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The influence of cathodic currents on the corrosion of molybdenum electrodes during electrical melting of glass was studied with 
the aid of laboratory experiments. It is shown that cathodic currents lead to the formation of molybdenum silicide layers on the 
electrode. Best results were obtained using a DC current density of 3.75 mA/cm^ at a heating current density of 1 A/cm^. Higher 
DC current densities resulted in molybdenum silicide layers, which dissolve in the melt as silicide particles. Simultaneous to the 
molybdenum silicide layers, at the counter electrodes M0O2 layers are formed, which also dissolve as particles in the melt. 

Elektrisches Glasschmelzen: Einfluß von kathodischen Strömen auf die Bildung von Schutzschichten auf Molybdän
elektroden 

Der Einfluß kathodischer Schutzströme auf die Korrosion von Molybdänelektroden bei der Elektroschmelze von Glas wurde mit 
Hilfe von Laborexperimenten untersucht. Es zeigte sich, daß kathodische Ströme zur Ausbildung einer Molybdänsilicidschicht auf 
der Elektrode führen. Hierbei erwiesen sich Gleichstromdichten von 3,75 mA/cm^ bei einer Heizstromdichte von 1 A/cm^ als opti
mal. Höhere Gleichstromdichten führten zu Molybdänsilicidschichten, die sich als Silicidpartikel wieder in der Schmelze auflösten. 
Gleichzeitig mit den Molybdänsilicidschichten bilden sich an der Gegenelektrode Mo02-Schichten, die sich ebenfalls als Partikel in 
der Schmelze auflösen. 

1 . I n t r o d u c t i o n 

Electric mel t ing of glass is a t echnique of increasing in
dus t r ia l impor t ance [1 a n d 2]. I t is economical ly advan-
tageous for relatively small glass furnaces and a p ro
duc t ion of less t h a n 40 t /d . A n o t h e r advan tage is that 
the evapora t ion of h a z a r d o u s Compounds such as ΝΟχ, 
SO2 o r lead-conta in ing ones is min imized without 
fur ther technical expendi ture . This is caused by the cold 
top , in which evapora ted Compounds are recovered. 
Today, the electrode mater ia l p r e d o m i n a n t l y used is 
metal l ic m o l y b d e n u m [1 t o 13]. I t is mechanical ly stable 
even at t empera tures of 1600°C, a n d possesses a high 
extent of chemical stability against the corrosive effect 
of some glass melts, such as boros ihca te melts. In other 
glass melts, such as lead glass mel ts o r mel ts containing 
relatively large quant i t ies of ant imony, arsenic or nickel, 
the cor ros ion rates are fairly h igh (see e.g. [3 to 6]). 
M o l y b d e n u m is a less nob le me ta l a n d can be oxidized 
by m a n y Compounds . Accord ing to the electrochemical 
series of e lements [7] which, however, slightly depends 
on the glass compos i t ion , m a n y polyvalent cations can 
be reduced by m o l y b d e n u m . A m o n g these, Sb^^, As^"^, 
Fe^-^, Ce^"", Sn^+ a n d M n ^ ^ shou ld be ment ioned . Some 
of t hem, such as ant imony, arsenic a n d t in, as well as 
o the r elements, such as Ni^"^ or Co^"^, which usually are 
n o t seen as polyvalent , are reduced to the metallic State. 
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Hereby, alloys may be formed, which further enhances 
the corrosion process. These redox processes lead to a 
loss of the electrode material and also to a contami-
nat ion of the melt with molybdenum Compounds [2 to 
8]. Therefore, techniques have been developed to mini-
mize the corrosion of the molybdenum. Altogether, three 
techniques are wor th ment ioning: the anodic [5], the ca
thodic [2] and the low-frequency passivation [9]. Dur ing 
the anodic passivation, a D C potential is superimposed 
on the heating currents in such a manner , that the 
molybdenum electrodes are polarized anodically. By 
analogy, dur ing cathodic passivation, molybdenum is 
polarized cathodically versus a counter electrode ad-
ditionally inserted into the glass melt. In bo th cases, it 
is assumed that protective layers are formed which 
decrease the corrosion rate. In the past few years, mainly 
two types of investigations concerning molybdenum 
corrosion have been carried out: first, fundamenta l 
laboratory experiments, some of them using electro
chemical me thods to clarify the mechanisms of the cor
rosion process [5 to 7 and 10 to 13] and secondly, studies 
carried out in industrial glass tanks [2, 3 and 9]. The 
first are on a t ime scale of some minutes to a few hours . 
By contrast , in industrial t anks electrochemical me thods 
can hardly be carried out: here the main me thod is to 
study the molybdenum content of the final glass and the 
corrosion of electrodes drawn from the furnace. Since 
the latter requires some months , the da ta obtained, e.g. 
concerning the influence of parameters , such as the D C 



current density on the corrosion rate, are not as numer-
ous as desired. Therefore, laboratory experiments which 
are closer to the technical System than those described 
above are helpful and possibly enable one to close the 
gap between the fundamental and the industrial studies. 
Besides, longer times than in previous laboratory studies 
are required especially to study the formation of protec
tive layers and the influence of experimental pa ram
eters thereon. 

2. E x p e r i m e n t a l p r o c e d u r e 

Figure 1 shows the equipment used for the laboratory 
experiments. Inside of a furnace with SiC heating 
elements, a Container fabricated from refractory based 
on zirconium Silicate (ZAC 1681) was located. The in
side of the Container was 11.5 cm in length, 7 cm in 
width and 8 cm in height. It conta ined approximately 
800 g of the glass melt. A t the front, an overflow made 
from a plat inum plate was located. Overflow melt was 
collected in a platinum crucible. The glass melt was 
prepared by inserting cullet or ba tch into the Container, 
preheated to 1450 °C. After the melt was soaked for 1 to 
3 h, molybdenum electrodes were inserted. Here, a silica 
tube flushed with argon was inserted in the furnace from 
the t o p and slightly dipped into the melt. Then the 
molybdenum electrode was int roduced into the melt. 
This procedure was repeated twice, unti l all three elec
trodes required were inserted. The electrodes consisted 
of molybdenum rods (diameter: 5 m m , length: 7 cm) 
contacted with a tungsten wire (diameter: 1 m m ) at the 
top (figure 2). The molybdenum electrodes were embed-
ded in an a lumina tube (inner diameter : 5, outer diam
eter: 8 m m ) in such a manne r that 5 cm in length were 
not covered by alumina. To avoid a lumina corrosion, ad-
ditionally a sleeve prepared from refractory (outer diam
eter: 20, inner diameter: 8 mm) was slipped on the lower 
par t of the a lumina tube. The electrodes were located in 
such a way that the refractory tube dipped into the melt 
by a round 1 cm. Between the two rear electrodes, the 
alternating voltage was supplied. The resulting current 
densities were adjusted to certain values in the ränge of 
0.5 to 2 A / c m ^ of the electrode surface. In the most 
experiments, a value of 1 A/cm^ was used. Between these 
two "heat ing" electrodes and the third electrode, a direct 
Potential was superimposed. The resulting current den
sities (related to the area of the working electrodes) were 
in the ränge of 0 to 20 mA/cm^ at the temperature of 
1450 °C used. 

In a series of experiments, the potentials were varied 
and the resulting currents recorded, or the D C potential 
was kept constant and the current measured as a func
t ion of time. Dur ing the most experiments, however, 
bo th D C and AC currents were kept cons tant and the 
corrosion behavior was studied by examining the layers 
formed at the electrode surface. For this purpose, the 
electrodes were drawn from the melt, then embedded in 
resin and cross cut. Here, special care has to be taken 

Figure 1. Schematic drawing of the furnace used. 1: protective 
tub, 2: Container made from refractory, 3: platinum overflow, 
4: platinum crucible for the overflowing glass, 5: heating elec
trodes, 6: counter electrode, 7: SiC heating elements; 8: furnace, 
9: inlet for cullet or batch. 

Figure 2. Schematic drawing of the electrodes used. 1: molyb
denum rod, 2: alumina tube, 3: refractory sleeve, 4: tungsten 
wire. 

Table 1. Chemical composition of the glass melt 

content in wt% 

Si02 72.11 
NasO 13.27 
CaO 6.34 
MgO 3.47 
AI2O3 1.12 
B2O3 1.83 
K2O 1.7 
Sb203 0.15 

tha t the adjacent glass is n o t c rumbled away. T h e n the 
cu t is g r o u n d a n d pol ished and subsequent ly s tud ied 
us ing a Scanning electron microscope ( S E M ; D S M 
940 A , Car l Zeiss, Oberkochen (Germany) ) a n d a n en-
ergy dispersive X-ray analysis ( E D X ; exl 10, L ink , Ox
ford ( U K ) ) . 

Fo r all exper iments , a s o d a - l i m e - s i l i c a glass mel t 
was used, whose compos i t ion is given in table 1. 

3 . R e s u l t s a n d d i s c u s s i o n 

T h e A C poten t ia l between the heat ing electrodes was in
creased wi th t ime a n d the A C current was m e a s u r e d . 
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Figure 3. Direct current as a function of time (AC current 
density: 1 A/cm^). DC potentials applied: curve 1: IV, 
curve 2: 2.4 V, curve 3: 4 V. 
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Figure 4. Direct current as a function of the DC potential 
(AC current density: 1 A/cm^). Curve 1: current after 2 min, 
curve 2: initial values. 
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Figure 5. Direct current as a function of the DC potential 
(AC current density: 1 A/cm^). Before the measurement, a DC 
current density of 5 mA/cm^ v^as applied. Curve 1: current after 
2 min, curve 2: initial values. 

T h e values ob ta ined did n o t d e p e n d on the scan rate and 
increased linearly wi th the po ten t ia l . To o b t a i n a current 
densi ty of 1 A/cm^, an A C po ten t i a l of 20.3 V was neces

sary. The strict proport ional i ty between the A C current 
and the A C potent ial is evidence of a purely ohmic be
havior. Any influence of electrochemical reactions or the 
electrochemical double layer cannot be seen. By con
trast , the dependence of the D C current on the D C p o 
tential is no t at all ohmic. This is illustrated by figure 3. 
Here, an A C current density of 1 A/cm^ was at tached 
between the two heating electrodes and a certain D C 
potent ia l was superimposed between these two elec
trodes on the one h a n d and the counter electrode on the 
other hand . The D C potentials were switched on and 
the D C current recorded as a function of time. At a po 
tential of 1 V (curve 1), at the beginning, a current of 
a round 210 m A was observed. The current decreases 
with time, after 5 min, a current of a round 110 m A and 
after 15 min of a round 50 m A was observed. Curve 2 
was recorded using a D C potential of 2.4 V. Here, the 
current decreases in approximately the same manner . 
Within 15 min, it decreases from an initial value of 780 
to 250 m A , i.e. by more than the factor of 3. Curve 3 is 
a t t r ibuted to a D C potential of 4V. A t the beginning, 
this results in a D C current of 1.2 A. By compar ison to 
curves 1 and 2, the current decreases much faster and at 
8 min, the current is equal to that observed at a potential 
of 2.4 V. After that , the observed currents are even lower 
than those of curve 2 and after 15 min, a current of 
a round 200 m A is reached. Figure 4 shows a current-
potent ia l curve. By analogy to figure 3, also here, an A C 
current density of 1 A/cm^ was superimposed. The curve 
was recorded after soaking the electrodes in the glass 
melt for 6 d. The heating electrodes acted as cathodes 
and the counter electrode as anode. The potentials were 
increased in steps of 200 mV. The current was measured 
immediately after increasing the potentials and again 
after 2 min; then the potential was increased again. 
Within these 2 min, the current decreases slightly. The 
Upper curve in figure 4 is at tr ibuted to the initial values, 
while the lower curve is related to the values after 2 min. 
First , a nearly linear increase in current was observed, 
then the slope decreases and at a round 4 V, a max imum 
was reached. Then the current decreases again, reaches 
a m i n i m u m at 15 V and finally a slight increase was 
observed. The current max imum and min imum are at
t r ibuted to currents of 750 and 290 m A , respectively. In 
figure 5, ano ther current-potential curve is shown which 
was recorded using a similar procedure as in figure 4. 
The pre t rea tment of the electrodes was different, how
ever. Previous to the measurement , a cathodic D C cur
rent density of 5 m A / c m ^ was at tached to the heating 
electrodes. By contras t to figure 4, a m a x i m u m in the 
current-potent ia l curve is not observed. The current in
creases from 0 at 1.5 V u p to a value of a round 200 m A 
which is reached at 7 V. Then the current remains con
stant . 

The m a x i m u m in the current-potential curve shown 
in figure 4 is due to a passivation of the electrodes. A n 
electrochemical reaction takes place at the electrodes 
and the produc t of this reaction hinders the further 
reaction. In the case of an electrochemical react ion with-



out any kinetic hindrance, the current should increase 
linearly or exponentially for reactions controlled by the 
ohmic resistance of the electron transfer reaction, 
respectively. The occurrence of passivation effects can 
also be observed in figure 3. First , the current decreases 
with time, due to an increasing quant i ty of reaction 
products which hinders further current flow. Secondly, 
the decrease depends on the potent ial . A t the end of the 
measurement , the current at a potent ia l of 4 V is even 
lower t han at 2.4 V. Obviously, the barr ier formed by the 
larger quant i ty of reaction products at 4 V is higher. The 
nonoccurrence of a max imum in the current-potential 
curve shown in figure 5 is caused by the current density 
of 5 mA/cm^ supplied before the measurement was car
ried out . This current flow already led to the formation 
of the passivation layer and hence, it need no t to be 
formed dur ing the measurement . Current-potent ia l 
curves of molybdenum electrodes in s o d a - l i m e - s i l i c a 
glass nielts have previously been repor ted in [5 and 6]. 
They were recorded using a three-electrode equipment . 
The curves shown there for anodic potent ials were fairly 
similar to those shown in figure 4. While at potentials 
lower t han - 7 0 0 mV, a steep increase of the cathodic 
currents with decreasing potent ial was repor ted and no 
hint at a kinetic h indrance was visible at lower poten
tials. In figures 3 to 5, however, curves are shown re
corded between molybdenum electrodes. Tha t means, 
while the heating electrodes are polarized negatively, the 
counter electrode possesses a positive potent ial . Since 
Potentials more negative than - 7 0 0 m V lead to increas
ing currents, the current flow shown in figures 3 to 5 is 
no t controlled by the cathodic processes, i.e., the be
havior of the negatively polarized heating electrodes. It 
is controlled by reaction products formed at the anodes, 
i.e. the counter electrode. 

Figures 6a to f show S E M micrographs of heating 
electrodes after a corrosion time of 50 h. A n A C current 
of 1 A/cm^ and different D C current densities in the 
ränge of 0 to 20 mA/cm^ were supplied. Figure 6a shows 
a micrograph at tr ibuted to a D C current density of 
OmA/cm^. The light region represents the metallic 
molybdenum and the dark region the adherent glass. In 
the vicinity of the electrode, a layer possessing a thick-
ness of a round 50 μm occurs, in which numerous in-
clusions of light appearance are seen. As proved by 
E D X , these particles consist of metaUic molybdenum; 
other elements could no t be detected. W D X spectra gave 
evidence that oxygen does not occur in these particles. 
Obviously, metallic molybdenum is dissolved from the 
electrode and spread into the glass melt. Figure 6b 
shows a micrograph of an electrode after supplying a 
D C current density of 1.25 mA/cm^. Here, a layer whose 
appearance is slightly darker than the electrode is seen. 
This layer has a thickness of a round 20 μm, is porous 
a n d also here some light particles can be seen in the 
glassy phase. As proved by E D X , this layer consists of 
molybdenum silicide. Also at higher cathodic potentials, 
such layers are observed. A n increase of the current den
sity to 2.5 mA/cm^ led to an increase of the layer thick

ness t o a r o u n d 35 μm. F igure 6c shows a m i c r o g r a p h 
a t t r ibu ted t o a D C current densi ty of 3.75 m A / c m ^ . T h e 
layer observed possesses a nearly cons t an t th ickness of 
a r o u n d 5 0 μ m . By cont ras t to figure 6b, l igh t -co lored 
part icles c a n n o t be seen in the adheren t glass. E D X line 
Scans of m o l y b d e n u m , Silicon a n d oxygen proved the fol
lowing: oxygen occurs solely in t race quan t i t i e s in the 
m o l y b d e n u m electrode a n d in the layer. T h e Silicon c o n 
centration in the layer is cons tan t , i.e. n o Silicon gradient 
is observed. Also the m o l y b d e n u m concen t ra t ion is c o n 
s tan t Over the whole layer thickness. Α cu r r en t dens i ty 
of 5 m A / c m ^ resulted also in a strongly adhe ren t , b u t 
slightly thicker MoSix layer. F igure 6d shows a m i c r o 
g r a p h after supplying a ca thodic D C cur ren t dens i ty of 
6.25 m A / c m ^ . T h e thickness of the m o l y b d e n u m sihcide 
layer is n o w a r o u n d 100 μ m a n d still some po re s a re 
visible. By ana logy to figure 6c, l ight-colored par t ic les 
a re n o t observed. T h e mic rograph shown in figure 6e is 
a t t r ibu ted to a D C current density of l O m A / c m ^ . T h e 
layer th ickness is a r o u n d 20 to 30 μ m a n d hence no tab ly 
th inner t h a n at potent ia l s of 3.75 a n d 6.25 mV. N u m e r 
ous part icles consis t ing of m o l y b d e n u m silicide a n d p o s 
sessing sizes of u p to 10 μ m in length can be seen in t he 
glass. Obviously, the sihcide layer formed dissolves aga in 
in the glass melt . A t further increasing ca thod ic cu r r en t 
densities, this d issolut ion process is further e n h a n c e d . A t 
a ca thod ic cur ren t densi ty of 20 m A / c m ^ (see figure 6f), 
the layer th ickness increases to a r o u n d 100 μ m , i.e. a p 
proximately the same value as at 6.25 m A / c m ^ , b u t t h e 
quan t i t y of m o l y b d e n u m silicide part icles in the glass 
increases by c o m p a r i s o n wi th figure 6e. I t c an be s u m -
mar ized : w i thou t the superpos i t ion of a ca thod ic p o t e n 
tial , part icles of metal l ic m o l y b d e n u m are dissolved in 
the glass mel t . If a ca thodic cur ren t is appl ied , m o l y b 
d e n u m silicide layers are formed. Wi th increas ing cur 
rent , also the layer thickness increases u p t o a cu r r en t 
densi ty of 6.25 mA/cm^ , which is a t t r ibu ted t o a th ick
ness of 100 μm. F u r t h e r increasing po ten t ia l s led t o a 
dissolut ion of the layer a n d part icles of m o l y b d e n u m 
silicide dissolve in to the glass melt . 

F igure 7 shows a mic rograph of a coun te r e lec t rode 
a t t r ibu ted t o a ca thodic cur ren t density of 5 m A / c m ^ . 
Since two cathodical ly polar ized heat ing electrodes a n d 
only one coun te r electrode were used, the a n o d i c c u r r e n t 
densi ty suppl ied to this electrode was l O m A / c m ^ . A l so 
here an adhe ren t layer can be observed. By c o n t r a s t t o 
figures 6b to f, this layer consists of m o l y b d e n u m oxide, 
M0O2, as proved by E D X a n d X R D . Here , s o m e oxidic 
part icles can be seen in the glass, which gives evidence 
tha t also this layer dissolves in the melt . T h e electro
chemical reac t ions occurr ing at the c a t h o d e a n d the 
a n o d e are as follows: 

ca thode : M o + x S i 0 2 + 4 x e ~ -> MoSi^ + 2 x 0 ^ " , (1) 

a n o d e : M o + 2 0 ^ " -> M0O2 + 4 e " . (2) 

In previous studies, carr ied ou t with a three-e lec t rode 
equ ipmen t [5], also the format ion of an MoSi^ layer at 
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Figures 6a to f. SEM micrographs of heating electrodes after 50 h corrosion time (heating current density: 1 A/cm^) at different 
superimposed cathodic DC current densities. a) OmA/cm^, b) l25mAJcm^, c) 3.75mA/cm^, d) 625mAJcm^, e) lOmA/cm^, 
f)20 mA/cm^. 



glass. Α g o o d prerequisi te should be tha t the t e m p e r a 
ture at the coun te r electrodes is as low as possible, b e 
cause then the layer is assumed to be m o r e stable. 

50 μ m 

Figure 7. SEM micrograph of a counter electrode (corrosion 
time: 50 h, heating current density: 1 mA/cm^, cathodic DC 
current density: 3.75 mA/cm^). 

cathodic potentials was observed. By contrast , the for
mat ion of an M0O2 layer was not observed before. This 
is assumed to be due to the relatively low current den
sities supplied for relatively short times in those studies. 

In an industrial glass tank, the superposi t ion of a 
cathodic potential on the heating electrodes may mini-
mize corrosion. The D C current density mos t suitable at 
a heating current of 1 mA/cm^ is a round 3.75 mA/cm^. 
D C current densities of 2.5 and 5 mA/cm^ gave almost 
as good results. If the current densities are too low, pro
tective MoSix layers are not formed and, if they are too 
high, the layers are dissolved into the melt. The super
posit ion should be current-controlled, because other-
wise, the current density decreases with t ime and is solely 
limited by the electrochemical process occurring at the 
counter electrode, the formation of the M0O2 layer. In 
an industr ial glass furnace, usually Starter electrodes 
located deeply inside the glass t ank are used as counter 
electrodes. By compar ison to the heating electrodes used, 
they possess a relatively small size and hence, the anodic 
current densities are much higher than the cathodic ones. 
This should result in an extensive formation of the 
M0O2 layer. The problem associated is that also M0O2 
is dissolved and particles of M0O2 are spread into the 
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