Silikdty XXIV, s. 111—117 (1980)

THE EFFECT OF ELECTRIC FIELD ON THE CORROSION
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Relation between the free convective corrosion of SnO, specimens in borax
melt at 1100 °C and the density of DC applied between SnO, und the melt was
studied experimentally. The corrosion losses at and below the surface level
of the melt increased linearly with time. In the case of cathodic connection of
SnO; the corrosion rate increase linearly as the current density increased. In the
case of anodic connection of SnO; the surfuce level corrosion rate decreased
us the current density increased, while the rate of the sub-surface corrosion
showed a rising trend as a result of turbulence cased by development of bubbles.

INTRODUCTION

The effect of electric field on the rate of dissolution (corrosion) of electrically
conductive refractories in glass melts was studied experimentally from the point
of view of possible protectoin of refractory furnace linings [1] 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 % and the current density ¢:

u = uy + oz, 1)

where ug is the rate of dissolution in a current-free state, « is a coefficient defined
as follows:

o« = % (4 4 010/010) (020/05) (v1¢/kT) (D] o), @)

where p10 and 10 is the density*) of the mobile (e.g. alkaline) component of the
melt at the boundary and far from it respectively, gz is the density of the material
being dissolved in the melt at the boundary, gs is the density of the body being dis-
solved, v, is the number of elementary charges of the mobile cation, e is the electron
charge, k is the Boltzmann constant, 7' the temperature, D the diffusion coefficient
and o the electric conductivity of the melt. The Nernst—Einstein relationship does
not hold between D and ¢, because D is related to particle mobility of the dissolved
substance, while ¢ depends on the mobility of the mobile ions (e.g., the alkaline ones).
Relationship (1) holds under the assumption that

(w/uo — 1) (010/010 — 1) € 1, (3)

*) The density of a mixture component is defined as the mass of that component contained
in & volume unit of space. Its physical dimension is ML—3. It should be distinguished form the
density in 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, z > 0 and > w,, if it is an anode,
1 < Oand # < 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 observed by Darcy [10] in a ZrO,-based material. On the other hand, Pav-
lovskij et al. [4], when using a positive polarity of SnO,, determined a still faster
dissolution than at the same value of cathodic polarization. Mat&j 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 SnO, in molten borax and the density
of dc¢ 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 extraordinarily favourable and the system is experimentally convenient (low
melting temperature, easy removal of residual 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).

EXPERIMENTAL

A platinum crucible conductively connected to the DC source was placed in the
heating furnace on a supporting column (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 pyrometric mollivoltmeter, the control sensor
to a chopper bar controller. The system was calibrated by means of a standard
Pt/Pt, Rh thermocouple.

All the experiments were carried out at 1100415 °C.

The test specimens 7X7X70 mm in size contained at least 98.59%, 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 individual experiment.

The corrosion experiments were carried out at an immersion depth of 20 mm,
while the submerged specimen end was at a distance of 5 mm from the crucible

*) Conventionally, cathodic current density is considered as being negative. However, when
defining vector current density as a flow of electrons, then the scalar cathodic current density
has a positive sign. As in most of the present experiments the specimen was a cathode, the later
possibility was chosen. The sign in equation (1) should therefore be understood 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 density in the anodic connection
was 39 mA/em? and that in the cathodic connection was 18 and 19 mA/cm2. The
cxperiments took from 0.5 to 10 hours.

After the experiment the residual melt was removed from the specimen by 1-hour
etching in a mixture of concentrated HCl — 309, H,O0, — H,0 (1:1 :2). The loss
of material at various immersion depths was then measured (at measuring intervals
of 3 mm +0.02 mm) with an accuracy of 4-0.01 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-surface corrosion profiles after eight-hour exposure are
shown in Fig. 1. At the cathodic conuection and in the current-free experiment he
profiles were virtually linear, and thus did not correspond to the theoretical re-
lationship

Y = yYo(x + 2o)~14, (4)

where y is the corrosion loss, « is the depth below level, y, is a coefficient depending
on the physical properties of the system, and x, is a correction for the effect of the
surface level corrosion. The profiles in Fig. 1 indicate that the bottom part of the
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Fig. 1. Corrosion profiles after 8 hours. The numbers at the curves specyfy the current density in
mAfem?.
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specimen was relatively protected. This may be due to temperature and current den-
sity 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 surfaces 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 ¢, 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 £ = 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 determined under
the assumption that £, did not depend on current density, so that the approximating
straight lines pass through one point at coordinate ¢, the position of which depends
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Fig. 2. T'he time dependence of corrosion. T'he full and dashed lines approvimete the experimental

data for the corrosion at and below the surface level, respectively. T'he numbers at curves specify the
current density in m4 [em?.
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on the respective type of corrosion. For ¢z > 0 these straight lines together with
the experimental points are plotted in Fig. 2 and the corrosion rates for all the ex-
perimental values ¢ are summarized in Table I.

Table I

The corrosion rates in 9 mm depth and at the surface level in terms
of current density

. 108, {m/s]
[mA/em?] 9 mm below the At the surface
surface level ‘level
0 0.889 2.44
18 1.380 2.44
39 2.240 3.61
—39 2.200 1.98

When joining (1) and (5) one obtains
y = (uo + oz)(t + to). (6)

Fig. 3, where the difference u—u, is plotted in terms of 7, indicates that equation
(6) holds only for cathodic connection of the specimen, i. e., for dissolution controlled
by free convection. The coefficients ug, &, and ¢ for the both types of corrosion
are listed in Table II. The coefficient ¢ 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 according to relationship (2). When taking % (4 + o1/010) ~

~ 1, golgs~ 0.2, ve/kT ~ 8S/A, D~ 10-1'm?/s and o~ 18/m, hence o=
A 2 X 10-11m3/As. This result is in a very satisfactory agreement with the experi-
mental value « = 3 X 10~11m3/As,

10% (u-u,)
{m‘S‘TJ 2

1

Fig. 3. Increment of corrosion rate vs. current density for the corrosion below the surface level (rings)
and at the surface level ( full dots). The straight line approximetes this dependence at i = 0.
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Table IT
The parameters of the approximation function (6)

Type of corrosion 10% L0%jec 107%
/A (m/s] [m3/As] (s]
Below the surface level 0.889 3.940 3.350
At the surface level 2.440 : 5.620

Fig. 3 and Table I show that in anodic connection of the specimen the rate of dis-
solution below the surface level exceedes considerably that corresponding to relation-
ship (1) using the constant o 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 connection
are also indicated to by the temperature dependence of corrosion rate as measured
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-
namic mechanism, the rate of SnO, dissolution with cathodic connection was virtu-
ally indipendent of temperature. Taking u > uo in equation (1) (which holds like-
wise for forced convection [6] dealt with by Pavlovskij et al.) then, if the condition
(3) is satisfied, the dependence of w on temperature is given by the temperature
dependence of a. This, however, is neglibile according to (2), because the growth
of D with temperature is compensated for by the increase in electric conductivity a.
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VLIV ELEKTRICKEHO POLE NA KOROZI Sn0; ROZTAVENYM BORAXEM

Josef Pitra, Pavel Hrma, Jaroslav Kutzendorfer

Vysokd skola chemicko-technologickd, katedra technologie silikdtdt, Praha

Byla experimentéln® sledovéna podhladinové a hladinové koroze SnO; v boraxu p#i 1100 °C
za podminek volné konvekce v zdvislosti na hustot$ stejnosmérného proudu protékajiciho mezi
SnO; a taveninou. Velikost koroze y v zdvislosti na dase ¢ & proudové hustot® ¢ pti katodickén
zapojeni SnO; 1ze aproximovat funkei (6), kde %o = 9y/dt| ¢~o je rychlost koroze pfi ¢ = 0, & je
koeficient vyjadiujio® korekei na poédteéni neustélené obdobi a « je koeficient, jehoz hodnota
jerovna 3,2 . 10-11 m3A-1s~1 a nenizdvisld na druhu koroze. Teoreticky vztah mezi « a vlastnostmi
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systému byl odvozen v préci [8] a je vyjadien rovnici (2), kde gjo & g1» znaci hustotu pohyblivé
(napi. alkalické) slozky v taveniné na rozhrani a daleko od néj, g2 je hustota rozpoudténého
materidlu v taveniné na rozhrani, gs je hustota rozpousténého zérovzdorného materidlu, »; je
pocet elementarnich naboji pohyblivého kationtu, e ndboj elektronu, & Boltzmannova konstanta,
1" teplota, D difuzni koeficient a ¢ mérna elektrickd vodivost taveniny. Ackoli piesné hodnoty
nékterych z téchto veli¢in nejsou zndmy, hodnota odhadnuté podle (2) se shoduje s experimentéal-
nim vysledkem. Je-li $nO; anodou, plati sice vztah (5), kde » = @y/#¢ je rychlost korozo, aviak
podhladinova koroze je mnohem vétsi nez odpovidd vztahu (6) s oo = 3,2 . 10711 m3A~1s~t Pii-
¢inou je vyvin bublin vznikajicich ndsledkem elektrodové reakece. Bubliny pusobi silnou turbu-
lenci, a to 1. vyrovnavinim povrchového napéti v neuniformnim koncentraénim poli, 2. svym
rastem, 3. vztlakovym pohybem. V hladinovém menisku je pii anodickém zapojeni SnO, rychlost
koroze mensi nez pii bezproudovém stavu, ale viitsi, nez by odpovidalo extrapolaci z oblasti z > 0
podle vztahu (6).

Obr. 1. Koroznt profily po 8 hodindch koroze. Cisla w k¥ivek uddvaji proudovou hustotu v mA[cm?.

Obr. 2. Zdvislost koroze na Case. Plnd fdara aproximuje experimentdlnt data pro podhladinovou
a &rkovand pro hladinovou korozi. Cisla w kitvek uddvaji proudovou hustotu v mAfem?.

Obr. 3. Zdvislost pririisilw korozni rychlosti na proudové hustoté pro podhladinovow (prdazdnd koleéka)
a Madinovou {plnd kolecka) korozi. Primka aprovimuje tuto zdvislost pfi © = 0.

BIUARITE QJERTPUYE CROIO MOJII HA KOPPO3HIO SnO:
TMJABJEHOII BYPOU

{Tosed Iinrpa, Hasex 'pma, Apocaas Kytuenpepdep

Iagiedpa mexrnoaoeun cuauramos Xusuwno-mexnoaozuneckozo uncmumyma, Ilpaza

HeesiejioBadn 9RCIEPHMCITAN LHLIM IIYTCM KOPPO3iiIo 10;| YPOBHeM It Ha HeM SnO, B Gype
npu 1100 °C B ycuaoBusix ¢E0OOHHOI KOHBCKIIMM B 3aBICHMOCTH OT INIOTHOCTH TOKA OJHOI'O
HAIPaBICH:Isl, IPOTCRAIOICIO MeKy SnO: I pacniaBoM. BenuuuHy KOPpO3NH y B 3aBHCH-
MOCTH OT BPCMCIIl ¢ 11 INIOTHOCTI TORA It IIPH KATOJHOM BKIOYCHII SnO2 MOHCHO aIIPORCHAMII-
poBath. QvHRILCH (6), vie uo = @y /8t | 10 — cKOpPOCTh KOPPO3int HpH i = 0, Lo — Ko3PPu-
IUICHT, BLIPAXKAIONi KOPPEKIMIO Ha HCXOJHLIH HEeYCTORUNBLUT 1IepHog H o — KO3((uIlCHT,
Be/ltviila KoTOpOro pasua 3,2 . 10-1M-A-lc-! i He 3aBICHT OT Bijja Kopposnu. Teoperi-
UCCIKOC OTHOUICHHME MCK[Y o 1l CBOHCTBAMII clCTeMl! puiBejeHO B pabore [8] n BLIpameHo
ypaBuestieM (2), ©7ic 0o I Q1o 0003HAUAET INIOTHOCTL IIOJ{BMKIIOIO (HAID. JICII0UMOI0)
KOMIIOHCHTA 13 paciiilaBe Ha IIpefiesie 1 JaJICKRO OT HEIOo, gz — INIOTHOCTL PACTBOPACMOTO
MaTeCpHaia B paciiiane ma 1Ipejieie, os — MI0FIOCTE PACTBOPSICMOI'0 OIHEYIIOPHOTO MaTepHalia
Y1 — WICIO BIICMEHTAPILIX 3aPAJO0B HOJABIMHOIO KATIOHA, € — 3apAMd 5JICKTPOHA, K — KOH-
cranta Doaumauna, T — remueparypa, D — xosdgmuient puddysuin i1 ¢ — ypeianHaa
9JCKTPONPOBOJHOCTE paciiiaBa. XOTA HEKOTOPLIC BEIHUIIHLI TOUIO HCH3BCCTHBI, BEJNULIHA,
NPE;UI0IATACMAsT COIVIACHO (2) COBIANACT ¢ YKCICPIMEHTANLHLIM peayinraToM. Eemr SnO,
CIYIKHT aHOJIOM, TO CITPaBejiiIBO OTHOLICHIE (D), I'iC u = #y/@ — CKOPOCTH KOPpPO3IH,
OJIHARO KOPPO#Iist TOJl yPOBHEM ropasjio Gosibine, ueM dTOMY COOTBCTCTBYCT OTHOmCHHE (6)
¢ o = 3,2. 1071M-A-1¢~1 IIpsiunmoil siBiscTesa pasBuTHE OY3LIPKOB, 00pa3yIonuiXcs B pe-
dylprate 1ociepylonieil auerrpojHoii peaxsunt. ITysLIpEM BLIBLIBAIOT CIVIBHYIO TYpOyJieH-
1o 1. BLIpaBHIBANNCM II0OBEPXHOCTHOI'O HANIPSIKEHMsI B HEYHII)OPMIIOM KOIIICHTPALHOHHOM
noJiie, 2. CBOMM POCTOM, 3. IOAJCPKMBAIONICH CHJ0H#. B MEHICKE YDPOBHSI 1P aHOJHOM
Braouelny SnO; cKROpPOCTH KOPPO3HI MCHBIIE, YeM IIPH cocTosHI Ge3 Toka, HOo Oosblie,
YCM 910 COOTBETCTBOBAMO Obl dKceTpano.sampnt u3 obnactit ¢ > 0 corylacHO OoTHOMEHHIO (6).

Puc. 1. Koppoauonnuvie npogguat nocae 8 wacoe xopposuu. Yucaa y kpughix npusodsm naom-
nocmv mora ¢ sl fea2

Puc. 2. Bagucumocmyv kopposuw om gpesenu. Cnaounas Aunua anporcusupyen sECRepuMer-
maavivie darisie 0as KOPPOIU N0 YPOCHEA U WM PUT0CAL AUHUL 013 KOPPOIUL HA
yposrne. Yucaa y kpuswix o6osianaionm naomicocmd mora ¢ smA[cu?

Puc. 3. 3agucusocmv nPUPOCMa CEOPOCINU KOPPOUIL OM NAOIMIOCINU NOMOKA il KOppo3uu
n0@ yposres (kpyrconru) u xoppoauu na yposre (noawsie kpyxscourw). I paras anporcu-
supyem amy sasucusmocmdv npu i = 0.
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