressure of zirconia electrode was lower than the outer one, this change was
explained to be due to penetration of the atmosphere into the zirconia electrode through
the alumina or zirconia cement of the electrode used.

At the beginning, the EMF should be 0 mV, and aO, the same as pO,. The
EMF value at t = 0 in Fig. 4 (a) was, however, about 16 mV. From equation (2), this
means that the oxygen activity in the melt was higher than that in air. The activity
change in this figure did not agree with the simulated result if the activity in the melt
was very high at t = 0. The same phenomenon can be observed in Fig. 3, where the
EMF on the silica electrode was +70 mV while that on the electrode covered with
sapphire was —10 mV. This might be due to O* activity change on the electrode. A

more precise equation than (2) can be written thus:

AE

RT a0,,/(a0” )’
= n
4F | p0,,. /(a0* z)’

(13)

where aO” is the activity of the oxide ion in the melt near the Pt or zirconia electrode.
If a0” near the Pt electrode were different from that near the zirconia, AE would be
non-zero even if a0, = pO,. This would be caused by the basicity change from silica
dissolution in the melt. Silica, used as the insulator on the Pt electrode, is soluble in
melts, and must be concentrated near the electrode. Since the oxide ion is produced
from Na,O and CaO, silica dissolution will decrease the a0> and decrease the basicity.

Hence, the AE value will rise from equation (13). This consideration means that an

accurate oxygen activity value cannot be obtained with an electrode containing a soluble
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silica insulator. If the basicity near the electrode were to change during the course of
the measuring period, it would create an uncertainty factor for oxygen diffusion
measurement. In order to reduce this problem, a shorter measurement period is
desirable.

Simulated oxygen activity changes are also shown in Fig. 4 as curves b to e.
Comparing the curves in this figure, the tendency of change in curve d was similar to
the experimental result. Hence, the oxygen diffusion coefficient in the melt was around
6x10° cm”s™. This value is not far from that of the previous literature.” **=!

Oxygen activity change was measured again in the other melt to confirm
reproducibility. Figure 5 shows the result measured under similar conditions as in Fig.
4. Though curve d, calculated with the same diffusion coefficient of 6x10° cm?s™”, was
the nearest to the experimental curve, the agreement of these curves were worse than in
Fig. 4. These simulated curves were calculated under the assumption of ideal conditions
in which the initial oxygen activity in the melt is the same as that in the atmosphere, and
there is no reaction on the wall of alumina crucible. These assumptions are not always
valid since it takes considerable time to attain uniform oxygen activity in the whole
melt, and oxygen production or consumption on the wall inevitably occurs because of
the slight electronic conductivity of alumina. In order to minimize these errors, the melt
depth should not be large and the Pt electrode should be set away from the bottom and
wall of the alumina crucible. In this cell design, the shallow melt depth compared with
the melt surface area might cause convection, which creates a larger apparent diffusion
coefficient. The Pt electrode position is another potential error factor. If the Pt plate is
uneven or tilted, the shallow part of the plate in the melt detects the oxygen diffusion
more quickly and inflates the apparent diffusion coefficient. Though a deeper electrode

position and a deeper cell minimize this error because of a smaller relative position
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Fig. 5. Reproducibility of the oxygen activity change. The glass composition and
temperature of (a) are the same as those in Fig. 4; the diffusion coefficients for (b)
through (e) also match those of Fig. 4. Melt depth was 6 mm and the electrode position

was 4 mm from the surface in this case.
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error, adoption of this condition is not advised because of the reason mentioned above.
If there is a material with no electronic conductivity and high corrosion resistance, cell
design can be changed and the Pt electrode can be set at a bottom of the crucible. Then,
it will be possible to determine the oxygen diffusion coefficient more accurately.

Figure 6 shows a result of oxygen diffusion in a melt with Sb,O3;. Though a

2 -1

diffusion coefficient of 4x10° cm?s” , a similar value as that in the melt without Sb,Os,
resulted in better agreement, the similarity between the measured and the calculated
curves was still not good. The reason for the low accuracy was due to the small EMF
change caused by the buffer effect of the polyvalent element and the errors mentioned
above. In order to determine the solubility of oxygen and the reaction rate between

oxygen and the element, a more accurate procedure is needed.

4-5 Conclusion

The EMF method for a measurement of oxygen diffusion coefficient was
examined using oxygen concentration change in the atmosphere. The following results
were obtained.

The material covering the Pt lead of the electrode at the interface between the
melt and the atmosphere should be an electronic insulator. When alumina was used, an
extremely large apparent oxygen diffusion was observed, presumably caused by the
slight electronic conductivity in alumina. Hence, it was concluded that alumina cannot
be used for the insulator. Silica could be used for the insulator since no redox reaction
was observed at the silica surface. Silica, however, proved to be soluble in the melt and
caused high apparent oxygen activity, probably because of decreased basicity near the
electrode.

The oxygen diffusion coefficient was estimated by comparing the EMF change
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Fig. 6. The oxygen activity change in 20Na,O * 10CaO - 70SiO; + 1Sb,0O3; melt at
1200°C. Curve (a) is the measured result. Curves (b) and (c¢) were both calculated under
the assumptions that the oxygen diffusion coefficient is 4x10™° cm’s, and the half wave

2 is +100 mV vs. air as a reference gas, in which case, [Sb>]/[Sb’"]

potential of Sb, E
=0.2 if a0, = 0.2. [0;]saa. Was 0.01 molL™ for (b) and 1 molL™" for (c); k, was 8x10~
for (b) and 2x10™ for (c). Melt depth was 8 mm and the electrode position was 4 mm

from the surface.
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with simulated curves. The oxygen concentration profile was numerically calculated
with Fick's law, and a curve of the concentration change at various depths was obtained.
From the comparison, the diffusion coefficient was 6x10° cm’s! in a 20Na,0-10Ca0O-
70Si0, melt at 1200°C. Convection in the melt or unevenness of the electrode plate
results in a larger apparent diffusion coefficient. In a melt containing Sb,Os, the
agreement of measured and calculated EMF change curves was not good because of the

low accuracy and small EMF change.
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Chapter 5. Measurement of the surface tension of glass melts.
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5-1 Introduction

The surface tension of glass melts is one of the most important properties
relating to the refining' and homogenization of melts. It is also important in simulation
of glass manufacturing since it affects the formation and extinction of bubbles in melt.
Surface tension has been measured in several silicate”® and borosilicate’ melts. In
silicate melts, the surface tension is about 300 mN-m™" and temperature has only a small
effect.>* For borate, it is about 200 mN'm” and shows a stronger temperature
dependence’. Tt is known that surface tension is one of the properties which is subject
to the additivity rule of its components, as are density® and thermal expansion.’
Recently, Kucuk et al.'® proposed parameters of surface tension for the components of
glass melts after summarizing parameters from several other authors. However, there
are some discrepancies in their data.

There are several methods for measuring surface tension. For glass melts, the
sessile drop method,™” the pendant drop method,”"' the ring method'> and the
maximum bubble pressure method”” have been used. The sessile drop and pendant
drop provide accurate data because they are static methods and the results are thus
unaffected by resistance from the viscous flow. However, it is essential to have precise
data about the drop shape of the liquid which have high surface tension and density such
as glass melts.”” Data collection became easier with the development of image
capturing techniques and computer systems. A major problem for the drop methods as
well as for the ring method is changes in the surface composition by volatilization from
the surface during measurement. Moreover, for these methods, the substrate material
and atmosphere are limited since low wettability is required. Contamination of the
surface by the reaction between the substrate and the melt is another problem that has

ramifications for these static methods since the drop is not renewed.
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The problem of contamination is not severe for the maximum bubble pressure
method compared to the static methods, since the air volume inside the bubble is small
and the interface is refreshed for each bubble formation. Another advantage of the
maximum bubble pressure method is that the measurement technique is simple: we
measure only the pressure difference between internal bubble pressure and the
atmosphere for the bubble formed at the tip of a capillary, which grows with increasing
pressure and expands until it suddenly breaks. Under this method, the differential
pressure, AP, is expressed as

AP = pgh +20/r, (1)
where p is the density of the melt, g is the gravity constant, h is the depth of the tip
below the surface of the melt, o is the surface tension and r is the radius of bubble. AP
increases and r decreases as the gas is introduced into the capillary, as shown in Fig. 1a,
reaching its maximum at time t = t,,,x when r becomes the size of the capillary radius,
that is, when r is the smallest. The introduction of more gas results in a larger bubble,
which leads to a longer radius, which in turn causes a decrease in AP according to Eq.
(1). The bubble then expands quickly, as shown in Fig. 1a, and is released from the
capillary.

It is critical under the maximum bubble pressure method that the shape and size
of the capillary be determined precisely and that the gas flow rate be controlled
carefully to avoid any influence of excess pressure caused by viscous flow. The latter
requirement is especially difficult to satisfy for viscous liquids such as glass melts.
Therefore, to the best of our knowledge, although this method has been applied to
slags,14 it has been applied to glass melts only once since Bradley’s study in 1938, in a
study by Akhtar and Cable in 1968.*

Another experimental problem arises from the wettability of capillary material
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Fig. 1. Comparison of the normal (a) and shortcut (b) methods. Bubble shapes at

certain points are also shown.
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with melt. If wettability is high, the melt will rise in the capillary at the beginning of
bubble formation because of the capillary action, which might change the effective
inner diameter of the capillary. On the other hand, if wettability is too low and the
capillary tip does not have a thin, sharp edge, it is not clear what radius value should be
used since bubble diameter would change before a perfect hemisphere is formed.

In the present study, the effects of capillary material and shape were examined
with respect to bubble-forming time. We then applied the maximum bubble pressure

method was applied to several glass melts including volatile borosilicate glass.

5-2 Experimental

Three types of platinum tubes were used to form bubbles in glass melts, as

(a) (b) (©) /

Fig. 2. Shapes of the tips of the tubes used for surface tension measurement. The
materials used in the tips are (a) Pt-20%Rh, (b) zirconia-dispersed Pt-5%Au and (c)
zirconia-dispersed Pt-10%Rh with a needle made of zirconia-dispersed Pt-5%Au

attached the tip.
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shown in Fig. 2. The outer diameter of each tube was 6 mm and the diameter of the
hole at the tip of tube was 1.0 or 1.5 mm. The diameters of the holes were measured
with a microscope with a scale. The tubes were made of Pt-20%Rh (Fig. 2a), zirconia-
dispersed Pt-5%Au (FKS Pt-5%Au, Furuya Metal) (Fig. 2b) and zirconia-dispersed Pt-
10%Rh (FKS Pt-10%Rh, Furuya Metal) (Fig. 2¢). The tips of the tubes were cut to 45°
but flat near the hole (Fig. 2a), to 30° at the outer side and 60° near the hole (Fig. 2b),
and to 45° for (Fig. 2¢), respectively. The holes were slightly distorted circles with radii
of 0.486+0.010 mm for (a), 0.534+0.010 mm for (b) and 0.768+0.010 mm for (c). Tube
(c) was equipped with a needle made of FKS Pt-5%Au, which was attached beside the
tip.

The configuration of the measuring apparatus is shown in Fig. 3. The tube was
connected to a gas line through a micro valve and to a digital manometer (DP-200A,
Okano Works, Ltd.) and was introduced into an electric furnace. Dry air (N; 80% - O,
20%) was used as a bubble-forming gas. The manometer had a measuring range of 0 to
2000 Pa with an error limit of 0.2% and a response time of 0.02 sec. A platinum
crucible was set in the furnace. An alumina cover with a hole was placed over the
crucible to avoid contamination by dust from the upper hole of the furnace. After the
temperature was raised to the measuring point, the tube was moved down toward the
melt in units of 0.02 mm using a screw with scale. Contact between the glass melt and
the tip of the tube was detected electrically using an impedance meter (hp 4262A LCR
meter, Hewlett Packard). A small amount of dry air was introduced into the tube at a
rate of approximately 5x10* cm’s™ and a rise in pressure was confirmed at the time of
contact. The tube was then moved down slowly to a predetermined position and the
bubble generation rate was adjusted with a mass flow controller and a micro valve. The

rate of gas flow ranged from 2x10™ cm’s™ to 5x10% cm’s™. The difference in pressure
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Fig. 3. Illustration of surface tension measurement in glass melt by the maximum
bubble pressure method. Gas is introduced in the melt through the micro bulb and the

pressure inside the tube is measured by the digital manometer.
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between the inside of the tube and the atmosphere was recorded on a chart recorder or
stored in a computer, allowing measurement of the maximum differential pressure
AP nax and bubble-forming time. The differential pressure rose when the gas supply was
started, reached its maximum when the bubble radius became identical to the tube
radius, Iy, then decreased drastically, as shown in Fig. 1a. When the bubble generation
rate was slower than 0.2 min™, a shortcut method was adopted to save experimental
time. Under the shortcut method, gas was first supplied at two-thirds of the amount
needed to achieve the maximum differential pressure in about 5 sec, and then it was
supplied at a normal rate. In this case, tnax Was determined by extrapolation of the
rising pressure profile, as shown in Fig. 1b.

The surface tension o was determined using the equation

0= CTo(APmax - pgh) / 2 ()

where I is the radius of the Pt capillary, which was corrected for the thermal expansion
of Pt and c is the bubble-shape correction factor, which is smaller than unity. This
factor is a function of ry, p and o and was calculated using the data reported by
Sugden.15 Since ryp was small and the surface tension was high, the correction factors
were determined to range from 0.99 to 0.995.

Because of the thermal expansions of the melt and Pt tube, the depth h, which
is nominally 5 mm by the scale, could change with temperature. In order to calibrate h,
a glassy carbon tip or an FKS Pt-5%Au tip, both of which are less wettable by the melt,
was attached to the Pt tube at its end with a platinum wire. The position of the surface
was checked at each temperature using the electrical contact method. The glassy carbon
tip was used in an N, atmosphere. Reproducibility of the surface position was within
0.3 mm against the heating and cooling cycle, which corresponded to a maximum of

0.6% of error. When tube type (c) was used, the melt surface position was checked at
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Table 1. Composition of the glasses in mol%. Green float contains 0.2mol% Fe,O3; and

0.04mol% of TiO,.

Si0; |AlLO3| B2O3 | Na,O | KO | MgO | CaO | SrO
Soda-lime | 70.0 20.0 10.0
ONRI. Std. | 71.7 | 1.1 1271 03] 331109
Green float | 704 | 0.9 1281 04| 58| 94
7740(pyrex) | 83.3 | 1.4 | 11.3 | 4.0 | 0.02
Non-alkali | 66.1 | 11.3 | 7.6 |<0.1 541 45| 5.1
Soda borate 66.7 | 33.3

each temperature with the FKS Pt-5%Au needle attached to the tube and more accurate
values were obtained. Experimental error was estimated with NaCl melt with tube (c).
The value was 1.5% lower than that reported in the literature'® at 900°C and 0.7%
higher at 1000°C.

Three kinds of soda-lime silicate glasses (simple soda lime, ONRI. Standard,
Green float), borosilicate glass (7740, Pyrex), Asahi Non-alkali aluminoborosilicate
glass and soda-borate glass were used for measurement. Their compositions are shown

in Table 1.

5-3 Results

Figure 4 shows the relationship between bubble-forming time and the
maximum differential pressure for the 20Na,O-10Ca0O-70SiO, glass melt at 1199°C
measured with the Pt-20%Rh tip (a). The figure also compares the shortcut and normal
methods. The x axis is the square root of the rate of bubble formation (tmax'l/ 2), which

. . . . . 17.1 .
was used in surface tension measurements in colloidal solution.!”'® The data obtained
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Fig. 4. Relationship between the bubble-forming time t,,x and the maximum differential
pressure AP, and comparison of values for the shortcut (A) and normal (O) methods.

The graph is divided into three regions based on the dependence of APax 0N thax.
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by the shortcut method (A) agreed with that obtained by normal method (O) in this
case; hence, the shortcut method was confirmed to be appropriate in the case of long
bubble-forming time ty.x. However, this does not hold for a short t;.x due to the
viscosity of the glass, as discussed below. The pressure — ty,x curve shown in Fig. 4 can
be classified into three regions. In Region 1, where the tmax'“ 2 is less than 0.02 (tmax >
2500 sec), the slope of the line is small and the static value of o could be calculated by
extrapolating the AP, curve to the value at tmax'l/2 = 0; this region was the most
important one for the surface tension measurement. In Region 2, the slope is much
steeper, and in Region 3, where the square root of bubble-formation rate was greater
than 0.05, the maximum pressure increased proportionally to tmax 2, which was similar
to the results obtained with colloid solutions.'”"®

Figure 5 shows the AP.x value at various temperatures in 20Na,O-10CaO-
70Si0; glass melt. At high temperatures, where the viscosity of the melt decreases,
Region 1 becomes wider and the static o value can easily be obtained. Additionally,
the slope for the short t.,x region is smaller at higher temperatures than at lower
temperatures.

Figure 6 shows the APy« value for the same glass as in Fig. 5 but measured
using tip (b); there are some differences between these results and those shown in Fig.
5, though the general trends are similar. The surface tension values calculated with Eq.
(2) were a little higher in Fig. 6 and Region 1 was wider than in Fig. 5. It is possible
that the wetting of the tip by the melt had some effect on the results.

As shown in Fig. 7, the shortcut method gave a wider Region 1 than the normal
method. Under the shortcut method, pressure inside the tube was raised quickly to two-
thirds of the maximum value by introducing a large amount of gas. After maintaining

this pressure for one minute, the gas was introduced again at the appropriate rate for
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bubble expansion. The effective bubble-forming rate was estimated from the rate at
which the pressure rose after this pause. The increased width of Region 1 under the
shortcut method is attributed to the following phenomena. When the tube is immersed
in a melt, the melt rises into the tube by capillary action and adheres to the inside wall
of the tube, reducing the effective hole diameter during bubble formation. This affects
the measurements and decreases Region 1. However, a quick increase in pressure
would avoid capillary rise of a viscose melt and the remaining melt in the tube could be
purged during the pause and slow introduction of gas.

Since the shortcut method produced a wider Region 1, we adopted this method
for all further experiments in the present study. This procedure was also advantageous
in that it shortened the experimental period, which in turn was effective in reducing the
composition change from volatilization.

The results for green float glass measured with tube (b) are shown in Fig. 8.
When tube (a) was used, Region 1 became narrower, as was observed for the 20Na,O-
10Ca0-70S10, melt in Fig. 5. The results for the 7740 and non-alkali glass melts
measured with tube (c) are shown in Figs. 9 and 10, respectively.

Figure 11 shows the temperature dependence of surface tension determined for
several glass melts. For the soda-borate melt, the results were consistent with the values
reported in the literature.” For the soda-lime composition, the data obtained by Badger
et al.” are also shown in this figure with a straight line. The unique behavior of the 7740
melt is obvious in Fig. 11. The surface tension showed a clearly positive temperature
dependence, in contrast to the surface tension of other silicate glass melts. When we
used tube (b) for the measurements for 7740, we obtained results similar to the data

shown in Fig. 11, which were obtained with tube (c).
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5-4 Discussion
5-4.1  Accuracy and reproducibility of the static value

There can be two kinds of experimental errors: statistical and systematic. In
order to reduce statistical errors, the number of points in Region 1 should be large
enough to obtain a reliable surface tension value. If the viscosity of the melt is high, the
maximum bubble pressure values increase at high bubble-forming rates since the
Stokes’ force from viscosity, which is included in the pressure value, increases. Hence,
Region 1 becomes narrow and it becomes difficult to obtain an accurate estimation of
surface tension. To widen Region 1, tip (b) seems better than (a), as shown in Figs. 5
and 6, probably because tip (b) is less wettable by melt than tip (a); thus, capillary
action, which increases the apparent o value, could be suppressed on tip (b), which then
results in a wider Region 1. Generally, however, a slower rate of bubble formation is
needed to obtain an accurate value.

The measurement of the depth h of the edge of the tip from the surface of the
melt also affects the error range under this method. The mechanical error limit of h was
0.3 mm, as mentioned above, which corresponds to 0.6% of the o value. The volume of
the tube dipped in the melt could be ignored in the present study, since the diameter
ratio of the tube/crucible was 0.1, corresponding to only 0.05 mm in h when h was 5
mm. However, if the melt surface is depressed by the flow of the air, the error increases
greatly. Thus, when determining the position of the tips, we stopped the air flow or
lowered the air flow rate.

The error in the measurement of the tip hole radius ry was approximately 2%
since the hole was not a perfect circle and the edge was not very sharp. This error can
cause a systematic deviation among tips. The discrepancy between the data values

obtained with different tips, shown in Figs. 5 and 6 and summarized in Fig. 11, is
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probably due to this deviation. The reproducibility of the values for each series of
measurements was approximately 0.5%, as shown in Fig. 11.

Other errors could arise from the reading of Py, the estimation of t.,x etc.
When the bubble grew slowly, the pressure occasionally fluctuated with time, probably
because of pressure changes caused by slight fluctuations in temperature. This error
would be of the same order as or less than the error in h.

The values of surface tension in the 20Na,O-10Ca0O-70Si0; glass melt shown
in Fig. 11 were different from those reported in literature® about 0 and 3 %, respectively.

The viscosity of the 7740 melt was 10> Pas at 1300°C, where the estimated
error of extrapolation of the maximum pressure value to the zero bubble-forming rate
was a few percent (Fig. 9). Below this level of viscosity, accuracy improved: in Fig. 9,
it was probably within 1% at 1500°C. The accuracy of surface tension values for
normal soda-lime silicate glass was 2%, including systematic deviation. Hence, the

maximum error for the 7740 melt at 1300°C is +5%.

5-4.2  Component factor

The additive property applies to the composition of the glass in the case of
surface tension as well as in other thermal properties. In silicate glass melts, surface
tension factors for some components have been proposed on the basis of the additive

10,19-22 . .
0.1922 and the surface tension can be calculated from the mol or mass fraction

properties,
n; and the factor f for each component using the equation

o=2f n;. 3)
Table 2 is a comparison of the values obtained in the present study and those calculated

from Eq. (3) using the f values described in previous reports. The values agreed within

15% for the three silicate melts.
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Table 2. Comparison of surface tension values determined from various factors and
experimental values in mN'm™ at 1400 or 1200 °C. * The factor for SrO is assumed to
be 5; and **, that for Fe,O; is 4.5. The error ranges in the present study were estimated
roughly from Figs. 1-3 and the experimental error discussed in the text. [ ] denotes

extrapolated values.

1400°C 1200°C
Present Present
study | Kucuketal® | Lyon'’ }?)";igz?f Goleusetal? |  Study | Rubenstein®
(measured) (measured)

Soda-lime 30045 305 296 320 306 30445 300
ONRI. Std. 32245 317 321 333 317 32616 325
Green float | 3235 314 321 | (333)** | (315)%* | 32627 326
7740(Pyrex) | 34148 243 277 269 243 |[320£12]| 285
Non-alkali | 32145 331 (361)* | (351)* 322 | [3168] | 367

However, for the two borosilicate melts, agreement was bad; the calculated
value for 7740 was much smaller than our experimental result, and that for non-alkali
glass was larger than the experimental value. For glasses with a higher or lower silica
content than normal glass, the application of simple composition factors will cause
error.’’ The non-alkali glass has a high alumina content and the Al,O; + B,O3 amount
exceeds the sum of MgO + CaO + SrO. When the amount of Al,O3 exceeds the amount
of Na,O in Na,0O-Al,05-SiO, glass, some aluminum becomes a 6-coordinated state.*
In the case of the non-alkali glass, there are two kinds of aluminum coordination which
are similar to that find in the soda-aluminosilicate glass; they may be the cause of the

discrepancy between the calculated and measured surface tension values.
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Similarly, 7740 glass contains much more Al,O3; + B,0O; than network modifier
elements such as alkalis and alkali earths, and the amount of B,0O3 is much higher than
that of Al,O3. In such a glass, there should be boroxol rings, and pentaborate, diborate®*
and silicon atoms which combine to form four bridging oxygen. There must be no non-
bridging oxygen in this glass,”> which differs from most glasses whose surface tensions
have been measured to obtain the component factor f. However, not only this is the
reason for the discrepancy since the factor for boron was found to be almost valid in a
borosilicate glass with a much lower modifier content than B,03 content.’® The high
SiO; content in 7740 would be responsible for the discrepancy. It is also possible that
there may be some anomaly in the composition of the 7740; it is well known that its

7 In such a case, there may be some

composition lies near the immiscible region.”
heterogeneity in the glass structure which affects the surface tension. Further study is

needed to identify the reason.

5-5 Conclusion

The surface tensions of several glass melts were measured using the maximum
bubble pressure method. Measuring error was decreased by suppressing capillary rise
during bubble formation. Error was within a few percent in a viscose melt with 10>’
Pa:s.

Surface tensions were also measured for several silicate melts and the obtained
values were compared with values calculated based on empirical composition
parameters which were previously reported. The 7740 borosilicate melt showed a large
positive temperature dependence as well as a large discrepancy from the values
calculated on the basis of the additive property. This suggests that the application of

composition factors for surface tension is limited to normal glass composition and that
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experimental evaluation is essential.
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Chapter 6. Solubility of noble metals in glass melts.
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6-1 Introduction

Nuclear waste from spent nuclear fuel contains many elements. Though most
of these elements are soluble in glass, platinum group metals are largely insoluble and
precipitate at the bottom of the melt during the vitrification of nuclear waste. Since they
can cause electrical shorting in a joule-heated ceramic melter, the glass melt is drawn
out from the bottom of the melter together with the precipitates. In order to attain stable
operation of the melter, it is necessary to characterize the behavior of platinum group
metals. Among these metals, the behavior of ruthenium is most important since
ruthenium content is the highest and unlike rhodium or palladium, which exist as metals
or tellurides, ruthenium exists as oxides, which possess high electrical conductivity.
Krause et al.' reported in detail on the behavior of these metals and concluded that
needle-shaped RuO, crystals, which affect conductivity and viscosity, were formed by
gas-phase reaction in voids between glass beads before complete melting.

Dissolution of ruthenium in silicate glass and resulting changes in coloration
have been reported by Mukerji et al.”> According to these studies, ruthenium solubility
depends on glass composition and melting temperature, and is more than 0.1 mass% at
1400 °C in ordinary soda-silicate glass. On the other hand, Schreiber et al.® reported
that ruthenium solubility in soda-lime silicate glass was below 0.001 mass% at 1150 °C
and coloration was not observed. The amount of RuO, they used was far greater than
that of expected solubility; we wondered whether that had an effect on the results.

In the present study, dissolution and coloration of ruthenium was investigated
in aluminoborosilicate glass used for nuclear waste solidification. The effect of the
RuO, amount added in the melt was examined, in addition to the effects of various

melting/heating and cooling regimens.
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6-2 Experimental

The composition of the chosen base glass was 58.4S10,-7.7Na,0-7.6Li,0O-
15.7B,05-4.0Ca0-3.7A1,03-2.8ZnO in mol%. Raw materials as carbonates or
hydroxides were mixed thoroughly and melted at 1200 °C in a platinum crucible in an
electric furnace, then cast and crushed to powder. An appropriate amount of ruthenium
was added to 40 g of the glass powder as ruthenium dioxide (RuO,, 99.9%, Soeckawa
Rikagaku) or ruthenium nitrosyl nitrate (Ru(NO)(NO3)s;*nH,0, Alfa Aesar, Ward Hill)
aqueous solution. The mixture was remelted at 1200° to 1400°C in an alumina crucible
(SSA-S, Nikkato) with a lid to avoid volatilization of ruthenium tetroxide. The lid was
kept securely on the crucible throughout the experiment to prevent ruthenium loss due
to volatilization. Melting time was usually 2 hours. The melt was slowly cooled in the
crucible, cast by pouring onto a graphite plate or quenched in water. The cast and
quenched samples were annealed at 550 °C. The obtained glass sample containing 0.2
mass% of RuO, that was added as Ru(NO)(NOs;); - nH,O was analyzed by X-ray
fluorescence (System 3370, Rigaku, Akishima, Japan) to confirm there had been no
serious loss of ruthenium due to volatilization. All specimens of the glass were crushed,
ground and then thoroughly mixed. This sample was compared with glass powder
containing ruthenium before remelting and 100 + 2% of ruthenium was detected.

Each sample was cut to a thickness of 2 mm, then ground and polished to give
two flat and parallel faces. Optical absorption spectra were measured with a
spectrophotometer (U-4000, Hitachi). The interiors of the samples were observed with
an optical microscope (BHM, Olympus). The effect of addition of Mo in glass was also
tested and the crystal shape of RuO, was observed.

The ruthenium ion contents in the quenched samples were analyzed by wet

method as described by Mukerji et al.> After decomposition of samples with HF
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Table 1. Ruthenium ion content in glasses melted at 1400 °C and quenched, as measured

by wet analysis.

Sample No. | RuO, content (mass%) | Ru ion amount (mass% as RuO,)
A 0.02 0.011
B 0.03 0.018
C 0.05 0.025
D 0.1 0.024

solution, evaporation and drying were conducted under Ar atmosphere. Instead of
dithio-oxamide, thiourea was used for spectrophotometric analysis.” Absorption spectra
were measured in the range of 200 to 1000 nm and the absorbance at 640 nm was used

for the analysis.

6-3 Results and Discussion

All glasses melted at 1400 °C and quenched turned light yellow to greenish
yellow. Figure 1 shows spectra of ruthenium-containing quenched glasses. Absorptions
at 700 nm and below 500 nm were assigned to Ru*".* Black dispersed precipitates were
apparent with the addition of more than 0.05 mass% of RuO,. They were identified as
RuO; by X-ray diffraction. Table 1 shows results of ruthenium ion contents by wet
analysis. Glasses containing 0.05 or 0.1 mass% of RuO, showed the same ruthenium
contents: This 0.025 mass% should be the solubility in this glass at 1400 °C: if glasses
were saturated with ruthenium ion, the analyzed concentration would be identical if the

content exceeded the saturated value. The values in Table 1 imply that dissolution of

96



0.4

Absorbance
o
N
)

(A) 0.1 mass%

\. . (C) 0.03 mass%
(D) 0.2 mass% T
O 1 1 1 1 L | | .
500 1000

Wavelength / nm

Fig. 1. Optical absorption spectra of RuO,-containing glasses melted at 1400 °C and

quenched in water. RuO; content: 0.1 mass% for dashed line (A), 0.05 for solid line

(B), 0.03 for dotted line (C) and 0.02 for dotted and dashed line (D). Y-axis shows

absorbance per 1 mm thickness. A discontinuity at 900 nm was caused due to automatic
switching of the detector.
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ruthenium is incomplete with melting for 2 hours if the RuO; content is not high. As
shown below, the dissolved amount becomes smaller at lower temperatures. Ruthenium
ion contents in Table 1 were not proportional to peak heights at 700nm on spectra in
Fig. 1. For example, glasses (B) and (C), which contained 0.05 and 0.03 mass% of
RuO,, respectively, showed almost the same spectra though the values in Table 1
differed. Two explanations are possible. One is that the valence state of ruthenium ions
changed. Though comparison of spectra in Fig. 1 and Ru®" spectrum measured by
Mukerji et al.* indicates that most ruthenium ions in the melt must be Ru*", valence
change of small amount of ruthenium might alter the peak height. The other possibility
is colloidal formation during annealing. When the quenched glass having greenish
yellow color was heated above 600 °C, it turned dark green with a temperature raise.
The spectrum was changed as follows: at first, the peak at 700nm became high at 600
°C; above 700 °C, the absorbance raised for all wavelengths except for that around 600
nm. This spectral change may be attributed to RuO; colloids. If such spectral changes
occurred, the peak heights at 700 nm in spectra would not be proportional to the Ru*"
content.

The 0.05 mass% RuO, glass that was melted at 1400 °C and slowly cooled
showed a yellowish color with green sediment. The sediment showed the same
spectrum as the quenched glass annealed above 700 °C. When glasses contained more
than 0.1 mass% of RuO,, slow-cooled samples containing large amounts of dispersed
precipitations were a colorless gray. Figure 2 shows the effect of cooling rates on
absorption spectra in glasses containing 0.1 mass% of RuO,. Quenched and cast
samples showed a greenish yellow color accompanied with RuO, precipitation. The
slow-cooled sample had no clear absorption at 400 nm. In a glass containing 0.5 mass%

of RuO,, the tendency was the same. In slowly cooled glass, most RuO, existed as
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Fig. 2. Changes in absorption spectra with different quenching rates for glass containing
0.1 mass% of RuO, melted at 1400 °C.
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aggregations of irregularly shaped crystals; considerably fewer of them were needle-
shaped, and those were shorter, at a length of 10 um or less. Since ruthenium ion must
be in a supersaturated state during cooling, these occurrences indicate that a large excess
of ruthenium, which exists as RuO, particles in the melt, accelerates the precipitation of
dissolved ruthenium during cooling.

At 1200 °C, glass coloration due to ruthenium was not observed. The shape of
RuO; crystals after vitrification was determined by the shape of crystals in the added
glass powder, which is to say that the addition of fine RuO, powder produced much
dispersed precipitation. When Ru(NO)(NOs); * nH,O aqueous solution was added,
crystal shape was determined by the shape of the crystals therein following dehydration
and denitration at a maximum of 400 °C. The aggregated crystals formed by denitration
were unchanged at melting temperatures. The black ones were dispersed in colorless
transparent glass. The addition of MoO3;, which has been said to produce needle-shaped
crystals,' did not accelerate the formation of needle-shaped crystals at 1200 °C.

When the glass containing 0.05 mass% of RuO, was melted at 1400 °C and
kept at 1200 °C for 1 or 12 h, the yellowish color became pale, as shown in Fig. 3, and
the dispersed black precipitate increased. This means that a certain amount of time is
required for separation of RuO, to occur when the amount of ruthenium is not
excessive. Many needle-shaped crystals were observed in this glass by microscopic
observation as shown in Fig. 4. From these facts, it is concluded that needle-shaped
crystals are formed in the melt by slow growth from separation of dissolved ruthenium

during slow cooling.

6-4 Conclusion

The solubility of ruthenium in borosilicate glass for the immobilization of
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Fig. 3. Changes in absorption spectra with heat treatment at 1200 °C for glasses
containing 0.05 mass% of RuO, melted at 1400 °C. Sample (A) received no heat

treatment and samples (B) and (C) successively heated for 1 and 12 h, respectively,
following melting at 1400 °C. All glasses were quenched in water.
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Fig. 4. Needle-shaped RuO; crystals seen in sample (B) in Fig. 3.
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nuclear waste was examined and the following results were obtained. At 1400 °C,
ruthenium dissolved as +4 ions, the amount of which was about 0.025 mass% as RuO..
An excess amount of RuO, was separated and dispersed in glass. Excessive addition of
ruthenium (more than 3 times the solubility) accelerates separation of ruthenium ion
during cooling and produces colorless glass. At 1200 °C, dissolved ruthenium was not
optically detectable.

RuO; crystal shape was observed with an optical microscope and was found to
be unchanged by melting at 1200 °C. While it is not the intent of this study to deny the
formation of needle-shaped crystals in the cold cap, at least a portion of these crystals

were formed by a dissolution-separation mechanism when slow cooling was performed.
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