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Cathodic electrochemical protection of molybdenum electrodes
in an all-electric melter

Bernhard Fleischmann and Kurt Wilhelm Mergler
Huttentechnische Vereinigung der Deutschen Glasindustrie (HVG), Frankfurt/M. (Germany)

During several research programmes the cathodic protection of molybdenum heating electrodes was tested step by step on an all-
electric glass melting furnace over eight years. Starting with one pair at least, all 12 heating electrodes were superimposed with a
negative direct voltage to reduce the corrosion of molybdenum. The molybdenum release of the electrodes could nearly be halved
at the used furnace and with the glass melted. The molybdenum content of the glass was determined to compare the unprotected
and the protected state, respectively, and to confirm the success of the cathodic protection.

Kathodischer elektrochemischer Schutz von Molybdanelektroden an einem vollelektrischen Glasschmelzofen

Innerhalb mehrerer Forschungsvorhaben wurde der kathodische Schutz von Heizelektroden aus Molybdan schrittweise an einem
vollelektrischen Glasschmelzofen iiber acht Jahre hin getestet. Beginnend mit einem Elektrodenpaar wurden zum SchluB alle 12
Heizelektroden mit einer negativen Gleichspannung beaufschlagt, um die Korrosion von Molybdan zu vermindern. Der Molybdén-
abtrag der Elektroden konnte bei dem genutzten Ofen und der erschmolzenen Glasart fast halbiert werden. Der Molybdangehalt
des Glases wurde bestimmt, um den ungeschiitzten mit dem geschiitzten Zustand zu vergleichen, und um den Erfolg des kathodi-

schen Schutzes zu bestitigen.

1. Introduction

In electric heating of glass furnaces molybdenum elec-
trodes are now most commonly used to bring heat into
the glass melt by means of the Joule effect. However,
molybdenum corrodes in contact with the melt, which
sometimes leads to a great loss of the material entailing
a large amount of costs in terms of personnel and money
in order to replace or push forward the electrodes at the
operating furnace. Since the price of molybdenum is
related to its demand in steel production and varies by
a factor of 2 or 3, reducing the loss of molybdenum
would have a direct effect on the operation costs in elec-
tric melting.

All-electric melters are mainly used to melt special
glasses or smaller amounts of soda—lime—silica glass up
to 60 t/d without the restrictions on dust and flue gas
emissions as well as with the benefit of lower investment
costs. The kind of electric melters used in Germany and
the glasses melted with them were represented in [1].

2. Corrosion of molybdenum
2.1 Main influences on corrosion

The corrosion of molybdenum is influenced by many
causes which can not always be separated out. The main
causes are the real density of the heating current, the
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temperature as well as the chemical composition of the
glass melt. The frequency of the heating current, the vis-
cosity of the melt as well as the wettability of molyb-
denum by the glass melt are other causes that have an
influence on the corrosion and that are more or less con-
nected with the temperature of the glass melt.

2.1.1 Temperature

With increasing temperature the corrosion of molyb-
denum electrodes increases [2 to 5]. Depending on the
refining agent used the temperature dependency is more
or less intense. With a given concentration of refining
agent the temperature shows a greater effect on the cor-
rosion than the current density.

2.1.2 Current density

In principle, the corrosion increases with increasing
density of the heating current [6 to 9]. The refining
agent has a great influence on the dependency of the
corrosion on the density of the current. With antimony,
for example, the influence of the density of the heating
current is higher than with sulphur oxide.

2.1.3 Chemical composition

Especially the refining and colour agents with their
polyvalent state have a great effect on the corrosion
[8 to 11]. Since molybdenum is one of the less noble
metals, it will be oxidized by nearly all other polyvalent
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Figure 1. Redox reactions arranged by their standard potential
between 1150 and 1300°C in soda—lime—silica glasses.
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Figure 2. Current-potential curve of molybdenum in a
soda—lime—silica glass melt at 1200°C determined with three
electrodes [24] and a zirconia probe as reference electrode.

cations. Figure 1 shows the order of various cations usu-
ally found in soda—lime—silica glasses arranged by their
standard potential between 1150 and 1300°C [12 to 18].
All cations listed right of the metallic molybdenum are
reduced by it. In the case of NiO, CoO, PbO, SnO,,
As,03 and Sb,O; molybdenum can reduce the cations
to the metallic state. These then form alloys or eutectic
melts that erode the electrode or create local galvanic
elements and thus enhance the corrosion process. The
most inportant anion causing corrosion is SO ™.

2.1.4 Influence of the frequency of the heating
current and physical properties of the glass melt

Alternating current (ac) leads to increased corrosion
compared to direct current (dc). After passing a maxi-
mum of corrosion with increasing frequency, the cor-
rosion of molybdenum returns to the value of the direct
current at about 1 kHz. The position of the maximum
corrosion depends also on the density of the heating cur-
rent [3, 9, 10 and 19 to 21].

The physical properties viscosity and wetting of the
glass melt are the most important ones concerning the
corrosion of the electrodes. The less the viscosity of the
glass melt, e.g. the higher the alkaline content, the
higher is the thermal convection of the melt and with
that the erosion and the transport of corrosive products.
As well more wetting melts, e.g. alkaline-rich glass melts,
lead to a better contact between glass melt and molyb-
denum electrode and thus to greater corrosion [22].

The viscosity of glass melts is strongly related to the
temperature of the melt. Therefore, the density of the
heating current also influences the viscosity because of
the effect of higher temperatures around the electrode
due to the higher amount of energy brought into the
melt.

2.2 Methods to reduce molybdenum corrosion

Extending the surface of the electrode is a very simple
method to reduce the molybdenum corrosion as a lower
density of the heating current is obtained. With rod elec-
trodes that corresponds with a bigger diameter of the
electrode. However, since molybdenum has a very high
density (10.2 - 10° kg/m?), the size of the electrodes is
limited by the mechanical stability required, especially
with hanging electrodes (side wall or top electrodes).

A method that is mainly used for molybdenum elec-
trodes to melt lead glass is the low-frequency current
combined with a large surface of the electrode [19, 20
and 23]. Two effects are used: decreased corrosion with
lower frequencies, on the one hand, and with lower den-
sity of the heating current, on the other hand.

Besides that electrochemical protection of molyb-
denum is possible. Figure 2 shows the principal pos-
sibilities: anodic and cathodic protection, respectively.
With the superposition of a negative direct current on
the heating alternating current the formation of an
MoSi, layer is observed [25] that decreases the cor-
rosion. In the anodic part with positive direct current,
the active region with a very high corrosion has to be
passed before the passive region is reached with a lower
corrosion due to the formation of an Mo, O, layer [26].
The anodic protection of molybdenum is especially used
in the Czech Republic [8, 10 and 27 to 29]. The idea of
cathodic protection has been known for a long time [30
and 31]. However, it was first put to practical use during
this research work, which started in 1990 and was car-
ried out within two HVG-AIF research projects until
1997. The results of the first research programme were
presented in [32]. After these fundamental industrial
tests laboratory investigations were carried out in order
to gain knowledge about the formation of an MoSi,
layer under conditions similar to those given in indus-
trial practice [25] and to clarify the influence of process
parameters on the corrosion and protection parameters,
respectively [33]. In parallel to these laboratory tests the
industrial application continued.

3. Experimental
3.1 Industrial glass melting furnace

The all-electric melter is used to produce a white
soda—lime—silica glass for headlights. The tank is a
hexagonal shaft-type furnace with 12 molybdenum top
electrodes connected to two heating transformers with
six electrodes each, and six starting electrodes only used
at the beginning of the campaign. The heating electrodes
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connected to transformer no. 1 were 600 mm long and
the electrodes of level 2 were used with lengths between
850 and 1200 mm.

For a time three additional SnO, electrodes were
installed as counter electrodes for the cathodic protec-
tion at the same level as the starting electrodes. The
specific energy consumption of the furnace was around
1.2 kWh/kg glass with a load between 17 and 30 t/d. The
density of the heating alternating current is about
0.9 A/cm? related to the surface of the unused electrodes.

During the two research programmes the glass melt-
ing tank was repaired twice. The furnaces of the first
and second campaign (A and B) were similar in con-
struction, whereas the furnace of the third campaign (C)
was different.

3.2 Set-up of the cathodic protection

The principal set-up is shown in figure 3. The negative
direct current voltage is superimposed on the alternating
current heating voltage. Since two each of the six elec-
trodes linked to one heating transformer are connected
to one of the three secondaries, two electrodes have to
be protected together.

The dc voltage source has to be designed considering
the temperature dependence of the resistivity of the glass
melt as well as the spatial conditions in the furnace. To
eliminate remaining ac potentials of the heating voltage
in order to protect the dc source as well as the operators,
a compensation circuit is installed. The tapping point
circuit gives an even distribution of the negative dc
voltage on both electrodes of a secondary. The cut-outs
and contactors are installed to operate the equipment by
hand or through the control of the heating transformers.

Contrary to former tests all 12 heating electrodes are
protected cathodically. For this three or six counter elec-
trodes are used. Since two electrodes of each heating
transformer are connected to the same phase of the
360 V source, four electrodes can use one counter elec-
trode together. The two dc power supplies that are neces-
sary for this assembly affect each other, so that one
counter electrode for each heating circuit may be more
useful. In both cases the design of the dc source has to
be adapted.

Starting electrodes made of molybdenum and SnO,
electrodes, additionally installed, are used as counter
electrodes. The supplementary SnO, electrodes are fit in
the furnace at the same level and distance to the bottom
of the furnace as the starting electrodes.

4. Process parameters

In contrast to laboratory tests the influences of the dif-
ferent process parameters are hard to separate out in
industrial application (figure 4). In the laboratory all the
parameters except one can be fixed and the influence of
this single parameter can be studied. The purpose of
an industrial glass furnace is to produce glass in best
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Figure 3. Principal set-up of the cathodic protection.
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Figure 4. Influence of process parameters on each other as well
as on the cathodic protection and corrosion of molybdenum.

quality and sufficient quantity. Therefore, not only one
but nearly of all the process parameters change several
times in the life of an electrode for example.

The corrosion of molybdenum, and with that the
efficiency of the cathodic protection, is influenced by
time, the furnace, the glass melt and the adjustments for
cathodic protection. For example, the batch composition
fixes the conductivity of the glass melt and affects the
heating power that is necessary to obtain a sufficiently
high temperature of the melt. With the available surface
of the electrodes the density of the heating current
changes due to the necessary heating power. The protec-
tion current and its density are also restricted by the
conductivity and the temperature of the melt.
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Determined by the wide variations of the process
parameters, the dc source is not only controlled by a
maximum direct current but also by a maximum dc
voltage. When the maximum power of the dc source is
reached, e.g. because the glass melt temperature is low
and is still decreasing, the direct protection current is
decreasing, too, even though the maximum dc voltage is
available. Thus, every effect that influences the tempera-
ture of the glass melt also influences the protection cur-
rent and/or the protection voltage.

Another great difference to laboratory tests is the
period of time the electrodes are observed. In laboratory
tests time periods of over 100 h are hard to realize due
to the high demands on the equipment. In industry the
operation time of one electrode is over months and the
furnace works over years. Thus, the corrosion of refrac-
tory materials causes a higher loss of energy and there-
fore a higher heating power and density of the heating
current, respectively, are required at the end of the fur-
nace campaign. The decrease of the surface of the elec-
trode during its operation time also increases the present
density of the heating current. With increasing density
of the heating current the corrosion of molybdenum
accelerates even for protected electrodes, although not as
fast as for unprotected ones.

Starting effects that need more than two weeks can
not be detected in laboratory tests. The counter elec-
trode, for example, may react with the glass melt and
the protection current may be limited by the electrical
conductivity of this reaction product.

With all these problems it is an advantage to have
eight years of experience with the cathodic protection of
molybdenum electrodes at an industrial glass melting
furnace.

5. Cathodic protection of molybdenum
heating electrodes

5.1 Size and weight of protected electrodes

As the process parameters show such a big influence on
the corrosion of the heating electrodes, even the pro-
tected ones, it is hardly possible to find comparable heat-
ing electrodes. To compare unprotected and protected
electrodes, they should have about the same operation
time as the corrosion is not linear with time. At the be-
ginning of a campaign and at the end the corrosion is
higher due to different causes. For example, at the end
of an electrode’s campaign the density of the heating
current increases as the surface of the electrode is de-
creased. Therefore, the corrosion is higher and the sur-
face decreases faster with a further increase of the den-
sity of the heating current and so on. The electrodes
should also be used to melt the same glass output with
the same heating power and at the same temperature of
the glass melt. The composition of the glass melt should
not change, either. Since the furnace is not symmetric
due to the position of the throat, the locality of the ob-

servation hole as well as the dust suction hole and other
circumstances, the spot of installation is important for
corrosion, too.

Table 1 shows the mass loss of electrodes which were
used at position no. 9 in furnaces B and C (C with en-
larged melting area), as well as with and without ca-
thodic protection in furnace B. Looking at the different
time of operation and different pull or electric work, the
specific mass loss better reflects the difference of the
altered states of aggregation.

The cathodic protection in furnace B leads to a con-
sumption of molybdenum half as big as without ca-
thodic protection. The enlarged furnace C shows a
doubled consumption of molybdenum compared to fur-
nace B, when both are without cathodic protection. This
difference should be reflected in the molybdenum con-
tent of the glass product.

5.2 Molybdenum content of the glass product

The molybdenum content of the glass was already in-
vestigated when only two to six of the short electrodes
of level 1 were protected. No correlation of the molyb-
denum content with the protection parameters could be
seen, since variations in pull, temperature and heating
power override and wipe out, respectively, the effects of
cathodic protection of only a few and small electrodes.

With the cathodic protection of all heating electrodes
an effect of the cathodic protection on the molybdenum
content should be seen. Observing the molybdenum con-
tent of the glass product over a longer period of time,
the variations due to changes in pull, temperature and
heating power should lead to its alteration around an
average value. The cathodic protection should decrease
this average value sharply.

5.2.1 Measured molybdenum content

Two different methods were used to determine the
molybdenum content of the glass: X-ray fluorescence
spectroscopy and atomic emission spectrometry with
induced coupled plasma. The same results within
+2 ppm deviation were achieved with both methods.

Figure 5 compares the molybdenum content of glass
with and without cathodic protection at the above-men-
tioned furnaces B and C. The molybdenum content in
glass from the unprotected furnace B varies between 20
and 30 ppm, whereas the molybdenum content in glass
from the protected furnace B is mainly between 10 and
15 ppm. The enlarged furnace C entails a molybdenum
content of about 50 ppm. The ratio of molybdenum con-
tent of the three states agrees with the mass loss of the
electrodes at position no. 9.

5.2.2 Calculated molybdenum content

One big advantage of the top electrodes is the possibility
of swinging them out during operation and at the end
of their campaign, so that they can be measured in
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Table 1. Specific loss of molybdenum heating electrodes in two different furnaces (at the same spot of installation), with as well as

without cathodic protection, related to various process parameters

process parameters, furnace B

furnace C

specific loss,

without cathodic
total mass loss

with cathodic without cathodic

protection protection protection
electric work in A h 7.24 - 106 7.24 - 10° 12.1 - 10°
pull in t 4280 3886 7845
operation time in d 188 172 315
specific loss
— related to electric work in g/(A h) 6.63 - 1077 391-1077 147 - 1077
— related to pull in g/t 11.20 - 1074 7.56 - 1074 2217 2107
— related to time in g/d 2553 16.86 56.51
total mass loss in g 4800 2900 17800
length and diameter as well as the weight can be deter- with cathodic protection
mined. If the electric wor}< is. known and the surface pf Fumace B E e 1
the electrode at the beginning and at the end of its -
operation time, a specific molybdenum consumption can 120
be calculated (see section 10.1, formula (1)). This specific o
molybdenum consumption is typical for the three states L
of aggregation investigated: furnace B with and without 5 80| o
protection as well as furnace C without protection. 5 o %
Table 2 shows the results calculated with formula (1) ; g 60f o
(section 10.1). In this connection it is assumed that the 2 & o &
corrosion of the electrodes is mainly influenced by elec- § =
trochemical processes. Since the electrical power sup- = ZOT o 8% &
plied depends on the temperature of the glass melt, the = OOQJ@
load and condition of the furnace, the assumption is 0 1901_95 01C.)0I1.96
right for first approximation if only qualitative results =

are to be achieved.

With the specific molybdenum consumption the
molybdenum release of each electrode can be estimated
considering the present surface area, the daily pull and
electric power supplied (equation (2)). If the percentage
of the cullet is taken into account, the molybdenum con-
tent of the glass can be calculated (section 10.2, equation
(3)). Figure 6 compares the measured and calculated
molybdenum content in glass from furnace C over sev-
eral operation times of electrodes.

One effect that raises the molybdenum content of the
glass is the increase of corrosion at the end of the opera-
tion time of the electrodes. Figure 7 demonstrates this
effect. At the end of operation time the molybdenum
release increases very fast since the density of the heating
current rises due to the decreasing surface area. Besides
that the smaller electrode requires a higher heating
power to guarantee sufficient energy input into the fur-
nace. This increases the density of the heating current,
too.

6. Defects in the glass product

The application of the cathodic protection was used over
three furnace campaigns. Furnaces A and B did not dif-
fer in construction. Furnace C was enlarged and the

Figure 5. Molybdenum content of glass products at two fur-
naces with and without cathodic protection.

Table 2. Specific molybdenum consumption in (g - cm?)/Ah

furnace B without cathodic protection 1.35
furnace B with cathodic protection 0.75
furnace C without cathodic protection 2.77

place and construction of the throat as well as the place
of installation for some starting electrodes were changed.
Until the end of the operation time of furnace B, no
defects in the glass product were found that were con-
nected to the use of the cathodic protection. With fur-
nace C glass defects occur that disappear when the
cathodic protection was put out of action.

Three kinds of defects could be seen. First, gas
bubbles with a white iridescent precipitation could be
determined as gall (sodium sulphate). Second, dark to
green stones with a bright margin could be analyzed as
a mixture of zirconium, silicon and oxygen. Both defects
do not have their origin in the use of the cathodic pro-
tection. Third, the black stones included in the glass
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Figure 6. Comparison of the measured and calculated molyb-
denum content, respectively, for furnace C.
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Figures 7a and b. Influence of operation time (figure a) and
replacement of the electrodes (figure b) on the molybdenum
content of the glass.

product could be determined as MoO,. The oxide layer,
that is built due to the positive dc voltage installed at
the counter electrodes [33], can come off the counter
electrode when a distinct thickness of the layer is reached
or the electrical or thermal loading is either too high
or changing. As the spot of installation of the counter
electrodes supports the carry over of these particles
removed from the layer, the stones did not occur with
furnaces A and B. Changes in the electrical adjustments

as well as the use of a different starter electrode as a
counter electrode solves the problem and the defect
vanishes.

7. Material of counter electrode

Molybdenum and tin oxide were used as material for
counter electrodes during the eight years of application
of the cathodic protection in an industrial glass melting
furnace. In laboratory tests zirconia-based refractories
of different zirconia contents were investigated, too [34].

Molybdenum proved to be the best material con-
cerning the anodic behaviour and reactions, respectively,
the economic point of view as well as the practicability.
The formation of the oxide layer, in fact, affects the pro-
tection current and may lead to glass defects but does
not produce serious and insoluble problems.

Tin oxide showed a very quick dissolution as the
temperatures in the glass melt were too high. Tin oxide
should not be used above 1350°C [35] or more as the
corrosion accelerates at higher temperatures. The tem-
peratures measured with thermocouples installed in the
same place as the counter electrodes sometimes unex-
pectedly showed temperatures above 1500 °C. Therefore,
the tin oxide electrodes were consumed before the fur-
nace was taken out of operation.

On the one hand, the zirconia refractories could
hardly be contacted sufficiently and on the other hand,
they brought the cathodic protection test at the labora-
tory to a standstill since the behaviour of the refractories
when exposed to direct current led to a total blockage
of the protection current.

8. Discussion and conclusions

The cathodic protection of molybdenum heating elec-
trodes was succesfully transferred from laboratory tests
to industrial application. The electrodes of an all-electric
glass melter were connected to the cathodic protection
step by step. Finally, all heating electrodes were pro-
tected and the molybdenum loss of the electrodes was
nearly halved. As material for counter electrodes molyb-
denum proved to be the most practical one.

The laboratory tests carried out in parallel to the in-
dustrial application helped in disentangling the influ-
ences of the various process parameters on the efficiency
of the cathodic protection. Laboratory tests and indus-
trial applications sometimes showed differences in their
results concerning the optimum adjustment of pa-
rameters, but did not differ in the principal effects of pa-
rameters.

The corrosion mechanism as well as the mechanism
of cathodic protection are clear in principle. The pro-
cesses and reactions, respectively, occurring on the elec-
trodes are investigated [25, 26 and 33] and can be sum-
marized as follows:
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a) Thecorrosion of molybdenum isinitiated by thereac-
tion Mo"Mo~"" + 3e~. The reaction partners can be
oxygen or polyvalent ions in the glass melt, especially
refining agents.

b) If temperature, density of heating current, the physi-
cal properties of the glass melt and the chemical com-
position of the glass melt are appropriate, the negative
electrode generates an MoSi;" layer (x ~ 2) and the posi-
tive electrode forms an M0O3; layer (y ~ 2).

¢) The parameters influencing the formation of a ca-
thodic protective layer are: composition of the glass
melt; temperature of the glass melt; density of the heat-
ing and protection currents; convection currents in the
furnace dueto differences in temperature as well asin
the pull; time of Operation of the cathodic protection,
and many others more with second and third place
importance.

The equipment, i.e. compensating aswell as tapping
point circuit and the cut-outs as well as the contactors,
has to be designed for the special furnace and heating
circuit, respectively. Theoptimum adjustment of the pro-
tection Parameters hasto be carried out individually for
every furnace and type of glass. With the knowledge of
some familidr quantities of the furnace and the elec-
trodes an estimation and calculation of the molybdenum
content of the glass is possible.

These investigations were conducted with the kind support of
the Arbeitsgemeinschaft industrieller Forschungsvereinigungen
(AiF), KéIn (AiF-No. 10043), under the auspices of the Hutten-
technische Vereinigung der Deutschen Glasindustrie (HVG),
Frankfurt/M., utilizing resources of the Bundesminister fir
Wirtschaft. Theresearch programme wasfmancially supported
by RWE Energie, Essen, and carried out in co-operation with
Dr. Genthe Glas, Goslar. Thanks are due to all of these in-
stitutions and companies. Theauthors are specialy indebted to
Dr. M. Daniels, Mr. H.-D. Werner as well as the other em-
ployees of Dr. Genthe Glas for their excellent teamwork.
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10. Appendices
10.1 Specific molybdenum consumption

The specific molybdenum consumption ms is given as:
ms = AMVWMI-AE) @)

with Am as mass loss of the electrode in g, IF as electric work
during Operation time in Ah, A*as the surface area (in cm”) at
the beginning and a*sis the surface area at the end of the Oper-
ation time. Since the decrease of the surface area is very small
at the beginning and also most of the Operation time, the sur-
face area of the beginning is emphasized.

10.2 Calculation of molybdenum content in glass

The release of molybdenum of each electrode can be esti-

mated by:

o fns- fd @
{AM-AA)L

with  ms as specific molybdenum consumption in
g -cm™/(Ah), as the electric power used daily for melting
glass in kWh/d, F as factor depending on the kind of heating
circuit in V, MB as the surface area at the beginning in cm”, AA
as the decrease of the surface area in cm” and as the daily
load in t/d.

The molybdenum content in the glass CMO can be calcu-
lated by:

emo = 2 Ri + Scs (3)

with Ri as the molybdenum release of each electrode in ppm, H
as the number of electrodes, S as the cullet percentage and cs
as molybdenum concentration in the cullet in ppm.

i398P(K)!



