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With the aid of laboratory experiments, the cathodic passivation of molybdenum electrodes during electrical melting of glass was 
studied. The formation of molybdenum silicide layers does not only depend on the cathodic passivation currents, but also on time 
and the AC heating current density If the melt has freshly been prepared from raw materials, the molybdenum silicide layer is 
thinner than under otherwise same conditions. While at an AC heating current density of 1 A/cm^, a cathodic current density of 
3.75 mA/cm^ led to Optimum layer formation, at a heating current density of 2 A/cm^, higher cathodic current densities are required. 

Einfluß von Prozeßparametern auf die Bildung von MoSix-Schutzschichten auf Molybdänelektroden bei der 
Elektroschmelze von Glas 

Die kathodische Passivierung von Molybdänelektroden bei der Elektroschmelze von Glas wurde mit Hilfe von Laborexperimenten 
untersucht. Die Bildung von Molybdänsilicidschichten hing nicht nur von den kathodischen Passivierungsströmen ab, sondern auch 
von der Zeit und der Heiz(Wechsel)-Stromdichte. Wurde die Schmelze frisch aus Rohstoffen hergestellt, war die Molybdänsilicid
schicht dünner als unter sonst gleichen Bedingungen. Während bei einer Heizstromdichte von 1 A/cm^ eine kathodische Stromdichte 
von 3,75mA/cm^ zu einer optimalen Schichtbildung führte, waren bei einer Heizstromdichte von 2A/cm^ höhere kathodische 
Stromdichten erforderlich. 

1. Introduction 
The corrosion of molybdenum electrodes dur ing electric 
melting of glass is still a problem for many glass melt 
composi t ions [1 to 5]. While e.g. in borosilicate melts, 
metallic molybdenum possesses a high degree of chemi
cal stability even at temperatures as high as 1600°C, high 
corrosion rates are observed, if the glass melts contain 
polyvalent Compounds [6 and 7]. According to the elec
trochemical series of elements [6 and 7], many polyvalent 
Compounds occurring in their oxidized State can be re
duced by metallic molybdenum to the corresponding re
duced State [8 and 9]. Especially, high corrosion rates are 
observed if this reduced State is the metal , e.g. in the 
case of N i O , CoO, PbO, Sn02 , AS2O3 or Sb205. Then 
the metal is deposited on the electrode surface, may form 
alloys with molybdenum and also form local galvanic 
elements which may further enhance the corrosion pro
cess [7 and 10]. 

To minimize the corrosion of molybdenum elec
trodes, three techniques have been developed in the past 
decades. T h e first is the low-frequency passivation [5], 
which fundamentals , up to now, are not unders tood . 
Fur the rmore , bo th anodic [1] and cathodic [2] passiva
tion have been introduced. Here D C currents are super
imposed between the heating electrodes and a counter 
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electrode addi t ional ly inserted in to the melt . In t h e case 
of the ca thodic passivat ion, MoSi^ layers are fo rmed if 
the cur ren t densities applied are high e n o u g h [10 t o 12]. 
As recently po in ted out , these layers increase in th ick
ness wi th the cur ren t densities applied [12]. If the c u r r e n t 
density, however, exceeds a cer ta in value, the layers be -
c o m e unstable a n d are dissolved in to the melt as m o l y b 
d e n u m silicide particles. In this paper, l abora to ry exper i 
men t s are carr ied ou t which are fairly close to t he tech
nical System. This equipment has already been used in 

previous studies [12]. U p to now, solely the influence of 
the super imposed ca thodic cur ren t densities o n t he for
m a t i o n of the MoSix layer has been repor ted . I n this 
paper , the effect of further exper imenta l p a r a m e t e r s , 
such as time, t empera tu re a n d heat ing cur ren t dens i ty 
is described. 

2. Experimental procedure 
Α Container fabricated from refractory was located in
side an SiC-heated furnace. It con ta ined abou t 800 g of 
a s o d a - l i m e - s i l i c a glass melt wi th the c o m p o s i t i o n (in 
w t % ) : 72.11 S i02 , 13.27 N a 2 0 , 6.34 C a O , 3.47 M g O , 
1.12 AI2O3, 1.83 B2O3, 1.7 K2O a n d 0.15 S b 2 0 3 . T h e 
m o l y b d e n u m electrodes were embedded in a l u m i n a 
tubes a n d addi t ional ly in a sleeve p repared from refrac
to ry to avoid a con tac t of the meta l with air. Al toge ther , 
three electrodes were inserted: two of t h e m ac ted as 
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heat ing electrodes a n d the th i rd one as counter electrode. 
Between the heat ing electrodes, an A C current density 
in the ränge of 0.5 t o 2 A / c m ^ was supplied. Between 
these two heat ing electrodes a n d the counter electrode, 
a D C potent ia l result ing in cur ren t densities in the ränge 
of 0 to 2 0 m A / c m ^ was supplied. 

T h e exper imenta l equ ipmen t as well as the procedure 
to in t roduce the electrodes in to the melt has already 
been described in detai l in [12]. 

After a certain cor ros ion t ime in the ränge of 20 to 
50 h at which b o t h cons tan t A C a n d D C currents were 
supplied, the electrodes were d rawn from the melt, 
e m b e d d e d in resin a n d cross cut . After grinding and 
pol ishing, the cut was s tudied using a Scanning electron 
microscope ( S E M D S M 940 A, Car l Zeiss, Oberkochen 
(Germany) ) a n d an energy dispersive X-ray analysis 
( E D X exl 10, Link , Oxford ( U K ) ) . 

3. Results 

3.1 Influence of time 
In a series of experiments , the influence of time on the 
format ion of the MoSi^ layer was studied. For that 
purpose , electrodes were d rawn from the melt after 
cor ros ion t imes of 20, 30, 40 a n d 50 h. The experi
men ta l pa rame te r s were an A C heat ing current density 
of 1 A/cm^ a n d a ca thodic D C cur ren t density of 
3 .75mA/cm^ . F igure l a shows an S E M micrograph 
after a t ime of 20 h. T h e electrode possesses light ap
pea rance in the micrograph , the glass adherent at the 
electrode is of da rk color. In between, a highly porous 
layer is observed consis t ing of metal l ic molybdenum, in-
terpenet ra ted by a glassy phase. SiHcon is not detected 
by E D X within the light regions of the micrograph and 
hence a m o l y b d e n u m silicide layer is no t formed. The 
metallic m o l y b d e n u m is spread as particles into the melt. 
The State of the electrode is fairly similar to that of an 
electrode without any super imposed cathodic potent ial 
(see [12, figure 6a]). Α longer cor ros ion time of 30 h 
leads to a different appearance, as shown in figure Ib. 
Here, at the surface, a layer slightly darker than the bulk 
electrode is seen. T h e m e a n thickness of this layer is 
a r o u n d 15 p m a n d high quant i t ies of Silicon are detected 
by E D X . It is still p o r o u s a n d part icles of light appear
ance consis t ing of m o l y b d e n u m silicide are spread into 
the melt du r ing corros ion . After 40 h (figure Ic), the 
layer possesses a thickness of a r o u n d 50 pm and still 
con ta ins some large pores wi th d iameters in the ränge 
of 5 to 10 p m as well as notable smaller ones. After 50 h 
cor ros ion t ime, a further slight g rowth of the layer is 
observed. A s shown in figure Id, the thickness is now 
60 p m a n d the poros i ty of the layer fur ther decreased. 

3.2 Influence of the AC heating current 
In [12], the influence of the ca thodic D C current density 
on the format ion of the m o l y b d e n u m silicide layer has 
already been descr ibed a n d D C cur ren t densities in the 
ränge of 2.5 to 5 m A / c m ^ have been repor ted to be Op

t imum values for the formation of a strongly adherent 
molybdenum silicide layer. From studies in industrial 
glass furnaces as well as from laboratory experiments, it 
is well known that high heating current densities lead to 
stronger corrosion. Therefore, in this series of ex
periments, the heating current densities were adjusted to 
values of 0.5, 1 and 2 A/cm^ while D C current densities 
of 2.5, 3.75 and 5 m A / c m ^ were supplied. Figure 2a 
shows an S E M micrograph of a molybdenum elec
t rode corroded for 50 h using a D C current density of 
2 .5mA/cm^ and an A C current density of 2A/cm^ . Α 
porous layer possessing a thickness of a round 80 p m is 
seen. This layer consists of metallic molybdenum, Silicon 
is not detected using E D X . Some large particles of 
metallic molybdenum are seen in the adherent glass. By 
contrast , using an A C current density of 1 A/cm^, a 
protective MoSix layer has been observed [12]. Α D C 
current density of 3 .75mA/cm^ led to the formation of 
molybdenum silicide layers with thicknesses of u p to 
60 pm, if A C current densities of 0.5 and 1 A/cm^ (see 
figure Id) were supplied. Figure 2b shows an S E M 
micrograph of a molybdenum electrode corroded using 
an A C current density of 2 A/cm^ and a D C current den
sity of 3 .75mA/cm^. Also in this case, a porous layer 
consisting of metallic molybdenum and no t of molyb
denum silicide is observed. By analogy to figure Ib , also 
here metallic particles are found in the glassy phase. 
Figures 2c to e show S E M micrographs of electrodes 
corroded using a D C current density of 5 mA/cm^ and 
A C current densities of 0.5, 1 and 2 A/cm^, respectively. 
Α D C current density of 0.5 A/cm^ led to a molybdenum 
silicide layer possessing a thickness of a round 40 pm 
which was strongly adherent and porous. Figure 2d 
shows a micrograph at tr ibuted to an A C current den
sity of 1 A/cm^. Here, a fairly similar layer was observed 
as in figure 2b. By contrast , in figure 2e which shows 
a sample corroded using an A C current density of 
2 A/cm^, the layer formed is much thinner (10 to 20 pm). 
However, it consists of molybdenum silicide as proved 
by E D X . Many molybdenum silicide particles possessing 
sizes of u p to 20 p m in length are spread in the glass. 

3.3 Influence of temperature 
The experiments described u p to now, were all per
formed using a temperature of 1450 °C. Figure 3 shows 
an S E M micrograph of an electrode corroded at 1500°C. 
The A C current density was 1 A/cm^ and the D C cur
rent density 3 .75mA/cm^. T h e molybdenum silicide 
layer formed possesses a thickness of a round 40 pm, i.e. 
2/3 of that value obtained after corroding at 1450 °C. 
Al though the porosity is comparable to that obtained at 
1450 °C, the dissolution of the layer is somewhat 
stronger and more particles are spread into the melt 
dur ing the corrosion process. Nevertheless, the layer for
mat ion is fairly good and comparable to that at 1450 °C. 

3.4 Influence of batch addition 
In the experiments described u p to now, the glasses were 
melted from cullet and no t changed during the corrosion 
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Figures la to d. SEM micrographs (backscattered electrons) of heating electrodes at an AC heating current density of 1 A/cm^, a 
DC current density of 3.75 mA/cm^ and a temperature of 1450 °C as a function of the corrosion time, a) 20 h; b) 30 h; c) 40 h, d) 50 h. 

experiments. In a series of experiments, this was modi 
fied as follows: after inserting the electrodes into the 
melt and supplying an A C current density of 1 A/cm^ 
and a D C current density of 3.75 mA/cm^, within 8 h, 
altogether 400 g of raw materials were added to the 
batch (the overflowing glass was collected in a crucible 
[12]). After soaking for 16 h, another 200 g raw materials 
were added within 8 h. After another 18 h, i.e. after a 
total corrosion t ime of 50 h, the electrodes were drawn 
from the melt. Figure 4 shows an S E M micrograph of 
the molybdenum electrode. The molybdenum silicide 
layer observed possesses a thickness of 20 to 30 p m and 
is strongly fissured. Silicide particles spread into the melt 
were not observed. 

4. Discussion 
C a t h o d i c polar iza t ion of m o l y b d e n u m heat ing elec
t rodes may lead to the format ion of m o l y b d e n u m silicide 
layers at the surface. D u r i n g this ca thodic react ion , Si02 
as c o m p o n e n t of the glass m e h is reduced: 

xSi02 + M o + 4 x e - ^ MoSi^ + 2 x 0 ^ - . (1) 

Simultaneously, polyvalent ions, such as Fe^^ , P b ^ ^ or 
Sb^^ are also reduced. A t the a n o d e [12], at high cu r r en t 
densities, the format ion of M0O2 layers is observed: 

M o + 2 0 ^ M0O2 + 4 e - (2) 
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Figures 2a to e. SEM micrographs (backscattered electrons) of 
heating electrodes after a corrosion time of 50 h at a temperature 
of 1450 °C at different A C and DC current densities, a) /(DC) = 
- 2.5mA/cm2, /(AC) = 2A/cm2; b) /(DC) = 3.75 m A W , 
/(AC) = 2A/cm2; c) /(DC) = 5 mA/cm^, / ( A C ) - 0.5 A W ; 
d) /(DC) = 5 mA/cm2, /(AC) = 1 A/cm^; e) /(DC) = 5 mA/cm^, 
/(AC) = 2A/cm2. 

F r o m equat ion (1) it is clear that the growth of the layer 
is directly at tr ibuted to the current density and hence, 
increasing layer thickness at increasing current densities 
are no t surprising. As pointed out in [12], high current 
densities / (DC) > l O m A / c m ^ led to rapidly growing 
layers which are no t fully stable and molybdenum sili
cide particles are spread into the glass melt as particles. 
The formation and dissolution of the molybdenum sili
cide layer, however, are no t solely functions of the D C 
current density applied. First , the layer needs some t ime 
to be formed. A t the beginning, the electrode behaves in 
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Figure 3. SEM micrograph (backscattered electrons) of a 
heating electrode after a corrosion time of 50 h at a temperature 
of 1500°C (/(DC) = 3.75mA/cm2, /(AC) = 1 A/cm^). 

20 μηη 

Figure 4. SEM micrograph (backscattered electrons) of a 
heating electrode after a corrosion time of 50 h at 1450°C 
(/(DC) = 3.75mA/cm^ /(AC) = 1 A W ) after addition of 
batch. 

the same manner as an electrode wi thout any superim
posed cathodic current . After a corrosion time of 30 h, 
the silicide layer is observed and further grows over the 
whole durat ion of the experiments. If the formation of 
stoichiometric MoSi2 is assumed, χ in equat ion (1) is 
equal to 2 and from the current flow, a theoretical thick
ness of the layer, d, can be calculated from the density 
of MoSi2 (6.31 g/cm^): 

d = C' t' i (3) 

with C = 1.136 pm · h - 1 . cm^ 

m A 
and / in h. 

30 40 
— Time in h — 

and / in 
m A 

cm^ 

Figure 5. Thickness of the molybdenum silicide layer as a func
tion of time. 

Accord ing to this calculat ion, the thickness of the layer 
shou ld increase by 42.6 p m every 10 h at a cu r ren t den 
sity of 3.75 mA/cm^ , if the only ca thodic reac t ion is t ha t 
accord ing to equa t ion (1). In figure 5, the layer th ickness 
is d rawn against the cor ros ion time. It is seen tha t be 
tween 30 and 40 h, the layer grows by a r o u n d 42 p m 
which is in to ta l agreement wi th the theoret ica l calcu
lat ion above. After supplying the ca thodic cur ren t , first 
polyvalent ions, such as Fe^^ which occur in the vicinity 
of the electrode are reduced, because these Compounds 
posses less negative Standard potent ia l s t h a n the reac
t ion according to equa t ion (1) [10]. D u r i n g 10 h at 
3 . 7 5 m A / c m ^ a n d a to ta l electrode area of 16 cm^, a 
Charge flow of 2.16 k A s occurs. This is a t t r ibu tab le t o a 
quan t i ty of e.g. 1.08 g Sb203 , if it is a s sumed tha t all 
an t imony occurs as Sb^+ a n d is reduced wi thin a th ree-
electron step to the co r respond ing meta l or, however, to 
e.g. 1.6 g Fe203 . By c o m p a r i s o n wi th the chemical c o m 
pos i t ion a n d the quan t i t y (800 g) of the mel t , 1.08 g 
Sb203 a n d 1.6 g Fe203 co r re spond to concen t ra t ions of 
0.135 and 0.2 wt%, respectively. Since in the whi te glass 
mel t used, iron occurs in m u c h lower concen t r a t ion , 
main ly Sb203 should con t r ibu te to the cu r ren t flow. 
Wi th in the first 20 h, i.e. tha t cor ros ion t ime which does 
n o t yet lead to the format ion of a silicide layer, a h igher 
Charge flow (4.32 k A s) occurs t h a n tha t of 2.40 k A s at
t r ibu ted to a quant i ta t ive reduc t ion of Sb203 t o meta l l ic 
ant imony. Two reasons may be responsible: first, re
duced ions may be oxidized again at the a n o d e o r at 
the surface of the melt a n d secondly, o ther po lyva len t 
elements, such as Fe^^ or sulfur Compounds m a y also 
cont r ibute . 

However, the format ion of the m o l y b d e n u m silicide 
layer does no t solely depend on D C current dens i ty a n d 
time, but is also influenced by t empera tu re a n d the A C 
cur ren t density. A n increase in t empera tu re e n h a n c e s 
b o t h diffusion a n d convect ion a n d hence may lead t o a 
s t ronger par t ic ipa t ion of the polyvalent ions in the elec
t rode react ions as descr ibed above. Besides, a lso the dis
solut ion of the layer as silicide part icles in to the mel t 



Christian Rüssel; Andrea Kännpfer: 

Table 1. Influence of experimental parameters on the formation 
of the MoSix layer 

DC current density, /(DC): 
0 mA/cm2 

up to 2 mA/cm^ 
2.5 to 5 mA/cm^ 
>5 mA/cm^ 

AC current density, /(AC): 
0.5 and 1 A/cm^ 

2 A/cm^ 

no MoSix layer, Mo is spread into 
the glass 
thin MoSix layer 
strongly adherent MoSix layer 
MoSix layer dissolves as particles in 
the melt 

temperature increase: 

batch addition: 

MoSix layer is Optimum at 
/(AC) = 2.5 to 5 mA/cm2 
no MoSix layer at /(AC) = 2.5 and 
3.75 m A W 
thin MoSix layer at 
/(AC) = 5 mA/cm^ 

the MoSix layer formed is thinner 

the MoSix layer formed is thinner 

time (/(DC) = 3.75 mA/cm^): 
up to 20 h no MoSix layer, Mo is spread into 

the glass, same appearance as 
without cathodic passivation 

20 to 50 h the MoSix layer is formed and 
grows with time up to 60 μm thick
ness after 50 h 

should be higher at h igher temperatures . Therefore, it 
is n o t surpris ing tha t at a higher t empera tu re a thinner 
m o l y b d e n u m silicide layer is observed. 

Obviously, an increase of the A C cur ren t density to 
a value of 2 A/cm^ drastically influences the formation 
of a protect ive MoSix layer. A t D C cur ren t densities of 
2.5 a n d 3.75 mA/cm^ , the format ion of a silicide layer is 
no t achieved, while at lower A C current densities of 0.5 
a n d 1 A/cm^, strongly adheren t layers are formed. By 
increasing the D C cur ren t densi ty to 5 mA/cm^, also at 
an A C cur ren t densi ty of 2 A/cm^, a molybdenum sili
cide layer is formed. By cont ras t to lower AC current 
densities, the layer is no t as strongly adheren t and no 
tably thinner . In principle, however, it can be stated that 
h igher D C cur ren t densities also require higher A C cur
rent densit ies super imposed . In this context , it should be 
no t ed tha t in industr ia l glass tanks , cu r ren t densities are 
usually a r o u n d 1 A/cm^ a n d cur rent densities as high as 
2 A / c m ^ are avoided, because otherwise the corrosion 
rate increases drastically. 

T h e effect of A C current density on the layer forma
t ion is supposed to be fairly complex. In principle, an 
increase in the A C cur ren t density leads to an increase 
in t empera tu re because the energy inpu t (mainly lo-
calized to the vicinity of the electrodes) increases. In the 
m ode l System used, however, this should n o t be the main 
reason , because of the m o r e effective hea t transfer by 
c o m p a r i s o n to indust r ia l glass furnaces. A n addit ional 
reason should be tha t using a heat ing cur ren t with a fre
quency of 50 s ~ \ du r ing the anod ic half-wave, Oxidation 
of the electrode a n d du r ing the ca thodic half-wave, a re-

Cathode 

+e-

MoSi^ 
formation 

Atmosphere 

\ 

Si02^ 
Meh 

Anode 

-e 

MoQj 
formation 

Figure 6. Schematic drawing of the redox processes during ca
thodic passivation of molybdenum electrodes. 

duct ion process takes place. Higher currents should en
hance the process and not all oxidized products formed 
dur ing the anodic process will rediffuse to the electrode 
and hence will be reduced again during the cathodic pro
cess (see also figure 6). 

Α no t as good formation of the molybdenum silicide 
layer is also observed, if raw materials are added during 
the corrosion process. This should mainly be caused by 
the polyvalent components of the raw materials, which 
in the case of the glass composi t ion used should mainly 
occur in their oxidized states if the melt is freshly pre
pared from the raw materials but occur in the reduced 
State after many hours. Thus, as in the case of the t ime 
dependence of the layer formation discussed above, this 
can explain the thinner layers observed. 

5. Conclusions 
Dür ing cathodic passivation, a layer of molybdenum sili
cide grows on the molybdenum electrodes after a t ime 
lag of more than 20 h. The layer observed is thinner if 
the temperature is increased, the melt is freshly prepared 
from raw materials or the D C current is increased. While 
at an A C current of 1 A/cm^, a D C current superim
posed of 3 .75mA/cm^ is Optimum, an A C current of 
2 A / c m ^ requires higher D C currents (e.g. 5 m A / c m ^ ) , 
otherwise, an MoSix layer is not formed. 
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(AiF), Köln (AiF-No. 10043), by agency of the Hüttentechni
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furt/M, through the resources of the Bundesminister für Wirt
schaft. Thanks are due to all these institutions. 

6. References 

[1] Stanek, J.: Electrical melting of glass. Amsterdam (et al.): 
Elsevier, 1977. 



[2] Fleischmann, B.; Mergler, K. W.; Barklage-Hilgefort, H. J.: 
Industrial experience with a cathodic electrochemical 
method to reduce the molybdenum electrode corrosion. 
Glastech. Ber. 66 (1993) no. 4, ρ 85-92. 

[3] Matej, K.; Stanek, J.: Electrical glass melting with low-
frequency current. Glastech. Ber. 61 (1988) no. 1, p. 1-4. 

[4] Rüssel, C ; Tomandl, G.; Rudolph, T: Corrosion mecha
nism of Mo-electrodes in glass melts during electrical melt
ing. In: Glass 89. XV International Congress on Glass, Le
ningrad 1989. Proc. Vol. 3a. ρ 143-148. 

[5] Matej, J.; Bernard, V: Influence of alternating current pa
rameters on corrosion of heating electrodes in molten glass. 
In: XVI International Congress on Glass, Madrid 1992. 
Vol. 6. ρ 315-320. 

[6] Holzwarth, S.; Rüssel, C ; Tomandl, G.: Corrosion of mo
lybdenum electrodes in an aluminosilicate melt. Glastech. 
Ber. 64 (1991) no. 8, ρ 195-198. 

[7] Rudolph, T; Balazs, G. B.; Rüssel C. et al.: Electrochemi
cal study on the corrosion of molybdenum electrodes in 
lead glass melts. Glastech. Ber. 61 (1988) no. 7, ρ 177-183. 

[8] Rüssel, C : Voltammetry in molten glasses. In: Proc. XVII 
International Congress on Glass, Beijing 1995. Vol. 1. 
p. 321-330. 

[9] Rüssel, C ; Freude, E.: The electrochemical behavior of 
some polyvalent elements in soda-l ime-si l ica glass melts. 
J. Non-Cryst. Solids 119 (1990) ρ 303-309. 

[10] Balazs, G. B.; Rüssel, C : Electrochemical studies of the 
corrosion of molybdenum electrodes in soda- l ime glass 
melts. J. Non-Cryst. Solids 105 (1988) p. 1-6. 

[11] Vlcek, R: Electric tank furnace with molybdenum elec
trodes for melting soda-potash and lead glasses. (Orig. 
Czech.) In: VII Conference on Electrical Melting of Glass, 
Prague 1986. Usti nad Labem: Dum tech. CVTS, 1986. 
p. 1-7. 

[12] Rüssel, C ; Kämpfer, Α.: Electric melting of glass: In
fluence of cathodic currents on the formation of protectic 
layers on molybdenum electrodes. Glastech. Ber. Glass Sei. 
Technol. 71 (1998) no. 1, ρ 6 - 1 1 . 

0 2 9 8 P 0 0 2 

Address of the authors: 

C. Rüssel, A. Kämpfer 
Otto-Schott-Institut für Glaschemie 
Friedrich-Schiller-Universität 
Fraunhoferstraße 6 
D-07743 Jena 


