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Relation between the jree coíwective corrosion oj S1102 specirnens in borax 
melt at 1100 °0 a:nd the density oj DC appliecl between Sn02 tmd the mele was 
stucliecl experimentally. The corrosion losses at and below the surjace Zevel 
oj the rnelt increased linearly with time. In the case oj cathodic connection oj 
Sn02 the corrosion rate increase linearly cts the current density increased. In the 
case oj- anodic connection oj Sn02 the surjace Zevel coťrosion rate decreased 
as the current clensity increasecl, while the rqte oj the sub-surjace cor·rosion 
showed a riaing trend as a 1·esult oj turbulence caaecl by development oj bubbles. 

INTRODUCTION 

The effect of electric :field on the rate of dissolution (conosion) of electrically 
conductive refractories in glass melts was studied experimentally from the point 
of view of possible protectoin of refractory furnace linings [I] as well as in connection 
with the use of these materials as electrodes for electric melting of glass [2]-[5]. 
The problem was dealt with theoretically by Hrma [6]-[9] who showed that when 
no additional side effects of the electric :field take part in the process (penetration 
of mobile ions into the refractory, developments of gas bubbles, etc.) then, under 
the conditions of steady free convection in the melt, the following relation holds 
between the rate of dissolution u and the current density i: 

u= Uo + ai, (I) 

where u0 is the rate of dissolution in a current-free state, a is a coef:ficient de:fined 
as follows: 

I 
a = 

5 
(4 + (!100/(!10) ((!20/es) (v1e/kT) (])/a), (2) 

• where (!10 and (!1oo is the density*) of the mobile (e.g. alkaline) component of the
melt at the boundary and far from it respectively, (!zo is the density of the material
being dissolved in the melt at the boundary, (!sis the density of the body being die�
solved, v1 is the number of elementary cha1:ges of the mobile cation, e is the ele.ctron
charge, k is the Boltzmann constant, T the temperature, D the diffusion coefficient
and a the electric conductivity of the melt. The Nernst-Einstein relationship does
not hold between D and a, because' D is related to particle mobility of the diBSolved
substance, while a depends on the mobility of the mobile ions (e.g., the alkaline ones).
Relationship (I) holds under the assumption that

(u/uo - I) ((!100/(!10 - I) � I, (3) 

*) The density of a mixture component is defined as the mass of that component co'ntained 
in a volume unit of space. Its physical dimension is ML-3

• It should be distinguished form the 
density ín the pure state. 
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i.e., that either a) the relative increase in the dissolution rate as compared to that
in current-free state is low, or b) the relative concentration jump at the boundary
is small.

If the material being dissolved is a cathode, i > O and > Uo, if it is an anode, 
i < O and u < -uo.*) According to (1) at positive polarity of the refractory it should 
be possible to slow down or even eliminate its dissolution. Such a phenomenon was 
actually observe_d by Darcy [10] in a ZrO2-based material. On the other hand, Pav­
lovskij et al. [4], when using a positive polarity of SnO2, determined a still faster 
dissolution than at the same value of cathodic polarization. Matěj et al. [5] report 
a similar effect, although less remarcable and limited to low current censities only. 
They explained it by the development of gas bubbles arising as a product of the 
electrode reaction. The bubbles agitate the boundary layer not only by their own 
movement but also by the much more intensive surface convection. 

The aim of the present study is to measure the dependence between the rate 
of the surface level and sub-surface corrosion of SnO2 in molten borax and the density 
of de at both polarities under the conditions of free convection. That particular 
experimental system was chosen because it is simple (it comprises only three 
oxidic components) the ratio between the melt and the refractory conductivity 
is extraordinariJy favourable and the system is experimentally convenient (low 
melting temperature, easy removal of residua} melt of specimens). The evaluation 
of the corrosion rate from the experimental data (which exhibited a relatively large 
disperison) was carried out as described in the last section, where the results are 
discussed and compared with the relations (1) and (2). 

EXPE RIMENTAL 

A platinum crucible conductively connected to the DC source was placed in the 
heating furnace on a supporting colmnn (of Akor steel). An adapted camera tripod 
was employed for introducing the experimental specimen into the melt in the cru­
cible. The vertical stand traverse was fitted as a holder carrying a corundum con­
tainer in which the specimen was fixed by a corundum pin and provided with pla­
tinum current supply leads. 

The direct current was supplied from a stabilized DC source Mesit YE-2T allowing 
stepped adjustment by 0.1 V. A milliampermeter was fitted in the circuit. 

The temperature was measured and controlled by Ni/Ni, Cr thermocouples. The 
measuring sensor was connected to a pyrometrie mollivoltmeter, the control sensor 
to a chopper bar controller. The system was calibrated by means of a standard 
Pt/Pt, Rh thermocouple. 

Ail the experiments were carried out at 1100± 15 °0. 
The test specimens 7 X 7 X 70 mm in size contained at least 98.5 % tin dioxide; 

the rest .consisted of doping copper and antimony oxide additions. 
Sodium tetraborate dehydrate A.R. .was dehydrated by fusion in a platinum dish. 

Amounts of 30 g were used in each individua! experiment. 
The corrosion experiments were carried out at an immersion depth of 20 nim, 

while the submerged specimen end was at a distance of 5 mm from the crucible 

*) Conventionally, cathodic current clensity is considered as being negative. However, when 
defining vector current density o,s a flow of electrons, then the scalar cathoclic current density 
has a positive sign. As in most of.the present experiments the specimen was a cathocle, thé Jater 
possibility was chosen. The sign in equation (1) should therefore be .understoocl in this sense. 
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bottom. The corrosion proceeded in current-free state, as well as under constant 
current which was adjusted manually. When neglecting the change the surface 
area of specimens due to corrosion the current clensity in the anodic connection 
was 39 mA/cm2 and that in the cathoclic connection was 18 and 19 mA/cm2

• The 
experiments took from 0.5 to 10 hours. 

After the experiment the residua! melt was removed from the specimen by 1-hour 
etching in a mixture of concentrated HCI - 30% H202 - H20 (1 : 1 : 2). The loss 
of material at va,rious immersion depths was then measurecl (at measuring intervals 
of 3 mm ±0.02 mm) with an accuracy of•±0.01 mm. 

EXPERIMENTAL RESULTS 

The corrosion at the surface level and that below it formed two separate regions 
divided by a discernible edge. The corrosion profiles at the surface level showed the 
typical neck shape. The sub-sudace corrosion profiles after eight-hour expos.ure are 
shown in Fig. 1. At the cathodic connection and in the current-free experiment he 
profiles were virtually linear, and thus did not correspond to the theoretical re­
lationship 

(4J 

where y is the corrosion Joss, x is the depth below level, y0 is a coefficient depending 
on the physical properties of the system, and x0 is a correction for the effect of the 
surface Jeve] corrosion. The profiles in Fig. 1 indicate that the' bottom part of the 

y[mm] 

1,0 

o 5 10 15 
x[mm] 

Fig. 1. Gorrosion p·rojiles ajter 8 hours. ;I'he numbcrs at. the curves specify the current density in 
mA/cm2

• 

Silikáty č. 2, 1980 113 



J. Pitra, P. Hrrna, J. Kutzend6rjer: 

specimen was relatively protected. This may be due to temperature and current den­
síty non-uniformities along the specimen. In the case of the anodically connected spe­
cimen the corrosion was virtually uniform, independent of the depth of immersion, 
with the exception of the part closely at the surface level exhibiting somewhat 
slower dissolution. That uniformity of dissolution implies that the proces was no 
controlled by free convection. As the development of gas bubbles was observed 
in the neighbourhood of the specimens, the turbulent flow was probably brought 
about by the growth and movement of bubbles as well as by the surface tension 
gradient rising on their smfaces due to non-uniform concentration field. 

The time dependence of corrosion loss was approximated for both types of corro­
sion by a straight line corresponding to the equation 

y = u(t + to) (5) 

where to is the correction for the transient period during which the steady state was 
established. In the case of sub-surface corrosion the losses were taken in a depth 
of x = 9 mm below the level of melt, e.i., approximately at the middle of the im­
mersed part of the specimen. The parameters in equation (5) were detennined under 
the assumption that t0 did not depend on current density, so that the approximating 
straight Jines pass through one point at coordinate t, the position of which depends 

y[mm] 
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12 

Fig. 2. The tirne dependence oj corrosion. The Jull ancl cla„hecl lines approximate the experimental 
data for the corrosion at ancl below the su1'face Zevel, respectively. The number„ at curves specify 1/l(J 

current density in mA/cm2
• 
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on the respective type of corrosion. For i > O these straight lines together with
the experimental points are plotted in Fig. 2 and the corrosion rates for all the ex­
perimental values i are summarized in Tahle I.

Table I 
The corrosion rates in 9 mm clepth ancl at the surface Jeve! in terms 

·of current clensity 

I 108uo [m/s) 
i 

[mA/cm 2] 9 mm below the 

I
At the surface 

surface Jeve! • Jeve! 

o 0.889 2.44 
18 l.380 2.44 
39 2,240 3.ól

-39 2.200 l.98 

When jóining (1) and (5) one obtains
y = (Uo + o::i)(t + to), (6)

Fig. 3, where the difference u-u0 is plotted in terms of i, indicates that equation
(6) holds only for cathodic connection of the specimen, i. e., for dissolution controlled
by free convection. The coefficients Uo, o::, and to for the both types of corrosion
are listed in Tahle II. The coefficient o:: is vitrually independent of the type of cor­
rosion. 

In order to compare quantitatively the experiments with theory, let us suggest
an order estimate of o:: accord�ng to relationship (2). When taking ! (4 + (!i«/(!10) R:J

R:J I, e20/(!s R:J 0.2, v1e/kT R:J 8S/A, D R:J I0-11m2/s and <J R:J 1S/m, hence o:: R:J 

R:J 2 X I0-11m3/As. This result is in a very satis�actory agreement with the experi­
mental value o:: = 3 x 10-11m3/ As.

o

1a8 ( u -u0) 

[m.!f1,/ 2 

1 
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,, 

GI ;' 
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Fig. 3, Increment oj corrosion rate vs, current clensity for the corrosion below the surjace Zevel (rings) 
mul at the surjace Zevel (ji1ll clots). The straight line approximates this depenclence at i � O. 
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Table II 

The parameters of the approximation function (6) 

Type of corrosion 108u0 

I 

1011a 

I 

I0-3to 
[m/s] [m3/As] [s] 

Below the surface level 0.889 3.240 3.3ó0 
At the surface Jeve! 2.440 5.620 

Fig. 3 and Tahle I show that in anodic connection of the specimen the rate of dis­
aolution below the surface level exceedes considerably that corresponding to relation­
ship (1) using the constant a from Table II. This is probably due to the turbulent 
flow induced by the developments of gas bubbles mentioned above. The rate of 
level corrosion is reduced as compared to the current-free state and is only slighty 
higher than would correspond to equation (1). 

The different control mechanisms involved with cathodic and anodic conneotion 
are a]so indicated to by the temperature dependence of corrosion rate as meaaured 
by Pavlovskij et al. [4]. Whereas with anodic connection the activation energy was 
close to that of current-free dissolution and correspondent to a diffusion-hydrody­
na.mic mechanism, the rate of SnO2 dissolution with cathodic connéction was virtu­
ally indipendent of temperature. Taking u � u0 in equation (1) (which holds like­
wise for forced oonvection [6] dealt with by Pavlovskij et al.) then, if the condition 
(3) is sa.tisfied, the dependence of u on temperature is given by the temperature
dependence of ex. This, however, is neglibile according to (2), because the growth
of D with temperatura is compensated for by the increase in electric conductivity a.
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VLIV ELEKTRICKÉH O P OLE NA K OR OZI SnO1 ROZTAVENÝM B ORAXEM 

Josef Pitra, Pavel Hrma, Jaroslav Kutzendéirfer 

Vysoká škola chemicko-technologická, katedra technologie silikátii, Praha 

Byla experimentálně sledována podhladinová a hladinová koroze SnO2 v boraxu pr-i 1100 °C 
za podmínek volné konvekce v závislosti na hustotě stejnosměrného proudu protékajícího mezi 
SnO2 a taveninou. Velikost koroze y v závislosti na čase t a. proudové hustotě i při katodickén 
zapojení SnO2 lze aproximovat funkcí (6), kde u0 = oy/otl 1-o je rychlost koroze př-i i = O, t0 je 
koeficient vyjadřujío" korekci na počáteční neustálené období a a je koeficient, jehož hodnota 
_je rovna 3,2. 10-11 m3A-1s-1 a není závislá na druhu koroze. Teoretický vztah mezi rx a vlastnostmi 
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systémq byl odvozen v práci [8) a je vyjádfon rovnicí (2), kde e10 a e,,, značí hustotu pohyblivé 
(napí·. alkalické) složky v tavenině na rozhraní a daleko od něj, e2o je hustota rozpouštěného 
materiMu v tavenině na rozhraní, es je hustota, rozpouštěného žárovzdorného materiálu, v, je 
počet elementárních nábojů pohyblivého kationtu, e náboj elektronu, k Boltzmannova konstanta, 
'11 teplota, D difúzní koeficient a a měrná elektrická vodivost taveniny. Ačkoli přesné hodnoty 
některých z těchto veličin nejsou známy, hodnota odhadnutá podle (2) se shoduje s experimentál­
ním výsledkem, Je-li.SnO2 anodou, platí sice vztah (5), kde u = i)y/ot je rychlost koroze, avšak 
podhladinová koroze je mnohem větší než odpovídá vztahu (6) s a = 3,2 . 10-11 m3A-1s-1. Pí-í­
činou je vývin bublin vznikajících následkem elektrodové reakce. Bubliny působí silnou turbu­
lenci, a to 1. vyrovnáváním povrchového napětí v neuniformním koncentračním poli, 2. svým 
růstem, 3. vztla,kovým pohybem. V hladinovém menisku je pÍ'Í anoi:lickém zapojení SnO2 rychlost 
koroze menší než pí-i bezproudovém stavu, ale vótší, než by odpovídalo extrapolaci z oblasti i > O 
podle vztahu (6). 

Obr. 1. Korozní profily po 8 hodinách koroze. Čísla u kfivek udávají proudovou hustotu v mA/cm2
• 

Obr. 2. Závislost koroze na čase. Plná čára aproximuje experimentální data pro podhladinovou 
a čeí1"kovaná p;·o hladinovou kol"Ozi. Čísla it křivelc u.dávají proudovou hustotu v mA/cm2• 

Obr. 3. Závislost přírttstlcii komzní rychlosti na p?"Oudové hustotě pro podhladinovoit(prázdnákoleéka) 
a hladúwvou (plná kolečka) ko?"OZ'i. Pfímka aproximuje tuto závislost při i � O. 

D JI I1 H H HE 8 JIE X TPIP-IE CH: O ro TI O JI fI HA R OPPO 3 HIO SnO, 

TTJIADJIEHOH BYPO:tí 

Hoseqi Ihn·pa, rianeJr l'pMa, HpocJian HyTJ.�CHAepcJiep 

R aifieopa mex1w11,ozuu. c1111,w,amo1J X u..1t.1l1w-mexno11,oz1Ptec1,020 u.ncmumyma, Ilpaea. 

l1cc.rreµ,onam1 :mcnepnMenTaJ11, I11,1M nyTeM 1wppo·s11m no/� yponueM H Ha neM SnO, n 6ype 
np11 J 100 °C ll )'C!IOBIIHX CB06ow10ii J(OHBeHI..Vll'l ll 3aBHCIIMOCTH OT IIJIOTHOCTH TOHa OAIIOro 
narrpannemrn, np0Teiw1o�cro MetKAY SnO, H pucmrnnoM. BeJ1wrnny 1wpposH11 y B saBIICH­
MOťl'H OT npeMem1 t JI UJIOTHOCTH TOHa ll rrp11 HaTO]J,IlOM BHIO'!CHHH SnO, MOlHHO arrpo1,c1nm­
ponan q,ym;1�11cf1 (6), rAe uo = oy/ot I 1-0 - cHopocTh 1wppos1m rrp11 i = O, to - Ho,Hpqrn­
�11cnT, Bhtpamamrquií Eoppemvno Ha HCXOAHl,IH rreycTOli'Hlllhlll rrepHO/l; H a - IW3rpqnnienT, 
nemt trnHa HOTOporo pamm 3,2. 10-11M-A-1c-1 J,[ He sanHCHT OT llHAa rwpp03Jrn. TeopeTl!­
'JeCJ(OC OTilOU10HJle MC)HAY Cf. H CDO:HCTBaMH C!ICT0MJ.l DLJlle)l;0HO ll pa60T0 (8] 11 BI,IJ)alHeHO 
ypaBI-ICJlHCM (2), l"AC e,o H e,co o6o3Ha'Ja0T IIJIOTHOCTh IlOABHiHHOro (Hanp. JJ.(eJIO'IHOro) 
J(OMTIOHeHT[l ll JlilCJT.'lallC na npeAeJJe H AaJieJ,O OT Hero, e,o - UJIOTHOCTb pacTnoprreMOro 
MaTcp11ana n pac1nnne na nper�ene, es - nJIOTIIOCTh pacTnopneMoro orrreyrropuoro MaTep11ana 
V1 - 'll!CJJO 3JJeMeHTaJJ!IbJX sapiIAOB TIOABirnrnoro HaTHOHa, e - 3aJ)ffA 3JieHTJ)OHa, ]{ - HOH­
CTaHTll Bonu,Mamrn, T - TeMnepaTypa, D - HoscpcpmwenT ll;Hq>cpys�rn u a - yAeJ11,HaH 
:lJJeJ{Tj)OllJJOBO/[HOCTI, pacrmana. XoTrr HeIWTOpLie n'emi<mHLI TO'IIIO He11anecTHJ,I, ll8Jlll'JHHa, 
TIJ)C).\JJOJJal'3CMarr conrncHO (2) connaAaeT C ::mcrrcpHMeHTaJibHLIM peaym,TaTOM. Ecnu SnO, 
CJl}HUIT aHO/[OM, TO rnpaner�mmo OTHOllleHne (5), I'Ae u = oy/ot - CHOJ)OCTh HOJ)J)03JIH, 
OAHaHO 1;opp03Jlf[ TIOA yponHeM ropa3AO 60J11,llle, 'ICM :JTOMY COOTBeTCTnyeT OTHOIIIeHirn (6)
c a = 3,2 . l o- 11M-A-1c-1. Hpwumoii: nmrne-rcrr pa3BHTHe IIys1,1prrnn, o6pasyIOIIIHXcrr n pe­
ayJJLTarn noc;ienywu�ei,í 3JTeJťfj)Ol[HOl1 peam(IIH. riy31,1p1rn BL!3LIBaIOT CHJihHYIO Typ6yJieH­
�HIO 1. Dh!panHIIBaIUlCM rronepxHOCTHOl'O HanpHmermn ll neynmJiopMHOM HOIIIWHTJ)a[\l!OHHOM 
HOJJe, 2. CBOHM J)OCTOM, 3. TIO/:(AepnumaIOII.(eM CHJIOH. B MCHHCHe yponHil opu aHO).\HOM 
BIWIO'JeHJlH SnO, CHOJ)OCTJ, rwpposnH MCHbIIIe, 110M npH COCTOHHHH 6es TOirn, HO 6on1,rne, 
']CM 31'0 COOTBeTCTBOBa.rro 61,1 :JHCTpanoJJm(HlI J-13 o6JiaCTH i > o COrJJaCHO OTHOIIIeHHIO (6). 

Puc. 1. lfoppoauomtue npoifm11,u. noc11e 8 •wco/J ,wppoauu. 1Juc11.a y i.pt1.1JbtX npueoomn 1uom­
nocmb 11wh:a e ..1iA/c.-1-t2. 

Puc. 2. 8a1Jucu..1wcmb lioppoauu om epe.,wHu.. C1111,ouina.11, 11,uHU.'I. anpo1;cu..1mpyem ancnepu.11.e1-i­
ma11,bnbie oa1t1tbze 011ft h:oppoauu 1wo ypoane..11 u uunpuxoea1i 11,unu.11, O11.<i 1wppoauu Ha 
ypoenp. 'fuc11,a y ,.,pUIJbl,X o6oaHCl'!Cl/OJn IIJl,0JnH0CJnb IIW/,(l I] ..11A/cJ,-t2. 

Puc. 3. Baeuc11.,1wcm.b npupocma. c1,:opocmu noppoauu om n11,011u-wcmu nomoi,a é)11,1J noppoauu 
noo ypoeHe,11. (1„pyi1co11.1i,u) u noppoauu Ha ypo1JHe (no11,nbte 1i,pyi1co'!J.U). Ilpn.1w.11, anpo1i,Cll­
.1w.pyem am.y aaeucu.1wcmb npu i � O. 
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