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1. ABSTRACT 

This thesis comprises nine papers which deal with different aspects of 
the passive behaviour of zirconium, hafnium and niobium. 

The first four papers concern the results of stationary and transient 
polarization measurements together with capacitance measurements on 
passive electrodes of the three metals over the entire pH-scale. The 
passive current densities are extremely low, and essentially both pH 
and potential independent, exept for Nb at high pH. The extrapolated 
potential of zero inverse capacitance seem to be different from the 
extrapolated potential of zero film thickness for Zr and Hf, but not 
for Nb. The potential versus time curves at constant current show a 
downwards bending for Zr and Hf. 

The fifth and sixth papers deal with pitting corrosion of zirconium 
and hafnium in halide solutions. Paper 5 show that the pitting 
potentials of Zr and Hf are dependent of the concentration of halide 
ions and the type of halide ion, but not on pH. Paper 6 reports that 
the pitting induction is second-order stimulated by chloride ions and 
first-order hindered by sulphate ions. 

The seventh paper reports results from electron transfer reactions on 
passive niobium. For both reduction and oxidation of the redox couple 
the first order kinetics is hidden behind the solution chemistry of 
the hexacyanoferrate ions. The anodic oxidation of hexacyanoferrate-
tll) ions is extremely slow even at high potentials. 

Paper 8 is a short communication reporting that the anodic current 
density on passive niobium in half-order dependent on the concentra
tion of oxalate in the solution at pH below 4. 

Paper 9 is devoted to model studies based on ion transport processes 
in passivating oxide films and on acid/base equilibria at oxide/ 
solution interfaces. 



2. INTRODUCTION 
2.1. General Introduction 

The existence of passive films om metal surfaces allows even reactive 
metals to be used in aggressive chemical environments. This was first 
demonstrated by Lomonosov in 1738. And about 1790 a more close inves
tigation was carried out by Keir. He observed that in mixtures of 
concentrated sulphuric acid and sodium nitrate iron and some other 
metals were only weakly and slowly corroded. Silver, however, was 
rapidly dissolved by the mixture. The iron became red due to passiv
ation of the surface. Since then, passive films have been a subject 
of intense interest. In spite of this, the understanding of passivity 
progressed very slowly until about 1930, due to lack of experimental 
methods available for investigation of such films. On the other hand, 
since, then there has been a rapid development in our understanding of 
passivity. This is caused by an enormous increase in the number of 
techniques available to discover and investigate the nature of thin 
passive films, and to the great advances in electrochemical science. 

About 1930, Giintherschulze und Betz discovered that the relation 
j = A exp(BU) represents the dependence of the anodic current, i, on 
the electric field, D, in the oxide. Simultaneously, a model of 
ionic conductivity in crystalline solids was developed by Verwey. 
Verwey noted that the value of B in the empirical equation gave an 
estimate of the activation (half jump) distance for the mobile ions 
in the oxide film. 

The metal/oxide interface was taken into account by Cabrera and Hott 
just after World War II, and their theories were published in 1948.' 
According to their theory, the current is controlled by the rate of 
transfer of metal ions from the metal to the oxide at the metal/oxide 
interface. 

In 1971, Vetter developed a general theory of passivity.5 In this 
theory, the kinetics of the formation of passive layers was discussed 
with regard to the processes at the phase boundaries metal/passive 
film and passive film/solution, and the potential gradient within the 
passive film. The currents of corrosion and layer formation were both 
found to depend on the potential difference over the passive film/ 
solution interface and of the composition of the passive film at this 
interface. These aspects are further developed in paper 9. 
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The present thesis covers the passive behaviour of zirconiun, hafnium 
and niobium and is based on ny own work "Passive Behaviour of Zircon
ium in Aqueous Solutions" and on the work "Passive Behaviour of 
Niobium in Aqueous Solutions" by Harald Bentzen. These works are 
furthf : developed through papers 1-4. 

From this basis, the work has been developed along three lines: 
a) Breakdown of the passive film (i.e.: pitting corrosion). 
b) Electron transfer reactions on top of the passive film. 
c) Dissolution of the passive film under influence of a complexing 

agent in the solution. 

A model study based on the present knowlegde and on former theories 
is developed in paper 9 as a conclusion of the work. 



6 

2.2. Transfer of metal ions at the metal/oxide interface. 

In this thesis, this transfer has been studied by potentiostatic and 
galvanostatic transient measurements and by galvanostatic anodization. 
These measurements have been interpreted by means of the Cabrera-Mott 
model. This mod' 1 suggests that the metal ions have to jump over a' 
potential barri' t in order to enter the oxide. This barrier height 
will decrease in the presence of an electric field - for jumps in the 
field direction. 

Figure 1. A sketch of the potential barrier over which the metal ions 
have to jump in order to enter the oxide. 

The probability for jumping over the potential barrier in the presence 
of an electric field is: 

(M - zFMJ) 
P = v exp[ ] (1) 

RT 

where v is the atomic vibrational frequency, z is the ionic charge 
number and the other symbols are defined in Figure 1. According to 
Cabrera and Mott*, it is an important feature that the number of metal 
atoms available for transfer per unit surface area is much lower than 
the total density of atoms, but approximately equal to the kink site 
density in the surface. In view of this, the metal dissolution current 
density is given by: 

(» - zFXU) (W + zFMI) 
j = zFvs exp[ ] - zFvs exp[ ] (2) 

RT RT 
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where s is the kink density. In presence of a strong field, the rate 
of backwards jumping is small, and the last term of Equation 2 can be 
ommitted. 

The values of v and W are difficult to determine, but in the relative 
Cabrera-Hott equation, they are eliminated: 

; s zFAID - U') 
- = -exp[ ] (3) 
j' s' RT 

where the prime ties a parameter to its value in a chosen reference 
state for the electrode. 

By taking the logarithm and differentiating with respect to the elec
trode potential, U, one obtains: 

d log j d log s nVK 
= + (4) 

dU dU 2.303RT6' 

where 6' is the oxide film thickness at the chosen electrode poten
tial U'. This can be rewritten to: 

d log s nFA dU 
1 X = g"' (5) 

d log j 2.303RT6' d log j 

The parameter g will then take care of possible changes in the kink 
density during potentiostatic transients. However, one has defined the 
Tafel slope, b, as: 

dU 
b = (6) 

d log j 

By combining Equations 5 and 6, one gets for the Tafel slope as a 
function of the electrode potential: 

2.303RTa(U' - U ) 
b = - (7) 

nFXg 

where a is the anodization ratio and u is the extrapolated potential 
of zero Tafel slope (and film thickness). 
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Developments of the Cabrera-Mott equation at constant current is 
described in paper 4, where both the kink site density and the rough
ness factor are taken into account. And a further use of 0 along with 
capacitance equations is described in paper 9. 

2.3. A short background for pitting corrosion aeasuranents1. 

Pitting corrosion is localized breakdown of the passive fila. On 
•etals like aluniniun, zirconiun and hafnium (see papers 5 and 6), 
it seems that the pitting corrosion occurs at weak spots in the 
oxide film surface, and only if the electrode potential has exceeded 
a critical value, the pitting initiation potential. However, pits Bay 
grow at potentials cathodic to this, but if the potential decreases 
below a certain lover liait, the electrode is repassivated. This lower 
limit is called the repassivation potential. For zirconium and 
hafnium, these potentials coincide. 

If one exceeds the pitting initiation potential in presence of the 
pitting agent, pitting will occur after soae tine, the pitting 
induction tine. However, pitting initiation seen to be a statistical 
phenonenon, and the induction tines aeasured vary according to a 
log-nornal distribution law. This is emphasized in paper 6. 

Certain anions will inhibit pitting initiation by stimulation of the 
repair of defects in the oxide surface. Especially oxidizing agents 
are efficient inhibitors (e.g. nitrate), but also sulphate ions will 
inhibit pitting on zirconium and hafnium. 
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3 . 1 . PASSIVE BEHAVIOUR OF ZIRCONIUM 

T. HURLEN and S. HORNKJØL 

Deparime- of Chemistry. University ofOtlo, P.O. Box 1033, Blindern, 0315 Oslo 3, N rway 

{Rtceistd 26 August 1986) 

Abstract—The title subject his been studied by quasi-steady (20 h stabilization) and transient polarization 
measurements and rfc capacitance determinations over potentials from - 1 to 2 V (see) in aqueous solutions 
of pH 0-J 3 at 2S°C A few AES investigations of oside films formed are also included. The quasi-steady dau 
reveal an essentially potential and pH independent passive current and a tuperimposed current of oxygen 
evolution appearing already at rather low overvoltages for this traction. The transients accord with the 
Cabrera-Mott equation and suggest charge transfer by Zr(IV) ions at sites of relatively fast responding Beld 
or current dependent density at the metal/oxide interface (no luperpolarization). The transient polarization 
fits with a value of about I.S A for tbe activation (half-jump) dutance. The capacitance dau largely satisfy a 
simple insulator model, reveal the main charge distribution in tbe passive zirconium electrode, and combine 
with pre viousfilm thickness data to give about 28/r(rbemgthc roughness factor) for the dielectric constant of 
the passive film. Comparisons are made to the passive behaviour of titanium and aluminium. 

INTRODUCTION 

Zirconium isa base metalfll. ID mosi aqueous media, 
however, it is passive aud corrodes very slowly[2-Tj 
unless hydrofluoric acid is present[8-12]. The passive 
behaviour of zirconium al electrode potentials below 
the oxygen evolution range[13-20] appears less 
studied than docs the related anodization behaviour of 
this metal at higher potentials[21-42]. 

The present work concerns the passive behaviour of 
zirconium ai low potentials in aqueous solutions of 
various pH (0-13) at 25°C. This is studied by quasi-
steady (20 h stabilization) and transient polarization 
measurements, dc capacitance determinations and 
tome AES (Auger electron spectroscopy) investiga
tions of passive films formed. The data are analyzed in 
viev, of the general theory of passive metals by 
Vetler[43]. the metal ion transfer theory of Cabrera 
and Molt[44] and a simple insulator model recently 
described and used in corresponding studies on the 
passive behaviour of tiianium[45, 46] and 
a.uminium[47]. 

EXPERIMENTAL 

Electrochemical measurements have been perfor
med on pure (99.8%, Goodfellow) zirconium sheet 
electrodes (4.5 cm 1 ) at 25°C in a tbermottated three-
compartment Pyrex cell with a platinum auultiary 
electrode and a thermostated saturated calomel refer
ence electrode [see). The test electrodes were pre-
polished both mechanically (1200 mesh SiC) and 
chemically ( I M H F ) . Tbe test solutions used: 

0.5 M HCIO, or H ,SO. (pH 0.3) 

0.01 M NaHSO, + 0.49 M NajSO* (pH 3.0) 

1 M NH 4 Ac (pH 12) 

0.1 M KB(OHli + 0.07 M H J B O J + 0 .3 M KjSO, 
(pH 9.8) 

0.1 M NaOH +0.9 M NaAc <pH 13) 

(Ac meaning acetate) generally were made from A.R. 
quality chemicals and water twice distilled in quartz 
apparatus. Suprapur quality HC10 4 was used, how
ever. Tbe solutions were deoxygenated by nitrogen 
bubbling and used under a streaming atmosphere of 
purified nitrogen in the cell. Instruments, methods and 
procedures essentially were the same as those pre
viously described for analogous studies on 
titanium[45]. 

RESULTS 

Figure 1 gives examples ofquasi-steady polarization 
dau obtained. Presented are the nearly steady anodic 
current densities ( / ) observed after 20 h poientiostatic 
stabilization at various electrode potentials (£*). It was 
always stepped or swept to the stabilization potential 

20 - -
10 •« •^-J-i l • = 

5 

•« 
. t » " • 

a 1 
• 

20 :i»h» | • 

10 J-^L -
s \ . . • 

• • 
• 

0 1 2 

Fig. 1. Quasi-steady(20bstabiluauon)polarizauondalafor 
zirconium is aqueous solutions of various pH; 25'C. 
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from a lower one. At low potentials, zirconium exhibits 
an essentially potential independent passive current 
which also appears to be pH independent over the 
range tested (pH 0-13J. This passive current is rather 
low {about 7 x 10"* A cm""1)! A sharp rise in current 
occurs on slightly exceeding the reversible oxygen 
potential proper, This is accompanied by the evolution 
of gas bubbles at the zirconium anode, but not by any 
detectable increase in its anodic dissolution rate. The 
latter was checked by 1CP analysis for zirconium in a 
suitably used test solution. 

Figure 2 gives examples of potentiostatic (;'/f) and 
galvanostatic (E/r) anodic transients obtained on 
perturbinga stabilized zirconium electrode by a square 
potential or current pulse. Such transients generally 
showed a steadily falling current or rising potential. 
Only in extreme cases or high amplitude pulses did an 
initial superpolarization (it early potential maximum 
or current minimum) sometimes appear. 

Figure 3 gives examples of initial anodic polariz

ation data obtained from transients (by back extrapo
lation as exemplified in Fig. 2). Such data essentially 
obey the TafeJ law with slope depending on the 
stabilization potential involved and the solution used 
(especially its pH). A change in slope occurs for pulses 
which bring the electrode into the oxygen evolution 
range. 

Figure 4 gives examples of values obtained for the 
initial Tafel slope (fe) at various stabilization potentials 
(£'). In all solutions of the present work, obedience is 
found to: 

6/decade"' « 0 . 1 3 ( £ ' - £ » ) (la) 

£» /V(sce) - - 1 . 7 0 - 0 0 6 p H (lb) 

at potentials below the reversible oxygen potential 
proper. £» is the extrapolated potential of zero initial 
Tafel slope, and it comes close to the reversible ZrO J ( 

4H + /Zr , 2 H 2 0 potential[l]. Analogous results have 
previously been obtained for passive electrodes of 
titartium[45,46] or aluminium[471. 

Figure 5 gives examples of dc capacitance data 

Fig.Z Gal*xiKHtxlK(A)andpoienliosuiic(B)innsin)Uror 
zirconium electrode (4.5 cm1) in 0.5 M HC10« ifter stabiliz
ation for 20 h it 0.5 V {uet, 25'C Values for /(Ml or o£(V) 

at the curves. 

Fig. 4. Initial Tafiel slope (6) for anodic oxidation of passive 
zirconium electrodes stabilized for 20 h ai various potentat» 

(£') in solution* of various pH; 25°C 

Fig. 3. Initial anodic Tafd data Tor zirconium electrode 
stabilized Tor 20 h at 0.5 V (sec) in 0.5 M HjSO.; 25"C. From 

(o) gatvaaottauc and (•) potentiostauc transients. 

Fig, 5. Inverted*capacitance (C"l> of quasi-Heady passive 
zirconium ckctrodesat various stabilization potentials )£' | in 

solutions of various pH; 25'C 
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obtained from the initial slope (d£/dt) of galvanostatic 
transients [C "' - (d£/df j/A/]- In the acid to neutral 
solutions of the present work, obedience is found to: 

C - ' / u F - 1 c m 2 ~ 0 . l t f £ ' - £ r » / V (2a) 

£ / V < S M ) . - 1 . 6 7 <2b) 

at potentials below the reversible oxygen potential 
proper. £ , is the extrapolated potential of zero inverse 
capacitance, and it comes close to the zero-charge 
flathand potential (£/») for ZrO a [48], At pH above 7, 
equation (2a) still applies, but E, decreases (becomes 
more negative) wilb increasing pH (see Fig. 5). This is 
analogous lo previous observations on passive ti
tanium electrodes[46]. 

Preliminary Auger electron spectroscopic (AES) 
studies agree with the passive film mostly being ZrOj. 
Some changes in chemical shifts, however, may per
haps suggest some fall in metal ion valence (or 
coordination) with increasing depth in the film. Depth 
profiles by argon ion etching (or sputtering) gave about 
HO, 170 and 240 A for the o?idr film thickness after 
stabilization in 0 J M H j S 0 4 ior 20 h at 1.2 and 3 V 
(see), respectively. This rests on a somewhat uncertain 
estimate of the sputtering rate. 

DISCUSSION 

Under quasi-steady conditions, zirconium shows an 
essentially potential and pH independent passive cur
rent at low potentials (Fig. 1). The potential indepen
dence accords with expectations from the general 
theory of passive metal behaviour by VeHcr[43]. The 
pH independence matches the one for passive iron[20] 
and litanium[45,46] in neutral and alkaline solutions, 
bul extends to lower pH for zirconium. Ii suggests[45] 
thai the oxide dissolution may be controlled by the 
transfer of some neutral species at the oxide/solution 
interface, eg 

ZrCMox) • H , © ^ , - ZrO(OHl) (aq|. (3) 

For steady conditions to be maintained, each such act 
must be followed by the anodic production or one 
Zr*~(ox) ion from the metal at the metal/oxide 
interface and of two O 3 ' (ox) ions from the solution at 
the oxide/solution interface and by a neutralizing 
migration of such ions in the film. From previous 
marker siudies[37], it appears that the migration 
almost entirely is by oxygen ions, so that the proper 
oxide formalion mostly occurs at the metal/oxide 
interface. The dissolution step (3(also may be followed 
by solution reactions forming more stable solution 
species of Zr(IV). 

The transfer of metal ions from the metal to the 
oxide at the metal/oxide interface may be described by 
the Cabrera-Mott equaLon[44]. From recent treat
ment and use of this equation[45-47], the following 
equation emerges: 

b - 2.303(K7"/F) {£' - Et)a/(zifg) (4) 

for the initial Tafel slope (at constant film thickness | in 
steps from a stabilized passive state with electrode 
potential £'. Matching this with the empirical equation 
(lb) and using a « 27 A V~' for the anodization ratio 
under quasi-steady conditions[38], Å * 1-5 A for the 

MiroTairconiiun 

activation (half-jump) distance[?l] and z - 4 for the 
charge transfer valence, one obtains fg • 2 1 for ibe 
product of the dimensionless initial field factor ( / )and 
site factor (g). This compares well with corresponding 
results for passive tilaniutn[4S, 46]. For passive alu
minium, however, both / and ø come dose to 
unity[47]. According to previous discussions[46,47], 
it may mainly be the site factor (g\ that changes from 
aluminium (showing transient si'perpolarizaiion) to 
titanium and zirconium (she sing little or no 
superpolarizaiion). 

A simple insulator model f t passive metal elec
trodes gives the following cquation[45,46]: 

- < » « / • ; > ] £ ; ' (5) 

for the inverse differential dc capacitance of an elec
trode stabilized i t the electrode potential £' under 
attainment of quasi-steady surface charge densities of 
o'm and o'„ on the metal and on the oxide, respectively. 
In this equation, furthermore, C» means the 
Hemlholu capacitance of the electrode (C H 

•= erfoliH) and E% the zero-charge flathand potential 
of the passivaiing oxide film (ie the electrode potential 
when <rm — omi = 0 or ihe flathand potential at pH of 
zero charge for the oxide film). For ZrOj, data for thr 
hatband potential at various pH and for the pH of zero 
charge[48] yield E% = - 1.67 V(sce). This all accords 
with the empirical equations (2a) and (2b), provided 
6o,Jdom does not differ too much from o',Ja'm. This 
matter is much the same as has recently been described 
and more fully discussed for passive uumum[45.46], 
but js DO! yei well understood. 

The above discussion suggests that the surface 
charge density on the metal under quast-steady con
ditions should be given by: 

With equation (2a), this yields a'm - 9.1 M C c m " 2 «t 
any passive potential and pH. The latter matches the 
observation that also the quasi-steady passive current 
is potential and pH independent. Moreover, with the 
identity reco/oi * a[45~47] and the above noted 
anodization ratio of a = 27 A V"' [38], one obtains 
about c 3= 28/r (r being the roughness factor) This 
compares well with otherwise determined values for 
the dielectric constant of the anodic oxide film on 
zirconium[23, 26, 30]. From previous studies on the 
roughness factor of chemically polished zirconium 
specimens[)5], it may seem that this factor perhaps is 
about 1.2 in the presenl case. 

For the surface charge density sum, the insulator 
model gives[46]: 

<r« + o ^ * C w ( £ , - £ ° » ) (7| 

provided £» is the extrapolated potential not ooly of 
zero initial Tafel slope, but also of zero him thickness 
The latter is expected from the Cabrera-Mott equa
tion (yielding 6 - 0 when j > 0 ] and is supported by 
the applicability of this equation. With equation {1 b| 
for £ , , - 1 . 6 7 V (see) for E% {set above) and 
ITsiFcm" 1 for C„ (as at mer.nry[49]|, equation (7| 
yields o'm + o'„- - ( 0 . 5 + i . 0 p H ) pCcm'2. Using 
also tr^-9 .1 p C c m " 3 (seeabove), one obtains a'tI « 
- ( 9 . 6 + 1 . 0 p H ) / i C c m " a . 

http://~0.lt
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Under quasi-steady conditions, passive zirconium 
lhiu appears negatively charted io'm+a'„) at any 
positive pH. This negative charge is rather small at low 
pH, but STOWS with increasing pH. This may be linked 
to passive zirconium being susceptible to pitting attack 
by halide ions at low pH, but less so at higher pH[17, 
50], A.Uo, the more negatively charged passive titanium 
appears inert to such anions at any pH[45]. 

Oxygen evotulioa occurs on passive zirconium 
electrodes already at a rather low overvoltage (Fig. 1). 
This process is not considered any further in the 
present paper. It is hoped to treat it together with other 
electron transfer processes at passive zirconium elec
trodes in a future work. 
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spectra ana* depra profiles on our specimens. 
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Abstract—The passive behaviour of niobium at electrode potentials from - 1 to 4 V (tee) in aqueous 
ulutioDs of pH 0-13 at 25°C his been studied by quasi-steady (20b) and cramicor polarization 
measurenwnu,rfceapadUKea^tenniDauoniaDdioiiieAESdepth profile invettiaations. Niobium exhibitia 
quasi-steady passive current varying little with the electrode potential and pH. After potential (or current) 
Heps, transicni superpolarizaiion occurs. The transieni dau accord with the Cabrera-Mott equation and fit 
reasonably with/. - 1.5 Å and z * 5 for metal ion transfer at the mcttt-oadc interface. The capacitance data 
satisfy a simple insulator model, reveal the main charge distribution in the passive electrode, and combine 
with film ihickncM data to give t - 46 for the static dielectric constant of the passive film. The anodization 
ratio is 37 A V "' under quasi-steady conditions. The passive niobium electrode seems mostly to carry a net 
negative charge. Anodic oxygen evolution does not occur. 

INTRODUCTION 

Niobium is an easily passivated base metalfl, 2 ] with 
high corrosion resistance in most common aqueous 
media[l-6]. It is a valve metal[7] whose thin passive 
film easily may be thickened by anodization[7-10]. 
This anodic oxide growth occurs by bigh-fietd ion 
migration in the fclmp-lOj. both of metal ions 
outwards and of oxygen ions inwards[ll]. 

Anodic oxide films on niobium arc found to consist 
of amorphous or glassy niobium penloxide[7-9] with 
a density of 4 .74gcm" 3 [12. 13], a static dielectric 
constant of about 45[7] (after correction for the 
density used) and a rather high concentration (about 
10' * c m " 3 ) of oxygen vacancies which act as donor 
states and make the oxide a «-type $emiconductor[l4. 
IS], Niobium pentoxide crystals have a bandgap of 
3.4eV[15]. 

The above data mostly apply to high-voltage anod-
ized niobium. The related low-voltage passive be
haviour of this metal appears less well studied (even 
ignored in a recent comprehensive treatise of metal 
pas;ivity[ 16]). This is presently pursued oy extending 
to niobium a program of passive studies recently 
applied in our laboratory to aiuminium[17j, ti-
lamumpS, 19] and zirconium[20]. The program 
involves quasi-steady (20 h stabilization) and transient 
polarization measurements, de capacitance determi
nations. Auger electron spectroscopic (AES) depth 
profile investigations and passive model 
considerations. 

EXPERIMENTAL 

Electrochemical measurements have been made on 
chemically polished (in mixed HNOj-HF solution 
and subsequent rinsing in redistilled water] pure 
niobium (99.9%. Goodfellow) sheet electrodes 
(4.S c m 3 ) at 25 "C in the following five solutions: 

0.5 M K3SO4 (pH 0.3): 
0.01 M N a H S 0 4 +0.49 M NljSO* (pH 3-Ofc 

1.0 M NHjAc <pH 7.2); 
0.1 M NaHCO, +0.1 M N» ,CO s + 0.7 M NaAc 

(pH 9.8K 
0.1 M NaOH+0.9 M NaAc (pH 13), 

where Ac means acetate. This has been done with 
methods, procedures and equipment essentially as 
previously described for analogous work on 
litanium[18]-

A Varian Automated Auger Microprobc with argon 
ion etching facility has been used for AES depth profile 
investigations of come passive films formed. 

RESULTS 

Figure J gives quasi-steady polarization data ob
tained for anodic oxidation of niobium in test tol-

E'/VvKt) 

fig. I. Quasi-steady anodic polarization dau for aiobium 
clectrodci in deoxygenated solutions at 25 *C. Values ofpH at 

the curves. Open circuit corrosion points encircled. 



T. HURLENcf mt. 

15 

utions deoxygcnatcd and blaoketed by puriBcd nit
rogen gas. This shows the anodic current densities 
observed after 20 h poicntiostatic stabilization i t 
various anodic electrode potentials. However, open-
circuit corrosion points (see below) are alto included, 
and these are circled in the diagram. The potential was 
always stepped or swept to a stabilization value from a 
lower value. 

Figure 2 gives examples of initial anodic and cath-
odic polarization data obtained by shortly stepping 
away from a 20 h stabilized open-circuit corrosion 
state (see belcw). These examples illustrate not only 
how quasi-steady open circuit corrosion points pre
sently have been determined by back extrapoUlion of 
Tafei lines, but also how the presence of molecular 
oxygen affects the quasi-steady corrosion of niobium. 
Oxygen slightly inhibits this corrosion by acting to 
some extent as a passivator. 

Figure 3 gives examples of long-time anodic poten-
tioslaiic transients generally obtained after stepping 
from a stabilization potential (£') to a higher one (£' 
+ A£). Such transients show a relatively early current 

t/fnin 

Fig. 3. Long-time potentiostaiic transients for niobium elec
trodes after a potential step (A£ - E-E') of 0.5 V from a 

minimum (anTsubsequent maxfrnumTcorrKpondrng JUbilizaiion powniial (£') of (uppeiJ™ve) 0-0 V {set•) and 
toa superpolarization (exhibited by an early potential &*ercurve)0.5 V(J«),ndeoxygenated . M NH +Ac.t25'C. 
maximum (and subsequent minimum)in gafvanostatic 
transients). This largely is the same type of transient 
behaviour as has previously been observed and de
scribed for passive electrodes of aluminium[17,21] or 
titanium[18. 19]. In such cases, the early current 
minimum (or potential maximum) has been taken as 
the initial Faradaic response of the electrode to the 
potential (or current) step applied. 

Figure 4 gives examples of short-lime potentiostatic 
(//r) and galvanostatic (£/f) anodic transients pre
sently obtained. Such transients generally showed a 
steadily falling current or rising potential. The time 
was too short fur the superpolarization extreme to be 
reached, bul the current or potential at the end of such 
a transient has been assumed to approach its ex-

E / V C K » ) 

Fig 2. Determination of quasi-steady corroson points by 
back-cxtrapoUu'on of Tafel lines for initial polarization of 
niobium ekcirodcs stabilized at open circuit in (o)oiygenatcd 

or |«) deoxjfenated 0.5 M HjSO» at 25'C. 

Fig. 4. Short-timegalvanosuiic (£/r)and potcntiosUtic (f/r) 
transient) for niobium electrodes (4.5cor) stabilized at 13 
\{see) in deoxygenated I M NH4Ac « 25°C. Values or 

&l/fiA or A£/ V at the curves. 

tremum (superpolarization) value. Short-time trans
ients were needed to allow more than one experiment 
to be made on a long-lime (20 h) stabilized elec-
trode[18]. Initial anodic polarization data thus ob
tained generally obey the Tafel law (as exemplified in 
Fig. 2) with slope depending on the stabilization 
potential concerned. Initial £/! slopes (Fig. 4) have 
been used for dc capacitance determinations. Both of 
these matters are pursued below. 

Figure 5 presents data obtained for u.e initial Tafel 
slope (b) PS stabilization potential (£') in two of the test 
solutions used. In all five, obedience is found. 

ft/decade"' - * » ( £ ' - £ , ( , 
E , / K ( i « ) « -0 .6-0.06 pH, 

Ha) 

(lb) 
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E'/VCK») 

Fig 5. JniuaJ anodic Tafel slope (b) for niobium electrodes 
•ubiliml 11 various potentials (£' tin deoxygenaied solutions 

of (o) pH 3.0 or (a) pH 9.B it 25 *C. 

E'/VbM) 

Fig. 7. Quasi-steady thickness (£' )of passive film on niobium 
electrodes stabilized at various potentials |£'J in 
0.5 M HiSO. at 25"C. (o( from AES deplb profiles and <•) 

from integrated formation charge. 

with A» varying from about 0.21 in the neutral and the 
two acid solutions to «bout 0.19 in the two alkaline 
ooes. 

Figure 6 presents data obtained for the inverse dc 
capacitance {C"') w stabilization potential (£') in two 
of the test solutions used. In till five, obedience is found, 

C-'-fc,-' (£'-£,). (2a) 
E, IV (set-) - - 0.6-0.06 pH, (2b) 

with values for k, around 11 itCcm''. The inverse dc 
capacitance was determined from the initial slope 
(d£/dr) of galvancsutic transients for various current 
density steps (A/) by C" 1 - |d£/di)/A/. 

Figure 7 gives data for (he quasi-steady thickness 
(£') of the passive film on niobium anodes after 20 h 
stabilization at various electrode potentials (£') in 

0.5 M HjSO*. These datt have been obtained partly 
from AES depth profiles (by argon ion etching) and 
partly from the integrated formation charge (assuming 
i * 5, p — 4.74 g cm"', r (roughness factor) •= 1 and 
100% current efficiency for film growth). The line 
drawn in Fig. 7 yields 

<3a> 

EtlVixt)* -0.6, (3b) 

for the quasi-steady thickness of the passive film on 
niobium in 0.5 M H 3 S 0 4 (pH 0.3) at 25 °C. 

For all specimens tested, the AES spectra revealed 
DO sign of fluoride ions being present. Hence, little such 
contamination appears left by the pretreatmem 
applied. 

E'/Vdct) 

Fig. 6. Inverse ic capacitance (C "') for niobium electrodes 
at various stabilization potentials (£') in dcoiygenated 

lotuuoai of (o) pH 3.0 or <•) pH 9J at 25 *C. 

CONCLUSIONS 

Niobium appears passive under mosi conditions of 
Ute present work, bui may be at the edge of active/pass
ive transition under open-circuit conditions in the 
deoxygenated solutions used (Fig. 1). Both hydrogen 
ions (Fig. 1) and oxygen molecules (Fig. 2) to some 
extent act as passivators for niobium. On addition, 
they lower its corrosion rate while raising its corrosion 
potential. 

Niobium exhibits a nearly potential independent 
quasi-steady passive current, at least at the higher 
potentials applied (Fig 11. This accords with observa
tions on several other passive metals[ 16] and with the 
general theory for passive behaviour by Veiier[22]. In 
neutral and acid solutions, the passive current on 
niobium is independent also of the pH and of the main 
solution anion being sulphate or acetate. In alkaline 
solutions, however, there is some trend towards higher 
passive current at higher pH. 

The above observations match corresponding ones 
for zirconium[20] and partly so for iilan.um[l8, 19] 
They carry information on l i e processes occurring at 
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the oxide-solution ioterface[lS, 22, 23]. The pH 
independence of the quasi-steady passive current sug
gests that it be controlled by the transfer of some 
uncharged species {eg NbO t (OH)| at the interface 
mentioned. Moreover, anodic evolution of oxygen 
does not seem to occur at quasi-steady passive niobium 
electrodes (Fig. 1). In ihis respect, niobium resembles 
aluminium[17. 21 j . but difTers from litamum[IB. 19] 
and arconium[20J 

The anodic .ransfer of metal ions at the metal-oxide 
interface nv ' be described by the Cabrera-Mott 
equation[2' j . According to previous treatments 
[17-19], tius equation yields: 

b-2.mtRT/Fl&/izÅfgl. (4( 

for the initial Tafel slope. Matching this with the 
empirical equations (la) and (3a). accepting Jct « 0.21 
and using x = 5 and Å - 1.5 Å[7. B], one obtains 
fg - 1.38 for the product of the field factor {/}and the 
site factor [g). 

For the inverse dc capacitance of a passive electrode 
under quasi-steady conditions, a simple insulator 
model yields[17], 

C * 1 « ( £ ' - £ , K f f l ) - ' + [ 1 +ido„/d<rm\]C-H

x (5) 

provided the quasi-steady thickness (&') of the passive 
film is a linear function of the stabilization potential 
(E'j. According to the empirical equation (3aj. this 
should apply to passive niobium. In equation (5), E4 is 
the extrapolated potential of zero film thickness, au 

and om are the charge densities on the metal and on 
the oxide, respectively, CH is the Helmholtz capacit
ance, and (he prime refers i variable to its value in the 
quasi-steady state concerned. Accepting the equality 
£ , = Et suggested by the empirical equations (2b) and 
(3bX and identifying the theoretical equation |5) with 
the empirical equation (2a), one obtains dff o l /d?» * 
- I and e'm « k,« 11 pC cm ~2 for the passive 
niobium electrode under the conditions of (he present 
work. 

For the surface charge density sum, the insulator 
model gives[19, 20]: 

«•m + <T'„-C„lE4-E%\. (6) 

where f ^ i s the flathand potential of the oxide at pH of 
zero charge \it Enom — o„- 0). This pH is found to 
be about 3.5 for NbjO s [25] . Data for the flathand 
potential of this oxide at various pH[14. 15. 26] then 
yield a value near - 0.4 V isct) for E%. Using also 
equation (2b) with Er « Et (see above) and a value of 
1 7 f i F c m _ 1 for CH (as al mercury[27](. one obtains 
e'm+o'„- - ( 3 4 + I . 0 p H ) ^ C c m " 3 . Quasi-steady 
passive niobium electrodes thus appear negatively 
charged at any positive pH. Qualitatively the same has 
previously been found for passive titanium[18,19] and 
zirconium[20] electrodes. The surface charge density 
sum presently separates into e'm — II pC' a'2 (sec 
above) and <TW - - ( 1 4 . 4 + 1.0pH)jiC J O ' 1 (by 
difference). 

According to the insulator model[18]. the electric 
field in the passive film under quasi-steady conditions 
should be given both by ff'./u© and by dE'/di' 
- ( l / 3 7 ) x l 0 " V a n " ' (from equation (3a». The 
equality of the two held expressions yields e - 46 for 
the static dielectric constant of the passive film on 

uiobium. This agrees with previous data for this 
parameter (see Introduction). 

DISCUSSION 

In the passive behaviour of niobium, a most sim
plifying feature is the mutual coincidence of its ex
trapolated potentials of zero initial Tafel slope (£»), 
zero inverse capacitance (£ r ) and zero passive film 
thickness (£*), respectively. This feature is shared with 
aluminium[l7], but not with titanium[18. 19] or 
zirconium[20]. However, whereas this extrapolated 
zero-potential for aluminium is close to a reversible 
AljOj, 6HV2AJ, 3 H ] 0 potential, it is for niobium 
0.25 V positive to the corresponding N b 2 0 , . 
10H*/2Nb. SHjO potential and much nearer to the 
reversible NbjOj , 2H * / 2 N b 0 1 ( H 3 0 potential (using 
critically collected equilibrium datafl])- The possible 
meaning of this is not clear. 

In readiness to exhibit transient superpolarization, 
niobium links with the above mentioned metals in the 
sequence Al > Nb > Ti > Zt. Over this sequence, the 
product fg of the initial Tafel slope equation (4) 
increases from about 1 to about 2. For niobium, the 
present results yield fg « 1.38. This value to some 
extent depends on the way in which it has been 
determined, since there certainly are several ways of 
extracting initial polarization data from the transients. 
A disturbing feature is the rather slow decay of the 
initially high pre-minimum current in potentiostatic 
transients (Figs 3 and 4\. This current accordingly must 
be something more than merely an initial capacitive 
charging current, but we do not yet know what this is. 
More detailed studies are needed on this matter. 

A separation of the/g product appears possible for 
niobium, just as for aluminium[ 17]. For either of these 
metals, the dc capacitance behaviour of well stabilized 
passiveelectrodesyieldsdoD a/dcrm • — I. This applies 
to the initial part of the galvanostaiic transient. If it 
should also apply further along the tr?r„,ienl and to its 
superpolarization peak. &a0J &om — - I would apply 
to the initial Faraday polarization conditions used. 
Previously presented equations for the field facior 
/ [ 1 8 ] then y i e l d / - 1. This makes the field factor of 
little importance for passive niobium. 

The site factor g is more difficult to judge[!9]. 
However, i> should be unity if effects of changes in the 
surface density of reaction sites (kinks)on the reacting 
metal ideally be excluded from the initial polarization 
data determined, and it should be higher the more 
effects included. It hence seems that more effects must 
be included for niobium (present work) than for 
aJuminiura[l7,21]. This may result from the pre-peak 
period being much longer for niobium than for 
aluminium under comparable conditions. This gives 
more opportunity for kink density changes to occur on 
niobium in the pre-peak period. 

Anodic oxide films on niobium have a rather high 
concentration of oxygen vacancies (around 
1 0 > f c m " 1 ) which act as donor states and make the 
oxide a n-type senuconductor[ 14, 15. 26]. This may 
also apply to the passive films of the present work. A 
100 A thick passive film could then contain a space 
charge of the order of 1 /iC cm " ' (at complete ioniz
ation of donors and exhaustion of electrons). This 
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seems small enough compered loo'm* 11 t iCcm'Mo 
allow the space charge in the passive film to be 
neglected in the present context, at least as a first 
approximation. 
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{Rtctwed * Ma>i9ST. in ranted form IT Augttst 1987) 

Abstract—Tbe passive behaviour of hafnium has been investigated by quasi-steady (20 h nibiliiaiion) and 
inositol polirizaiion OKasuremenitand tV capacitance determinations over potentials from - I to 2 V <sce| 
m aqueous solutions of pHO-IOat25X.TlKquasi'iicadyo!au show an essentially p ^ 
current and a superimposed current or oxygen «volution appearing at rather low overvoltagex for this 
reaction. The transients luggest charge transfer by Hf(IV) iota according lo tbe Cabrera-Moil equation. 
There is almost no •uperpolarixation. Tbe transient polarization fits with a value or 1.5 A Tor the hair-jump 
distance. Tbe capacitance data satisfy a simple insulator model, revealing the charge distribution in the 
passive electrode, and combine with tbe transient polarization data to give about 34/r Tor the dielectric 
constant or the passive film. Comparison is made to the passive behaviour of zirconium. 

INTRODUCTION 

Like the other elements of tbe titanium group, hafnium 
is a base metaif I ] . Unless hydrofluoric acid is present, 
however, it corrodes very slowly in aqueous 
media[2-3]. Tbe passive behaviour of hafnium ap
pears to be one of the less studied among tbe valve 
metals, due lo ils rare application and high price. 

This work concerns the passive behaviour of haf
nium in the potential range from - 1 to 2\[sce) in 
aqueous solutions of various pH (0-10) at 25'C. This is 
studied by quasi-steady (20 h stabilization) and trans
ient polarization measurements and dc capacitance 
determinations. The general theory of passive metals 
by Vetterf4], the metal ion transfer theory of Cabrera 
and Molt [5] and a simple insulator model described 
and used in corresponding studies on the passive 
behaviour of titanium [6-7], aluminium[8], zir-
coruum[9] and niobiumflOj are used to treat the 
obtained data. 

EXPERIMENTAL 

The measurements have been performed on 97% 
hafnium sheet electrodes with 2.8 % zirconium as the 
main impurity. They have been performed at 25°C in a 
rbermosiaitcd two-comparimeni glass cell with a plati
num auiiliary electrode and a saturated sulphate 
reference electrode immersed directly in the cell sol
ution. All measured potentials arc convened to 1 he see-
scale. The test electrodes were prepolisbed both mecha
nically (1200 mesh SiC) and chemically (5.4 M HNO, 
•f 2.1 M H F { 2 ] . Tbe test solutions used are: 

0 . 5 0 M H , S O 4 (pHO.3) 

They were made from AR quality chemicals and water 
twice distilled in quartz apparatus. Tbe solutions were 
deoaygenated by nitrogen liubbling and used under a 
streaming atmosphere of punned nitrogen. 
Instruments, methods and procedures essentially were 
ihe same as those previously described for analogous 
studies on titanium[6]. 

Figure I gives the quasi-steady polarization data 
obtained. The aeariy sieady anodic cd's (/') observed 

0.35 M K , S 0 4 + 0 . 1 0 M K A c + a 0 5 M H A c 
(pH5J) 

0.10 M K[B(OH)0 + 0.07 M H,BO» 

+ 0 . 3 0 M K , S O 4 (pH 9.8) 
Fig. 1. Passive current density [f) n 20h lubiUation 

potcatial (£') for Hfat various pH at 2J*C 



after 20 h potent ioslaik stabilization at various elec
trode potentials (£') arc presented. All siepsand sweeps 
were carried out in Ihe anodic direction. Trom a 
lower to a higher stabilization potential. 

Analogous to zirconium (9), hafnium exhibits an 
essentially potential independent passive current at tow 
potentials, not increasing more than a factor of two 
over a range of 1.5 V. This potential independence is 
supported by 12 h poteniiostatic polarization measure
ments in 0.50 M H j S 0 4 (Fig. 2J, showinga variation by 
a factor of 1.3 over a range of I V, Slow potential scans 
(0.01 m V s " l ) show the same, a very slight increase in 
passive current at potentials below the oxygen evol
ution range. 

The passive current also appears to be pH in
dependent over the range tested (pH 0-10). It is slightly 
lower than the one for zirconium, about 5nAcm . 
When exceeding the reversible oxygen evolution poten
tial by about 0.4 V, a distinct increase in current occurs. 
This current increase may seem to occur at a lower 
overpoteniial in 0.S0 M H 2 S O A than in the other two 
solutions. The rise in current is accompanied by the 
evolution of small gar bubbles at the hafnium anode. 

Poienliosiatic {j-t) and galvanostatic (£-t) anodic 
transients were obtained by perturbing a stabilized 
hafnium cl<xtrode by a square potential or current 
pulse. Except by pulses of extreme amplitude, such 
pulses showed a steadily falling current or rising 
potential. Initial superpolarization only appeared in 
the cases of extremely high amplitudes. The current or 
potential was recorded after ten seconds and plotted in 
<i current-potential diagram. The data essentially 
obeyed the Tafel law, with slope depending on the 
stabilization potential involved and the pH of the 
solution. When the pulses brought the potential of the 
electrode into the oxygen evolution range, a change in 
slope was observed. This is completely analogous to 
zirconium[9]. Figure 3 shows the values for the initial 

• 0.3 /// 
06 _ « 5 2 

° 9 B 

D / / / 

r- 04 

1 
> 
i 02 

/ / 
/// 

/// i i 

Fig. 3. Initial Tafel slope (b)vs stabilization potential (£') Tor 
Hfal various pH at 25 C. 

TafeJ slope (b) vs the stabilization potential (£'|. In all 
solutions of this work, obedience is found to: 

e/decade" 1 = 0.145 lE'-£»> (la) 

Ek! V {see) = - 1.75 - 0.06 pH (lb) 
at potentials below the oxygen evolution range. The 
extrapolated potential of zero initial Tafel slope, £„. 
turns out to be indistinguishable from ihe reversible 
HfOj.4H *, Hf, 2HjOpotemtal[l j . Analogous results 
have previously been obtained for passive electrodes of 
iitamum[6-7j, aluminium[8] and iircomum[9]. 

Figure 4 gives dc capacitance data obtained from the 
initial slope (d£ di) of galvanostatic transients [C"' 
- (d£/df I/4/J- ft the two acidic solutions of this work 

• 0 3 

0 4 - Q98 /A 

rf' « 0 3 s/e 

K'* 
?/ 

,<*' 
'? m '/ '/ '/ * f . . j _ : 

Fig. 4. Invent 4r capacitance (C" ')w stabilization potential 
Fir 2. Pauivt current density (j) n potential (£|fbf Hfal |E |fot Hfal vajwu*pHat25 C.TheptopoiedvalueorfJ.i» 

12 h stabilization m 0.30 M H,SO. at 23'C indicated. 
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(pH 0.3 and 5.2), obedience is round to: 

C'l/fiF " 'cm 1 » 0 .098(E'-£ , ) / ! ' (2a) 

EttV(sce)~ -22Q (2b) 

£ , is the extrapolated potential of zero inverse capacit
ance. For zirconium[9], this potential comes very close 
to the zero-charge flalband potential, E%, for 2sOt- It 
is therefore tempting to propose this value of £ r as the 
value ofthe zero-charge flatband potential of HfO j . At 
pH 9.8, equation 2a still applies, but Et becomes more 
negative I Fig. 4). This is analogous to previous observa
tions on passive titanium[7j and zirconium£9]. 

DISCUSSION 

As indicated in Figs I and 2, the passive current on 
hafnium under quasi-steady conditions is essentially 
both potential and pH -independent, below the oxygen 
evolution range. The observed increase, mostly occur-
ing just above the reversible oxygen evolution potential 
(and below the required ovcrpoicntial), may be dueio a 
very faint oxygen evolution occuring as the reversible 
oxygen evolution potential is exceeded. [For 
0.50 M H j S 0 4 this potential is 0.97 V {see).} A potential 
independence accords with expeditions from the 
general theory of passive metal behaviour by Vettcr[4]. 
However, the potential difference between the oxide at 
the oxide solution interface and the solution, q)(ox) 
-#(!.>. ma> not be constant, but the change is small 
and will not be given any further consideration here. 
The pH-mdependence matches passive iron[l l ] . ti
tanium^-?] and especially zirconium[9]. This may be 
due to oxide dissolution controlled by some neutral 
species at the oxide solution interface, eg: 

H f O ^ - H ^ , - . HfO(OH) J W ( 1 ) (3) 

This may be followed by reactions to stabilize the 
dissolved species ey as a sulphate complex. 

To maintain the steady conditions, reaction (3| must 
be accompanied by the anodic production of one Hf^i, 
from the metal and of two Of0~,t ions from the 
oxide-solution interface and by a neutralizing mig
ration of such ions in the film. Previous studies by 
Xe'"-marker have revealed that the ion migration in 
anodic HfO. is entirely by oxygen ions[l2]. This 
means that the oxide formation takes place at Ihe 
metat oxide interface. This is analogous lo 
zirconium[l2.13]. 

The transfer of metal ions from the metal to the 
oxide at the metal-oxide interface may be described by 
(he Cabrera-Molt equanon[5]. This equation has 
recently been modified[6-9] to: 

b -= i: .303Rr,F)l£ -£ , to ' | : / / f l ) (4) 

for the initial TaM slope (at constant film thickness) in 
«eps from a stabilized passive state with electrode 
potential £'. Matching this with the empirical equation 
| l a | and using /. - I.SA for the activation dis-
tance[14], r - 4 for the charge transfer valence and 
assuming Jg • 2 for the product of the dimensionless 
initial field factor if) *nd site factor tø{6.7,9} one 
obtains a - 29 A V which is in reasonable agreement 
with previous findmgs[t5J. 

A simple insulator model for passive metal elec-

iour of hafnium 

trodts[6-7] gives the following equation: 

C - 1 -iF;-E%)[o-m)-
l + [ido„f<ioJ 

-io'Ja'JlCH1 (5) 
for the inverse differential dc capacitance of an elec
trode at the electrode potential £ ' under attainment of 
quasi-steady surface charge densities of o'm and o'M on 
the metal and on the oxide, respectively. Funhcrmore, 
C„ means the He nholtz opcitance of the electrode. 
Drawing an ana' gy with zirconium^] E°b. trie flai-
band potential it pH of zero charge, for H f 0 2 

empirically bevomes equal to - 2 . 2 0 V(s«). This is 
according with the empirical equations (2a) and (2b), 
provided d c ^ / d o . does not differ ioo much from 
o'ufa'm. This matter has recently been discussed for 
passive titanium[6-7]. 

This suggests that the surface charge density on the 
metal under quasi-steady conditions should be given 
by 

<C-WC _ ' /< *£ ' ) " ' (6) 

With equation (2a), this gives c'm • 10.2 ftCcm'2 at 
any passive potential ai,d pH. This matches the obser
vation of the pH and potential independent passive 
current. Further, with the identity rcme0/e'm = o[6-8] 
and the anodization ratio a - 29 A V" 1 , one obtains 
£„ - 34/r, (r being the roughness factor). This is in the 
same range as that of zirconium, and is according well 
with Fran2[16j, when assuming r •= 1.5[2], for a 
hafnium electrode chemically polished. The present 
value of the dielectric constant, however, turns out to 
be somewhat larger than found by the same 
authors[2J. 

The insulator model[7] gives 

o'm + e-n*C„lEk-E%\ (7) 

for the surface charge density sum. as long as £» is the 
extrapolated potential of zero film thickness, not only 
for zero initial Tafel slope. This is expected from the 
Cabrera-Molt equation, which yields b - 0 when b 
« 0, and is supported by the applicability of this 
equation to passive hafnium. With equation (lb) for E„. 
- 2.20 V (see) for E% (see above) and 17 uF c m " 3 for 

CH (as at mercury[l7]), equation (7) yields 

°'M + °'M~ + ( 7 . 7 - 1 . 0 pH)jiC cm" 1 . 

Using o^ • 10,2 ftCcm'1 (see above),one obtains o i , 
- - ( 2 . 5 + l . 0 p H ) / j C c m ~ 2 . 

Thus, passive hafnium appears positively charged in 
acidic and neutral solutions, but negatively charged in 
alkaline solutions. This confirms a trend when going 
down in titanium group in the periodic table. The 
passive metals appearing more positively charged with 
increasing atomic number[6,7,9]- The positive charge 
may also be linked to passive hafnium suffering from 
pitting attack by halide ions at low p H [ ! 8 l Also 
zirconium suffers from this, but not titamum[6,19]. 
Pitting attacks on hafnium will be treated together 
with zirconium in a future work. 
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3.4. ANODIC GROWTH OF PASSIVE FILMS 
CHI ZIRCONIUM AND HAFNIUM 

S. Hornkjjll and T. Hurlen 
Department of Chemistry, University of Oslo, 

P.O. Box 1033, Blindern, N-0315 Oslo 3, Norway 

Abstract - Galvanostatic potential/time curves on passive 
zirconium and hafnium electrodes are recorded and analyzed in 
the light of the Cabrera-Mott equation and the high-field ion 
migration equation. For both metals, the kink-site density (s) 
in the reacting metal surface appears to attain a steady value 
which depends on the current density (j) of metal oxidation 
according to d log s_/d log i - H- This is supported by polari
zation data from potentiostatic transients on a time scale of 
seconds. Possible effects of space charge in the passive film 
are considered and found to be negligible under the conditions 
covered. Comparisons are Bade to the corresponding behaviour of 
some other passive metals and to the anodic dissolution of some 
active metals. 
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IKTRODUCTION 

The Cabrera-Mott equationjl] for charge flux (̂ ) by transfer of 
Betal ions with charge number n at a metal/oxide interface nay 
be given the relative form[2]: 

1^1' " (s/»')eip[(2F/RT)l(5-5')] (1) 

where £ is the kink density in the metal surface, X is the 
activation (half-jump) distance in the transfer step, u is the 
electric field strength in the transfer direction at the 
metal/oxide interface, the prime ties a parameter to its value 
in a chosen reference situation, and other symbols have their 
usual meaning-

Equation (1) and derivations from it have recently been 
applied to transients following Bharp excursions away from well 
stabilized (20 h) passive states both on zirconium[3] and on 
hafnium[4]. For both metals, the results suggest n « 4 and 
d log s/d log j ' h under steady-state kink conditions. In the 
present work, this is pursued by corresponding treatment of 
galvanostatic potential/time curves during steady growth of thin 
passive films on the two metals over their proper passive range 
from the open-circuit corrosion potential and up to the onset 
potential for oxygen evolution. Related previous work on 
circonium[5-21] and hafnium[8,12,22,23] mostly is on the growth 
of thicker anodic films at higher potentials. 



CONSIDERATIONS 

Under steady growth of a passive film at constant anodic 

current, both U and e of Equation (1) must approach steady ' 

values depending on the current applied. On differentiation, 

Equation (1) yields: 

dO BT d log s 

d-ToTi - 2 - 3 0 3 -år- ( 1 " nsri' < 2 > 

for the interconnection of these dependences. Equation (2) open 

for determining the log s/log i dependence from U/log ^ data, 

provided n and X are known. 

Under steady growth conditions, the electric field in the 

outward direction outermost in the passive film is given both 

by[24] V + (O/tc ) and by dU/d6. Since the growth in passive 

film thickness is given by d6/d£ * * i V/z P£, this yields: 

0 + (Q/tco) - (£F£/x i V)dU/dt (3) 

showing what determines the slope of galvanostatic U/£ curves. 

In this equation, 0 is the integral space charge density of the 

passive film, c is its relative dielectric constant, c Is the 

permittivity of free space, z is the average charge number of 

the metal cations in the film, r is the roughness factor of the 

electrode, x is the relative film building fraction of the 

current applied, J is the apparent current density on the 

electrode, V is the passive film volume per mol metal cations, 

U is the electrode potential, and t is time. Equation (3} opens 

for using V/t curves both to detect possible space-charge 



contributions and to determine U/log j data. 
In previous contributions from our laboratory[e.g. 2-4], a 

dimensionless site factor g_ has been introduced. This factor is 
defined by: 

l/ a - 1 - (d log s/d log j) (4) 

so that the U/log j slope (Equation (2)) of the Cabrera-Mott 

equation (Equation (1)) becomes 2.303RT/rjF*2-
Also a dimensionless field factor J has previously been 

introduced[2]. This factor is defined by f « 6dU/<J0 so that the 
following expression for the Tafel slope (b « dU/d log j) of 
passive metal oxidation: 

b - 2.303RT6/nFA.fa (5) 

is obtained from Equation (2). Normally, f is expected to be 
unity or nearly so[24]. 

EXPERIMENTAL 

Potential/time curves at various applied anodic current 
densities have been recorded for passive zirconium (99.7 %, 
Goodfellow) and hafnium (97 t, 2.7 % Zr, Goodfellow) sheet 
electrodes (4 cm ) in deoxygenated and blanketed (by purified 
nitrogen) solution portions (100 ml) of 0.5 M NH.RSO. (pH 1.4) 
at 25 °C. The experiments were performed in a double-wall 
thermostatted pyrex cell with separate compartments for a 
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counter electrode (Pt wire) and a thermostatted saturated 
calomel reference electrode (see). Instruments used mainly were 
a PAR-273 galvanostat/potentiostat and a Goerx-SE-120 recorder. 

The ;est sheet electrodes were flag shaped, and the stem 
was seal .-d into a glass tube by Epofix epoxy resin. Prior to use 
and to reuse of a test electrode, it was degreased with acetone, 
etched for 30 s in 5 M HN0 3 * I B [IF, rinsed in distilled water 
and a portion of the test solution and immediately transferred 
wet to the cell. In the cell, it was stabilised at open circuit 
for about 1 h (generally approaching a passive corrosion 
potential around -0.4 V(sce) for either metal) before current 
was applied. The test solution was made from AR quality 
(NH.),SO. and H.SO. and with water twice distilled in a quartz 
apparatus. 

Both for zirconium and for hafnium, also quasi-steady and 
initial polarization measurements on well stabilized (20 h) 
passive electrodes have been performed in the present test 
solution mainly as previously described for these metals in 
other solutions!3,4]. Only the present pre-etching of test 
electrodes (see above) differs a little from the previous one. 

RESULTS 

Figure 1 gives a typical example of the potential/time 
(U/t) curves presently obtained. These curves generally show a 
slight initial superpolarization and a subsequent •mall under-
polarization before becoming linear until a new underpolari-
zation appears at potentials positive enough[3,4] for oxygen 
•volution to occur on top of the growing passive film. 
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Figure 2 gives the data presently obtained for 5/r V£ log j 

from the slope of U/t l i n e s . Equation (3) has then been used 

with z - 4, x - 1, V « 21.15 or 20.82 cm 3 mol - 1 for ZrO, or HfO,, 

respect ive ly , and assuming the space-charge term (0/cc ) to be 

neg l ig ib l e . The data give no c lear sign against accepting the 

l a t t e r assumption (se DISCUSSION). 

The two data-boarder lines in Fig. 2 are both drawn with the slope 

of 0.33 MV cm"1 per decade. This is the Biope expected from Equation (2) 

with n - 4, A - 0.15 nm, d log s/d log i - % (see INTRODUCTION) and 

assuming r. - 1.5 111, and fits the data reasonably well. Within the spread 

of the data points, there is no clear difference between zirconium and 

hafnium in TJ/log J, dependence under steady passive-film growth. 

Quasi-steady data of the present work on the passive 

current of po tent io s ta t i ca l l y well s tabi l i zed (20 h) passive 

electrodes are very much the same as previously reported for 

zirconium[3] and hafnium[4]. For both metals, t h i s passive 
_2 

current mostly i s s l i g h t l y below 10 nA cm a l l over the passive 

potential region covered. Extrapolating the l ines in Fig. 2 to 

th i s apparent current density, one obtains 2.$ to 2.7 MV cm" 

for U/r under quasi-steady passive conditions. For zirconium 

under such conditions, an anodization rat io of 2.7 nm 

V [3 ,15,20] means U « 3.7 MV cm" . This combines with the U/r 

values Just given to yield 1.5+0.1 for r, which Justifies the above 

assumption and compares well with otherwise determined r values for 

zirconium specinensf9,20j. For hafnium, with a quasi-steady anodization 

ra t io of 2.9 nm V [4], one correspondingly obtain» values 

around l.V for £. 

Also the i n i t i a l polarization data of the present work on 

po ten t io s ta t i ca l l y well s tab i l i zed (20 h) passive e lectrodes 
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accord well with previously reported ones[3,4]. They combine 
with the above noted values for the anodisation ratio to yield 
b/6 slopes of 0.47 and 0.48 HV cm decade for circonium and 
1-jf nium, respectively. Fitting this to Equation (S) on assuming 
.1 « 4, X - 0.15 nm and £ »- 1, one obtains g_ » 2.1 for both 
metals. According to Equation (4), this corresponds to a value 
slightly above <s for d log s/d log j under the conditions caught 
in the transients used to determine the initial polarisation 
data[3,4]. These transients are on a time scale of seconds (see 
DISCUSSION). 

DISCUSSION 

Both for zirconium and for hafnium, the present results 
indicate that the kink density (s_) in the metal surface under 
steady passive-film growth attains a steady value which depends 
on the current density (j) of metal ion transfer according to: 

d log s/d log ^ - % (6) 

Previous work suggests that this may apply also to passive 
electrodes of titanium[2], tantalum[25] and iron[26] and 
correspondingly, under steady dissolution conditions, to active 
electrodes of iron[27-30], cobalt[28,31,32], nickel[28,33-35] 
and copper[36]. Equation (6) hence appears to be a rather 
general one for irreversible solid-metal oxidation processes. It 
moreover gives the simplest dependence imaginable (£/£'"/j/T^)-
Nevertheless, no successful theoretical derivation of it is 



known to the authors[37,38]. This is a challenge for future 
work. 

Both on zirconium[l2,13] and on hafnium[l2]» «arker studies 
have shown the anodic oxide film to grow predrainantly by 
transport of oxygen ions inwards (towards thr metal). This 
transport most likely occurs by a vacancy mechanism. Oxygen ion 
vacancies are then produced by the oxide formation process at 
the metal/oxide interface and driven outwards by the electric 
field existing in the oxide film. This gives a charge flux 
which, under steady-growth conditions, should be the same 
anywhere in the oxide film and match the current density of 
metal oxidation[24]. Using the well known high-field migration 
expression and the formal charge number of +2 for oxygen 
vacancies, one hence obtains the following relative 
equation[38]: 

I'l' - (N0/N0)exp[(2F/RT)A.{U-U•)] (7) 

where N_ is the density of oxygen vacancies in the oxide film at 
the metal/oxide interface, and other symbols are as described 
above, ignoring a possible difference in \ values. From 
Equations (1), (6), (7) and n « 4 in Equation (1), one obtains 
the expectation: 

d log 1^/d log i - 3/4 (8) 

for the dependence of V^ on J under steady-growth conditions. 
This applies both to zirconium and to hafnium. The depth distri
bution of N is considered in Ref.[24]. 
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From previous model studies on passive metal elec
trodes [24], one may extract the expression: 

0 FT « 2 l l B 5 

—_' \k l n ( 1 + wtrk* ( 9 ) 

for the space-charge term of Equation (3). In this expression, 
N. is the Avogadro number, and other symbols are as described 
above. The expression is derived for steady-state passive 
conditions, but may apply also to steady-growth conditions. The 
derivation is based on the ionic conduction in the oxide film 
being entirely by oxygen vacancies, these donors being fully 
ionized in the film, and the whole film being electronically 
exhausted under the conditions applying. 

In Fig. 3, values obtained for O/ee from Equation (9) are 
presented as a function of 6 at two different values for N 

IB 19 —3 (10 and 10 cm ). Use has then been made of 0.15 nm for \ 

and 18 for c. This roughly applies both to zirconiumf3,39] and 
to hafnium[4]. Comparing the field values of Fig. 3 with those 
of Fig. 2 (remembering r - 1.5), it appears that Q/ee 0 presently 
should be negligible in Equation (3) unleBS N approaches or 

19 —3 exceeds 10 cm . The data of Fig. 2 apply to a film-thickness 
range from about 4 to about 7 nm, and this is notified by 
vertical lines in Fig. 3. According to Equation (3) with 
constant U (steady-growth condition), a not negligible positive 
space charge which increases with the film thickness[24], should 
cause U/t curves to bend upwards (dU/d£ to increase with time). 
No such bending appears in any U/t curve of the present work. 
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An initial superpolarization peak appears in all the U/t 
curves of the present work. This peak generally is smaller than 
expected from Equation (1) for sluggish changes in s_. This 
simply may suggest that chanjes in «_ presently are fast enough 
to occur noticeably already in the pre-peak period. Relatively 
fast changes in s_ are suggested also by the present and 
previous[3,4] findings of g - 2 in initial polarization data 
determined from potentiostatic transients on a time scale of 
seconds (see Equations (4) and (5)). For slow enough changes and 
fast enough registration, the expectation here is g • 1> which 
also is found experimentally for passive electrodes of 
aluminium[40], niobium[4l] and tantalum[25]. 

During the open-circuit pre-stabilization of test elec
trodes in the present work, hydrogen is produced by the 
corrosion processes occurring and may partly be retained at the 
electrodes. On application of anodic current, tome part of it 
may then be used to oxidize retained hydrogen until this process 
is made negligibly slow by the consumption of the hydrogen 
and/or by the thickening of the passive film. This should give a 
transiently lower polarization than otherwise expected in the 
early part of V/t curves. A similar relative polarization 
lowering should appear at sufficiently positive potentials if 
oxygen evolution there consumes an appreciable part of the 
current. This all accords with the V/t curves of the present 
work (Fig. 1). 
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FIGURES 

Fig. 1. Galvanostatic U/t curve for passive hafnium electrode 
at i (apparent) • 2 jit m • 

Fig. 2. Ur~ /log j (apparent) data obtained from slopes of U/t. 
lines on using Equation (3) and assuming O/ee to be 
negligible. (•) for zirconium; (o) for hafnium. 

Fig. 3. Q (ee ) /6 curves calculated from Equation (9) for 
N - 1 0 1 8 or 10 1 9cm~ 3. 
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FIGUåE 2 
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FIGURE 3 
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3 .5 . PITTING CORROSION OF ZIRCONIUM AND HAFNIUM 

S. HOKNKJpL 

Departmeni of Cbeniiatry. Uaivcrrity of Oalo, P.O. B * 1033. Blindern. 0315 Otto 3. Norway 

{Rectuei 7 My 1917; in mini fom 2 Sepumber 1987) 

Aixiraci—The uutiau'on and inhibition 
have been invaiipied by poiesuodynamic, poteauosiatic and galvanosiatic measurement! it 25*C Effects 
orcl'.Br'aodl' have beweuminedoveTi tinge of allcoDceoirationtandpH-All threehilideiontauK 
pining attack on the two metals, but ibis may be inhibited by other anions. The results thow that hafnium is 
mote easily protected against pitting than is zirconium. The data are treated by the Bullei-Volmer equation 
to yield more iafbrmaiioD about the mechanisms of the pitting corrosion. 

INTRODUCTION 

It has long been known that the metals of the titanium 
group exhibit excellent corrosion resistance. Unlike 
many other metals, such as aJununium[ 1,2], iron[2,3] 
and nickel[4j, titanium does not surfer from pitting 
attack by balide tons[S, 6]. However, Kolotyrkm[7] 
found that zirconium suffered from pitting attack by 
such ions and even by CIO*". Corresponding observa
tions both on zirconium and hafnium bave been made 
also by other authors[B. 9]. For passive titanium[5], it 
has been found that the sum of the surface charge 
densities on the metal (o.)and ontbepassivating oxide 
(am I under stationary conditions is negative ai all pH. 
A less negative charge sum has been found for passive 
zirconium[lDJ and even more so for passive haf-
nium[ll]. Tbe present work has partly been per
formed io clarify the possible connection between the 
surface charge density sum and the suffering from 
pitting attack. 

EXPERIMENTAL 

All experiments were performed on zirconium or 
hafnium band electrodes cut from ibeeis of pure 
(99.8 % Zr or 97 % Hf with 2.8 % Zx) metal supplied 
from Goodfellow. The electrodes were mechanically 
polished (1200 mesh SiC) and etched in 1.0 M HF for 
1 min- They subsequently were rinsed indisiilled water 
and in a portion of the appropriate rest solution before 
being immersed in the cell solution. No masking was 
made to control ibe area and eliminate the meniscus. 
The electrode area was approximately 1 cm3. 

The test solution generally were made from AR 
grade reagents and water twice distilled in quartz 
apparatus. Some of the arsenate solutions, however, 
were made from LR grade ammonium dibydrogen 
arsenate. All expeiimenis were performed in solutions 
bubbled with purified nitrogen. The main solutions 
used were: 

x M NaQ buffered to pH 4.5 by 0.01 M HAc and 
0.01 M NaAc 

x M KBr buffered to pH 4.5 by the same buffer 
i M N i l buffered to pH 4.5 by the same buffer 

003 M HBr-t- (JC -0.03) M KBr (pH 15) 
x was varied between 0.03 and 1.00. 

The background solution in the inhibition exper
iments was 0.05 M KBr, with pH generally about 5. To 
this solution, additions of other anions in concentra
tions from 0.015 M to 0.50 M were made. The anions 
used were Ac', H,P04", SOi", 0 2 0 $ ' . O H \ 
HjAsO« and NO* • The anions were added as their 
sodium» potassium or ammonium salts. The instru
ments used were a PAR 273 Potentiosiat/galvanostat 
and a BBC Goerz Metrawati line recorder. 

Pitting potentials were measured under galvano-
static conditions by setting a small current (usually 
about J0/tAcm"a)and reading the constant potential 
shown when pitting bad occurred. Examples arc 
shown in Fig. 1. 

Inhibition effects were studied by scanning the 
potential with 1 mV s" * from the corrosion potential 
(1 hj to a poteniial 100-300 mV above Ibe pitting 
potential found in unhibited background solution, and 
holding it there for 1-2 h. When pitting did not occur, 
the solution was stirred by bubbling with nitrogen to 
get contact with pits possibly formed in the meniscus. 
Pitting was seen as a sudden increase in current, 
accompanied by the appearance of black points on the 
clecirode surface. Examples of such measurements arc 
given in Fig. 2. 

RESULTS 

The measurements of pitting potentials as a function 
of halide ion concentration showed a rather simple 
connectioD expressed by the empirical equation 

*V-£^,-Alog(£X-3/[Jf-]ol . 01 
where E 0 . means the pitting potential at 1.00 M balide 
ion concentration {[X " Jo) and A is a proportionally 
factor. This is shown in Fig. 3, where also values 
Obtained for ££, and A appear. The value of 90 mV 
corresponds to similar observafions on other 
metals[12-U]. 

The itudies of pitting inhibition revealed that more 
than a threefold excess oftbe inhibitor over the pitting 
agent is needed to prevent pitting on zirconium On 
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Ci - . Br" and I" Values or A <mV/deodc) indicated ai the 
curvei ( + )Cl~ on Zr, | x )CI" on Hf. (dj Br" on Zr. (Åt Br" 
OD Hf. (D> 1" on Zr and ( • ) I" on Hf. Stagnant air-free 

solution at 25'C. 

Table 1. Motar concentration of 
pitting inhibiting anion needed to 
prevent pitting on anooium and 
harniumin003 MK.Br at pH about 
S (eicept from OH "I Tested con
centration* are 0.50. 0.13. 005 and 
0.015 M. temperature 2S°C under 

Nj-atmotphere. 

Meul 
Anion Zi Hf 

CH.COO" >o.so 0 » 
H,PO.- 0 » 005 
soj- 050 005 
Ci.o!" 0.» 005 
OH- 0 » 005 
H,AlO.- OJO 0.015 
N O ; 015 0015 

Fig 2 Eumples of potentiodynasiic/polentiostatic meas
urements of pitting inhibition Curve I it Hf in 005 M KBr 
+ 00)5 MK,Cr,0 , scanned from -0 .62V»» to +090 V 
Kt and kepi at ihat potential Curve 2 is Zf in 0.05 M KBr 
+ 005 M KNOj acanncd from - 0 6 5 V ser. Pitting brake 
out before ilte n n *mi finished Both curva Ttfa to 

stagnant, air-free solution at 25"C 

hafniurr jqual amounts of inhibitor and pittini agent 
usually id not give pitting. Exceptions from this rules 
were seen for acetate, nitrate and partly araenic The 
results are presented in Table 1. 

It u worth noting that the hydroxide ion behaves as 
an inhibitor in the same way as other anions. The 
pitting phenomenon thus appears to be pH-
independent at pH bekrw I U . This is also seen by the 

studies of pitting potentials, where the resultsatpH 1.S 
resembled the results obtained at pH 4.5. 

It also is worth noticing that there was no sign of 
evolution of free halogen in the solutions, before 
pitting broke out- When pitting bad started, iodine was 
evolved in the pits. Neither chlorine nor bromine could 
evolve during pitting, because the pitting potential is 
well below the halogen evolution potential 

DISCUSSION 

The experimental data show only few scatterings 
from (be 90 m V line for chloride and bromide. Iodide 
seem not to follow this line, at least not with hafnium 

http://MK.Br
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Kiting common of nrcooiun. tad hafnium 

Instead, ji shows in even greater dependence of 
concentration. This may be due to complicating effects 
caused by oxidation of iodide to iodine in the pits. The 
following treatment based on tbe Butler-Volmcr equa
tion, therefore applies mainly to chloride and bromide 
solutions. 

The metal dissolution in a pit may be described by 
the followrig equation: 

M + aJ +0HjO-»M(OH)fcx;-*—• ,1" + bH* 

+ * " <2) 
whereMisZrorHr,X'isCr,Br~(orJ~).uidaandD 
are constants (presumably integers). This electrode 
process may be treated by ihe anodic part of 
Buller-Volmer equation (assuming tbe back reaction 
to be negligible): 

'» '"[Red],, P \ RT f W 

where j^, is the at in the pits, n is the number of 
electrons in the elementary dissolution step and a the 
transfer number. The ringb denote reference con
ditions. From equation 2 [Red] will be [X" ]*[HiO]fc. 
It may be a bit surprising to find the pitting potential to 
be independent of the current imposed on tbe system. 
However, assuming for a given [Red]; 

/ (4) 

where / is the imposed current and Apil the actual 
pitting area, the difficulty can be solved. When increas
ing the current, the active pitting area increases, 
keeping j essentially constant. This was shown by 
Kolotyrkinp], and is confirmed in the present work. 
Keeping j p i , constant, makes the number of kink sites 
in the pus constant too. 

The second assumption to be made is that j , is 
independent of the concentration of pitting agent. Sato 
el <ri[15] found the pitting ed at pit mouth to be 
independent of pH, potential and stirring of the 
solution on stainless steel and Kaeschc[l3] found j r , 
to be independent of concentration of chloride ions on 
aluminium. 

Tbe third assumption will be that tbe activity of 
water in the pits is essentially constant for all concen
trations of pitting agent measured. Then, oy dif
ferentiating equation 3, one yields: 

«« Z303RT a 
clogfJT] nf a 

From ihe experimental data (Fig. 3) one has: 
*E. ̂ - - 0.09 V. filog[*-] 

Combining equation S and 6 yields 
a nF 
a 2.303 RT 

and finally, with n - 4: 

x 0.09V, 

(5) 

<« 

(7) 

(8) 

For a » 0.5, which is quite common, a - 3, which 
yields the following version of equation 2: 

M + 3Jr+bHjO-M(OHVX ,31"* ,* + 6H*+4e-. 

The degree of hydrolysis will depend on the pH of the 
solution inside tbe pit, the value of o is then most likely 
to be zero or one. 

Presumably, most of tbe species passing oui the pit 
mouth in the direction of tbe high current density are 
positively charged, being protons produced by hydro
lysis of the metal species, and unhydrolysed metal 
species, such as MX$. Outside the pit month, hydro
lysis of the metal species will complete, freeing the 
balide ions to move back into the pit: 

4MXS + 24HaO - [AMOHMHaOJ,»]' * 
+ 12JT + BH* (10) 

The [Af*(OHJ»(H20Ji#3" ion «$ « * of the more 
•table solution species for zirconium and hafnium[ 17] 

Neutral or negatively charged species like 
M (OH)*! or M (OHf, X; moving by diffusion and 
convection will play a minor role in the process. 

Tbe above discussed reactions are presumed to take 
place in an already established pit. The reaction will 
continue according to tbe proposed scheme until the 
pit is so wide that the hydrolysis can take place inside 
ihe original pit. But this may be seen as the origtaai 
situation with a metal surface with growing pils on it. 
the original pit has lost its regular shape and a sort of 
secondary pits have developed. 

Tbe reaction scheme does not tell anything about 
creation of the pit itself, which also is due to the 
presence ofhalide ions (except fluoride). 

It is likely lo believe that the models concerning 
pitting on passive aluminium will apply to pitting on 
passive zirconium and hafnium. From both gajvano-
staticand potcntiodynamic measurements it is evident 
that pits do not occur only because the potential 
exceeds (be pitting potential of the balide ion concen
tration present. Usually tbc pits form some time after 
Ibe pitting potential has been passed, and, by galvano-
sutic conditions, *t a potential well above ibe actual 
pilling potential Tbe lime and "overvoluge" seem to 
depend randomly on tbe conditions chosen, such as 
polishing of tbe electrode, current, stagnant or stirred 
solution and so on, confirming pitting as a statistical 
pbenomenon[ 18], based on breakdowns in tbe passive 
film 

Tbe model by Videm[ I ] for aluminium, that pitting 
occurs in tbe presence of a pitting agent and a certain 
potential initiated at breakdown points in the oxide 
film, may apply also lo zirconium and hafnium Small 
breakdowns in the film during stabilization al anodic 
potentials are often seen as sharp, shortlived current 
peaks. These small breakdowns occur randomly in the 
film, associated with a certain statistical probability. 
Without a pining ageni in ibe solution, these break
downs repair very quickly. But with balide ions 
present, reactions like equation 9 will occur in com
petition with the oxide repair process. Which process 
will win, seem codeiermined by tbc applied potential, 
tbe concentrations of habde and other anions present 
and ibe properties of rbe actual oxide film. 
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Some difference between zirconium and hafnium is 
shown by the present inhibition studies. On zirconium, 
the repair process easily becomes the weakest one, and 
pitting more easily occurs. This is shown by the 
relatively (us hafnium) shorter incubation times and 
lower potentials which are needed for pitting to occur. 
Also rather high concentrations of inhibitor is needed 
to prevent film breakdown to result in pitting. This is in 
contradiction to what was suspect d in accordance 
with the surface charge density - ims. The pitting 
attack seem independent of those Jorge sums. 

On hafnium, on other hand, usually rather high 
potentials (vs the pitting potential) are needed, and it 
may even happen that pitting does not occur, even if it 
should be expected under the chosen conditions. Only 
about one tenth of the amount of pitting inhibitor 
needed in the zirconium case is needed on hafnium to 
prevent pitting. This, along with E°, for hafnium being 
higher than E ° t for zirconium, shows that the repair 
process is faster on hafnium than it is on zirconium. 

Because of the rather small differences between the 
different anions tested as inhibitors, it is difficult to say 
how they stimulate tbe repair process or inhibit the 
pitting attack. Both completing agents and oxidation 
agents were tested, none of these properties seemed to 
be tbe essential one in tbe inhibition of pitting 
corrosion. This may lead to think of a son of pure 
outnumbering of the pitting agent, when the inhibitor 
is present. 

CONCLUSION 

Pitting corrosion of zirconiumand hafnium is found 
to be due to halide ions preventing repair of small 
breakdowns in the passive film The repair process can 
be stimulated by the presence of other anions, such as 
nitrate. 

The reaction scheme of the corrosion process inside 

a growing pit is proposed to contain halide complexes 
of the corroding metal, although this is not confirmed 
experimentally. 

There is, at last, no apparent connection between the 
surface charge density sums and tbe initiation or 
propagation of pitting corrosion of zirconium and 
hafnium. 
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3.6. 
Kinetics of Pitting Corrosion on Zirconium in Mixed Chloride-
SuHate Solutions 

Sverre Homkjøl 

Dapartmar» at Chemistry. Umvorerty rt Oslo, P.O. Box 1033 - B idem, N-0315 Otto 3. Norway 

Homkjel, S.. 1989. Kinetics of Pitting Corroiion on Zirconium in Mixed Cbloride-
Sulfate Solutions. - Acta Chem. Scand. 43: 647-650. 

Pining initiation on zirconium in crdoridc-containing sulfate solutions has been stud
ied and a possible node) for the reaction mechanisms has been developed. The model 
is based on considerations concerning the localized adsorption of the two anions. It 
agrees with the experimental results in showing second-order stimulation of the 
pining initiation by chloride ions and first-order inhibition by sulfate ions. 

Pitting corrosion on zirconium has been studied by several 
authors. 1' 1 revealing different aspects of the corrosion be
haviour of this metal in aqueous halide media. One of these 
aspects is the pitting induction time, which has been found 
lo vary in a statistical manner.' The dependence of this 
induction time on the concentration of chloride ions has 
been less studied and is pursued in the present work. An 
attempt is also made to develop a reaction scheme for the 
initiation of pitting corrosion on zirconium in mixed chlo
ride and sulfate solutions. 

Experimental 

The experiments were performed with zirconium elec
trodes cut from a 99.8 % zirconium sheet from Goodlclfow. 
The electrodes were embedded in an epoxy resin, and only 
one end was exposed to the solution. The exposed area was 
about 4 mm : . Usually, five electrodes were used simultane
ously and controlled by the same pofentiostal, through five 
amperemeters. Five values of the induction time could then 
be measured in one run. The electrodes were first stabilized 
in a solution of HUSO, of the appropriate concentration 
(Figs. I and 2) at +0.300 V {see) for 20 h. This gives a film 
thickness of about 5 nm.7"* H G was then added, and galva-
nostatic control was applied at 5-10 uA cm' 1 . When pitting 
occurred, the electrode in question was immediately dis
connected. The induction lime was measured with a BBC 
Gocrz Metrawatt line recorder and a slop watch. The po-
tentiostat was a PAR 273. the reference electrode was a 
saturated mercurous sulfate electrode, and the auxiliary 
electrode was a J cm- platinum foil. All chemicals were of 
A R grade supplied by Merck. The water used was distilled 
twice in quartz apparatus. The cell solution was thermo-
suited at 25 *C and kept in contact with air. 

ftoulta 

The results of the present measurements are shown in Figs. 
1 and 2. Each point is the geometric mean of at kast 15 

measurements, based on a log>norma! distribution law. The 
standard deviations are generally quite large, about 0.6 
decade, but additional measurements do not seem to im
prove this very much. This is in accordance with the statisti
cal behaviour of pitting initiation and induction times.* The 
results agree with the following empirical equation: 

la-] 1 

where tp is the induction time, and A is a proportionality 
constant of the given value. This shows a first-order inhib
ition effect by hydrogen sulfate ions, in addition lo the 

1 I 1 1 1 1 

1 0 -« l 1 1 1 1 _ 
&03 0.1 03 1 

Fig 1. tnvarat P*»ng Induction Mm* varsua concwrtrsaons of 
Crtonot«r*mdm»r»nta*a1^ioM»r»ofH 7S0 4Bl25 ,C. 
<x);0-20M. (O) 0046M and U ) : 0.010M H,SO,. 

Ada CMwnca Scandmtuca 43 (1MB) W7-K0 
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[HSC^4I 
Fig. 3. Pitting induction times versus concentration of hydrogen 
sulfate tona at different additions of chloride ions to aerated 
solutions of ri^O, at 25 *C. (x): 0.25 M. (OJfl.lO M and (A): 
0.03 M HCI. 

second-order initiation by chloride ions. The induction 
time was measured under galvanostatic conditions, but a 
few potentiostatic measurements made seem to agree quite 
well with the galvanostatic ones. 

Measurements made on electrodes with significantly 
greater areas show that the pitting induction time decreases 
with increasing area. A decrease is also seen when the 
hydrogen sulfate ions are completed in the solution, e.g. by 
uranyl(Vl) ions. 

Discussion 

There are several theories on the course and initiation 
mechanism of pitting corrosion. This is well reviewed by 
Szklarska-Smiatowska and others.*-'0 It may be concluded 
from these theories that it will be necessary for chloride 
ions to be present at or in the oxide/solution interface, 
presumably as adsorbed chloride anions. This adsorption 
may occur according to eqn. (2) if there is no coadsorption: 

cir„i 5* a,« 

Because of the potential difference across the oxide/so
lution interface (<p„r<Ptm)' '* i* necessary to have an expo
nential potential term in the equilibrium constant: 

<i-ej[cr] 
• K exp RT J (3) 

where 9 is ibe coverage of chloride ions adsorbed on the 
oxide surface. Competing with the adsorption of chloride 

ions, hydrogen sulfate ions will adsorb according to a simi
lar equation: 

HSO,-|„, =* HS<V ( l l W. (4) 

As for chloride ions, this adsorption is potential-depend
ent: 

(5) 
6' „, r^Tm-Vy»)! 

where 6' is the coverage of adsorbed hydrogen sulfate ions. 
It is convenient to assume hydrogen sulfate to be active, 
because it is the dominant sulfate species in the solution 
used. It is convenient to define the parameter P as follows: 

P = exp L *T J ' (6) 

At equilibrium with two competing anions, we have: 

e * jqci-io-e-e'ja (?a) 

e' * K'lHSfvKi-e-e'jp- (7b) 

where ( 1 - 6 - 8 ' ) is the fraction of uncovered surface sites. 
Solving these equations for 8 and 6', one obtains: 

KIC1-1P 
i + iqcr]p + K'[HSO 4 - |P 

* ' | H S O 4 - ] P 

i + rtici'JP + A"fHsc\-]p* 

(8a) 

(8b) 

Turning to the mechanism of pitting itself, it may be as
sumed that some of the few adsorbed chloride ions will 
react with an underlaying zirconium ion. presumably a less 
coordinated one, forming a chloride complex in the oxide 
surface: 

Z C + C U * ZrCfc, (9) 

where ft, denotes the rate constant. This chloride complex 
may react with more adsorbed chloride ions: 

(2) ZrCft., + xCU» 3 ZrCltt, (10) 

where kt denow the rate constant. Clearly, the most con
venient value f x will be 1. This is also the assumption 
made in the fo .owing. This complex may act as the stage of 
localized adsorption. Being less coordinated by oxide ions. 
this complex dissolves with hydrolysis, leaving the chloride 
ions for further corrosion, together with a local acidifica
tion of the freshly formed pil nucleus. 

ZrCft*., + 2H,0 - • Z r ( O H ) ^ + 2CI^ + 2H,;, 00 
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KINETICS OF PITTING ON ZIRCONIUM 

The dissolved zirconium species will form more stable so
lution species as the reaction proceeds. Localized acid
ification during pitting corrosion is a quite common phe
nomenon 9 and has also been observed on zirconium.* The 
freshly formed protons may then attack the less coordi
nated oxide ions, forming water and new zirconium ions 
ready to react with the chloride ions. As long as the oxide 
film thickness is only about S nm, this process cannot be 
repeated many times before the electric field strength be
comes so high that it causes electrical breakdown in the 
film, and the pit formation is registered by a fall in the 
electrode potential. 

If this latter process takes place at a spot where the film 
thickness is less than the average, the process will go faster 
and lead to an earlier recording of the pit creation than on 
the average. Such spots with thin films can be assumed to 
be statistically distributed in the surface, leading to a statis
tical behaviour of the induction time. The probability of 
finding a spot with a low film thickness will also increase 
with the electrode area, which supports the observation of 
shorter induction times on electrodes with larger area. 

There is also the possibility of interference in the reac
tion scheme, due to the hydrogen sulfate ions adsorbed: 

Z r C C , + H S O ; ^ , -i ZrSOi,;,, + C ^ , + H,l (12) 

A, denotes the rate constani for this inhibition reaction. It 
has previously been seen that other anions may react in a 
simitar w a y / 

Assuming reaction (10) to be the controlling pitting ini
tiation reaction, the rate of this reaction will be propor
tional to the inverse induciion time. This leads to eqn. (13): 

i;' - WjlZrCCIICTJ (13) 

where [ZrCl^.J is the concentration of this species in the 
oxide surface and A is a proportionality constant. 

Assuming the ZrCI}^,, complex to be in a steady state 
during the induction period, eqns. (9). (10) and (12) yield: 

d|zrci;;.,l 

provided none of ihe three reactions are near equilibrium. 
o denoies the surface concentration of possible sites for pit 
nuclcation Further trealmeni of eqn. (14) yields: 

*,oe 
' ^ - • ' - i J T M T ( 1 5 ) 

Substitution of eqns (7) and (8) into (IS) yields: 

| Z ' C , ; ; " ' 1 " *..K1C!-)B + *.,K'|HSO.-|3 < l 6 ) 

Putting this into eqn. (13) will give: 

kk,k,K6[Cr]z 

f p = Jfc;#qc|-J + MT'lHSO/l" (17) 

As shown, the potential term f) cancels out. If now 
k2K<tk^K', the first term of the nominator can be ne
glected, and < .e result is: 

* M A O 1 C | - ] ; 

' A,K'|HSCV] 
(IB) 

which agrees quite well with the observed data. The as
sumption that kjK-*kjK' is strongly supported by the ob
servation that sulfate ions may be incorporated in the oxide 
film during anodization of zirconium."'" It has also been 
shown that sulfate ion adsorb specifically on zirconium 
dioxide, while chloride ions show no or only weak tendency 
to do s o . M 

Eqn. (18) has two apparent limitations, shown by the 
results in Fig. 1. At a relatively high ratio of hydrogen 
sulfate to chloride, it was found early that no pitting oc
curred. This may be due to the sulfate adsorption and 
uptake in the oxide film completely blocking the possibility 
of localized adsorption of two chloride ions to one zirco
nium site [eqn. (10)J. 

At low ratio of hydrogen sulfate to chloride, where the 
induction lime should be rather short, the induction time 
seems to be somewhat longer than expected. This may be 
due to the experimental conditions, mainly the time taken 
to mix the solutions thoroughly. 

Conclusion 

It may be concluded from the present work that pitting 
initiation on zirconium seems to show second-order stim
ulation by chloride ions and first-order inhibition by hydro
gen sulfate ions. This is shown to be consistent with a 
theoretical treatment based on adsorption of the two types 
of anions. The results apply within the limits 

A.oe - Ajzrdl i je - A,|zraji,]e* - o <w) 0.2 < 
|CI | 

|HS<V]' 
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The electron transfer reaction of the Fe(CN)- -couple on passive 

niobiua has been studied and reaction orders have been determined at 

different pH. The solution cheaistry appears to explain the fractional 

reaction orders found. Anodic oxidation it very slow and the exchange 

cd is extremely low. Coaparisons have been aade with aeasureaents on 

other aetals, especially passive Ti. 
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NOMENCLATURE 
j. anodic current density j- cathodic current density 

JP passive (ionic) current density jo exchange current density 

'f electronic current density F Faraday constant 
U electrode potential (SCE) 6 oxide film thickness 
b 
* 

anodic Tafel slope b- cathodic Tafel slope 
a anodic transfer coefficient a- cathodic transfer coefficient 
k anodic rate constant k- cathodic rate constant 

The primes refer a parameter to its quasi-stationary state after 20 h 
stabilization. 

INTRODUCTION 

The kinetics of electron transfer reactions (ETR) at oxide covered 
metal electrodes has been the subject of several investigations, most 
of which are well reviewed.'"2 Most studies on ETR at passive metal 
electrodes have been performed with passive titanium electrodes. 
At passive niobium, the hexacyanoferrate(II)/(III) redox couple was 
most thoroughly investigated. " The cathodic Tafel curve (for 
reduction of hexacyanoferrate(III)) was found to exhibit a shoulder. 
Its appearance was explained by transition from direct elastic to 
elastic resonance tunneling as the rate determining step of electron 
transfer. " The literature seems scarce with respect to data for 
oxidation of hexacyanoferrate(II) at passive niobium. Data for the 
influence of the concentration of reactant ions and the nature of the 
supporting electrolyte on the rate of ETR on passive niobium also seem 
scarce. 

A recent contribution from our laboratory concerns ETR of the 
hexacyanoferrate couple at passive titanium electrodes.' The rate of 
electron transfer was demonstrated to depend on the electrode 
potential, the solution pH, the thickness of the passive film and the 
way of growing the passive fila to a given thickness. According to 
these results, the electron exchange mainly occurs with the metal 
through thin passive films (< 4.5 nm) or with the conduction band in 
the oxide of thicker films. The reactions show a rather strange 
dependence on the concentration of hexacyanoferrate(II) and -(III): 



j ) = F(x,tred3""-S)[red] da) 

j- = r(k-[red]"°-5)[ox] (1b) 

The corrosion and passive behaviour of niobium has previously been 
studied by stationary and transient polarization measurements in 
solutions of various pH. The intention of the present paper is to 
investigate the oxidation of hexacyanoferrate(II) and the reduction of 
hexacyanoferrate(III) at passive niobium. Measurements of the 
influence of [ox] and [red], and of the influence of the supporting 
electrolyte on the rate of electron transfer are eaphasized. 

EXPERIMENTAL 

The electrochemical experiments were performed on niobium (99.9 \ 

Goodfellow) sheet electrodes with an area of about 4.5 cm . Reductions 
of the area by the etching were corrected for. The cell was 
thermostatted at 25 C. Both the reference electrode (see) and the 
counter electrode (Pt) were immersed directly into the cell solution. 
Just before use or reuse, the electrode was etched in a mixture 
containing 8 M HNO and 14 M HF for about 30 seconds, rinsed twice in 
twice distilled water and washed in a portion of the cell solution. 
This procedure removes all fluoride from the electrode surface.9 

Electrolytes were made from AR quality salts with water twice 
distilled in a quartz apparatus. In the cell they were deoxygenated 
and stirred with purified nitrogen bubbling. The measurements were 
made in stagnant solution under a stream of nitrogen. Three different 
series of test solutions were used: 

0.15 M KHS04 + 0.35 « KjSO^ (pH 2.0) 
0.01 H NaHS0( + 0.49 M Na ;SO ( (pH 3.0) 
0.50 M X,S04 + 0.01 M CILCOOH + 0.017 M CHjCOOK (pH 5.1) 

into which various amounts of K [Fe(CN) ) and Kt[Fe(CN) 1-3H 0 were 
dissolved in the cell after formation and stabilization of the passive 
fila. The fila was formed by a potentiodynaaic scan (usually 0.2 av/s) 
froa the corrosion potential to the chosen stabilization potential 
(IT). It was held there for 20 h before aeasureaents. 

Current transients were obtained by applying a square potential pulse 
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from the stabilization potential of duration 10 s and reading the 
current at the end of the pulses. Between the pulses it was waited for 
about 5 min to retain the pre-pulse state. In order to determine the 
net rate of ETR, potential pulses were applied first in the absence of 
the redox system and then in the presence or it. 

RESULTS 

Equilibrium data. When the passive niobium electrode was switched to 
open circuit after measurements at a chosen stabilization potential in 
a solution containing 0.01 M Fe(CN) ", the potential dropped quite 
slowly to a value which seemed to become more positive with increased 
film thickness. However, a stationary value was not reached even 
during a few hours. The potential of the niobium electrode under these 
conditions was always more negative than the corresponding equilibrium 
potential at a platinum electrode. The equilibrium potential at the 
platinum electrode was attained within a few seconds and was stable at 
0.314 ± 0.002 V(sce) at pH 2.0, 0.225 ± 0.002 V(sce) at pH 3.0 and 
at 0.256 i 0.002 V(sce) at pH 5.1. These values are valid for 0.01 M 
concentrations of the redox couple. 

stationary data. When one or both parts of the redox couple were added 
to the cell solution, the cd on the electrode changed to a new value 
iy = it'*if'). The electronic cd, j €', varied with the 
stabilization potential (IT) and pH, but was essentially unaffected by 
the scan rate of film Conation. Figure 1 shows the values of j c ' as a 
function of U 1 and pH. Scales for the quasi-stationary film thickness 
(6') of the passive film are adopted form previous work:9 

6' = 3.7 (U'(V) * 0.60 + 0.06 pH) nm (2) 

The cathodic reaction rate (j-' = je') exhibited essentially a Tafel 
relationship with slope -0.10 * 0.01 V dec" . The anodic reaction, 
which is slow even at very positive potentials, seems to behave 
symmetrically near the equilibrium potential. At more positive 
potentials, the anodic cd attains a maxima and tends to decrease at 
potentials positive to 0.8 V(sce). 

In Figure 2 some results of the effects of [ox] and [red] on the rate 
are presented. The results fit to the following rate equations: 
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j t ' = Fkjred] (3a) 

j-' = Fk-[ox] (3b) 

for [ox] and [red] between 0.005 and 0.10 H. In these equations k and 
k- are rate constants depending on U', 6' and pH. Contrary to 
titanium, the rate constants depend only slightly on the 
concentrations of ox and red. 

Addition of cesium ions to the solution decreased j ' by a factor of 
10 when [Cs*] was raised to equal [Na*] in 0.10 M Na 4[Fe(CN) 6] at pH 
3.9. 

Transient data. The anodic branch of the Tafel plot yielded very 
uncertain information of the anodic Tafel slope and the exchange cd 
(j.) (Figure 3). j was determined from the cathodic data and the 
reversible potential measured with the Ft electrode. Those values of 
j are quite uncertain. However, the exchange cd seems to decrease 
with increasing film thickness (and potential). Exchange cd's between 
1 and 100 pAcm" were evaluated. At pH 2.0 and 3.0, the catodic Tafel 
slope (b-) seems to be quite independent of 0', having a value of 
about -0.10 V dec" . At fa 5.1, the slope seems to decrease from 
-0.12 to -0.06 V dec"1 fiom 0" = -0.10 to U' = 1.20 V(sce). 

DISCUSSION 

The cathodic polarization data in Fig. 3 agree well with tha data 
obtained by Heusler and Yun at pK 1.7. Because of an increase in the 
delay after large cathodic potential pulses to retain the original 
state before a new pulse could be applied, we have not performed steps 
to more negative potentials than -0.4 V(sce). Accordingly, we are not 
able to confirm the shoulder in the cathodic polarization curve found 
by Heusler and Yun. 

The present measurements show that the electron exchange is extremely 
low (< 10"'° Acm"') for the hexacyanoferrete couple on passive 
niobium. Therefore, it was difficult to obtain reliable anodic 
polarization data and further to obtain the dependence of j on the 
film thickness. In order to determine the mechanism of electron 
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exchange, we need reliable data for both transfer coefficients (a 
and a-) and for j versus film thickness. As long as we only have 
data for a- and some estimates of j , it is impossible to determine 
the mechanism of electron transfer, but it is likely that the electron 
exchange is with the conduction band of the passive film, since our 
films are too thick for direct elastic tunneling, at least above 
0.2 V(sce). 

Reaction orders. The reaction orders are close to one for the directly 
observed data. However, the pure first-order mechanism is hidden by 
the solution chemistry of the hexacyanoferrate ions. It is well 
reviewed by Sharpe' and may even explain the strange reaction orders 
observed on titanium. One should note the weakness of the two last 
dissociation steps of hexacyanoferrous acid. According to this, 
addition of hexacyanoferratedl) in excess of the buffer capacity of 
an acid solution increases the pH. However, this causes only small 
changes in pH for a 0.10 H addition to the buffer solutions with 
pH 2.0 and 5.1, but the buffer with pH 3.0 suffers an increase in pH 
to 3.9. Due to weak protonation of Fe(CN) *" at pH 5.1, this 
solution is used as an example for calculation of actual 
concentrations of free hexacyanoferrate(II)-ions in the solution 
(Fig. 2). 

The important feature of ion pairing between the alkali 
metal ions and the hexacyanoferrate (II)-ion can then be considered 
alone. This means that when the salts are added to the solution, not 
only the pH may change, but certainly the concentration of potassium 
ions too. This will decrease the activity of hexacyanoferrate (II)-
ions, and hence the reaction will appear less than first order in the 
directly observed data. The anodic electron transfer will also 
decrease by addition of the hexacyanoferratedlU-salt, due to 
increased concentration of potassium ions. However, this effect is 
small. The effect is enhanced by addition of cesium ions, because the 
ion pairing tendency increases form Li to Cs. " As reported in the 
present work, this indeed is readily observable. 

However, it is impossible to carry out accurate calculations of 
activities of the different solution species in order to find a 
quantitative explanation of the deviation from first order depndence. 
This is due to the lack of data for the activity coefficients for 
Fe(CN) 3'*" at high ionic strengths, where the Debye-Huckel limiting 
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law breaks down. - In spite of this, an attempt has been vade in 
Fig. 2, based on assumptions of the values for the activity 
coefficients according to Debye-Hiickel, which shows that this 
explanation may be correct. The deviation from first-order dependence 
of the anodic ETR on the concentration of hexacyanoferrate(II)-ions 
may alsr be due to changes in the background passive cd during the 
measurements. However, this effect can considered small according to 
previous measurements of the passive cd on Nb.9 

The above arguments will not explain the half-order dependence found 
on titanium. However, adsorbed hexacyanoferrate ions nay react with 
metal ions leaving the oxide surface during the dissolution process. 
A stable titanium(IV)hexacyanoferratetH) exists and may therefore be 
precipitated on the surface, blocking the ETR. A similar precipitation 
is not known for niobium. A precipitation on the oxide surface would 
affect both the anodic and the cathodic ETR, which is seen for 
titanium, but not for niobium. One should note that Peter et. al. 
found fractional orders on gold electrodes without being able to give 
a good explanation. Ammar et.al found 0.7 - 0.8 order on passive 
tin. 

The dependence of the cathodic cd on the concentration of hexacyano-
ferrate(III) may be treated as above, although hexacyanoferric acid 
is stronger than hexacyanoferrous acid and hexacyanoferrate(lll) ions 
show a much weaker tendency to associate with alkali metal ions than 
hexacyanoferrate(II) ions.1 However, reaction orders less than 0.77 
has not been observed neither on Ti nor on Nb. The influence of 
hexacyanoferrate(II) on the cathodic reaction on Nb is negligible 
exept at pH 2, where the small increase in pH due to addition of 
hexacyanoferrate(II) ions may explain the effect. The cathodic 
reaction proceeds faster at low pH, which «ay be due to HFe(CN)6 

being one of the electroactive species. 

The reported effect of addition of cesium ions suggests that the 
•etal-hexacyanoferrate(ll) complex is not electroactive. This seems 
to contradict the results of Peter et. al,1* but is supported by 
equilibrium potential measurements made by Kolthoff and Tomsicek. 
Their measurements showed that the activity ot the reduced species 
decreases more than the activity of the oxidized one, when excess 
alkali metal ions was added. The effect was most pronounced for 
addition of CsCl. 
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Figure l. Stationary electronic cd tie') versus stabilization 

potential (U'l and pK for passive Nb electrodes. 

[OK] = [red] = 0.0' M. 

Figure 2. Anodic current as a function of concentration of added 

K4(Fe(CN)6) at pH 5.1 at U' * 0.40 V(tce) (filled circles). 

Empty circles note calculated actual concentrations of 

free hexacyanoferratelII) ions when assuming: 

f - * 20f Æ 1 . - f ?_ 
KFe<CN)g3" FelCNJg*" KSO< SOj 2 

f + - 0.5 K M S ' K 2 S < V " 9 * a I 1 7 1 

The reaction order then obtained is one. 

Figure 3. Example of current transients obtained by square potential 

pulses from a stabilization potential (U* = 0-DEO V(sce)) 

in absence of (empty circles) and presence of (filled 

circles) 0.01 M of the redox couple. The filled triangles 

note the net cd of reduction of hexacyanoferratetIII). 

Tafel slopes (mV/dtcl on the curves. U^ and U^ mean the 

open circuit potentials af Nb and Pt respectively in 

presence of the redox couple. a is the exchange cd. 

The solution is 0.15 H KHSO, • 0.35 M K SO, . 
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pH U'/Vlscel n 

Cathodic 2.0 -0.U o.ai 

reduction 3.0 0.00 0.85 

5.1 O.Oil 0.7B 

Anodic 2.0 1.06 0.09 

oxidation 3.0 0.40 0.85 

5.1 D.tO 0.90 

Table 1. Reaction ordets (n) of the cathodic reduction and the anodic 

oxidation at various pH and stabilization potentials tU") 

at constant concentration (0.005 H) of the actual reaction 

product. Concentration of the reactant ranges from 0.005 to 

0.10 M. 



pH2: 
pH5: 

Ft6VtE 1. 
87nm 

2.7 
3.4 
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6.4 
7.1 

U'(sce)/V 
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INTRODUCTION 

The corrosion behaviour of netals in presence of organic acids has 
become «ore important vithin the recent years, due to increased 
awareness of possible toxicity of corrosion products fron cooking 
vessels. " It has been shown that oxalic acid increases che corrosion 
rate on aluminium significantly. Oxalic acid is also known as an 
excellent complexing agent for niobium in aqueous solution. In view 
of this, the corrosion behaviour of passive niobium in presence of 
oxalic acid and oxalate ions has been pursued in the present work. 

EXPERIMENTAL 

The experiments have been performed in the same way as described 
previously for niobium. In addition, potentiodynamic scans have been 
carried out to obtain information of non-stationary current densities 
as well. 

The solutions were mixtures of oxalic acid and potassium oxalate at 
different pH, using sulfuric acid and potassium sulfate as background 
electrolytes, keeping the ionic strength nearly constant. One series, 
performed by potentiodynamic scans only, was performed at pH 3 with 
solutions of 0.02 M CsCl + x M CsHC 20 ( (0.001 M < x < 0.60 M). Some 
experiments with lithium hydrogen oxalate were also carried out. 

RESULTS 

Anodic cd. 
The anodic cd, whether quasistationary or not, seem half-order 
dependent on the total concentration of oxalic acid/oxalate, belrv 
pH 5 (Fig. 1). Above pH 5, no effect on the anodic cd was observed, 
due to the instability of the niobium oxalate complexes at higher 
pH. Use of lithium salts reduced the effect of oxalate ions 
significantly. 

Tafel data and capacitance data 
From the quasi-stationary measurements at pH 3, one obtains that the 
Tafel slopes seem independent of the concentration of hydrogen oxalate 
(Fig. 2), but the inverse dc-capacitance decreases with increasing 
concentration of hydrogen oxalate (Fig. 3). Bowever, the extrapolated 



potential of zero inverse capacitance, U , seems constant. This yields 
an increase of charge at the Betal/oxide interface with increasing 
oxalate concentration, according to the eqn. 

o;= C <U' - O 0) (1) 

where C is the electrode capacitance, U' is the stabilization 
potential and o^ is the charge on the Beta1/oxide interface. 
When lithium hydrogen oxalate was used, this effect disappeared. 

CONCLUSIONS 

The experiments show that the anodic cd of passive niobium is 
half-order dependent of the concentration of oxalic acid/oxalate in 
acid solutions. At higher pH, no effect is seen, which argues that 
oxidation of oxalate does not occur. This is supported by the 
generally slow anodic electron transfer reactions on passive 
niobium. 

The surface charge on the metal increases with increasing 
concentration of hydrogen oxalate, which suggests that the oxalate 
and/or the hydrogen oxalate ions are adsorbed on the electrode 
surface. This seems to be supported by the observed effects of 
addition of lithium ions. They may inhibit the adsorption by forming a 
lithium oxalate complex in the solution. Data for such complex 
formation is at present not known to the author. 

Due to this adsorption, a niobium oxalate complex forms during 
dissolution of the oxide film. This small decrease of the film 
thickness will also decrease the inverse electrode capacitance 
and increase the anodic current density. 
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FIGURES 

Figure 1. Increase in anodic cd (&j) vs. concentration of oxalate 
(c0y) on passive Nb in air-free, stagnant solutions at 
25 °C: 
# : 0.50 M H SO + x H H c 0 (pH 0.35) measured during scan 

(0.04 nV/s) at 2.5 V(SCE). 
A: 0.30 M K 2S0 4 + x/2 M K H C ^ + x/2 H K j C ^ (pH 4.0) 

measured during scan (0.04 mV/s) at 2.5 V(SCE). 
•: 0.02 M CsCl + x H CsHC 0 (pH 2.7) scan (0.20 mV/s) to 

0.5 V(SCE) and then stabilized for 5000 s before 
measurement. 

Values for reaction orders at the curves. 

Figure 2. Tafel slope (b) vs. stabilization potential (U') at pH 2.7 
(air-free, stagnant, 25 C) in: 
X: 
A: 
O- 0.35 M K,SOt + 0.30 M KHC 0 

Figure 3. Inverse electrode capacitance (C" ) vs. stabilization 
potential ID') at pH 2.7 (air-free, stagnant, 25°C) in: 
X- 0.49 M K S0 1 + 0.01 M KHS0 
A : 0.45 H ::2SOt + 0.03 H KHC 20 t 

D : 0 4'. H K 2SO t + 0. tO KHC 20 4 

O : 0.35 M K 2S0 4 + 0.30 M KHC 0̂  
Values for o' (in C/« 2) at the curves. 
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3.9. 
3.9.1. MODEL STUDIES ON PASSIVE METAL ELECTRODES 

T. HUIILEN, C. SIMON, W. WILHELMSEN, S. HORNKJØL and E GULIRANDSEN 
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{Received 21 June 1W8) 

Akffna—Model studio are made on passive metal electrodes with «-type senuconducting (or insulating) 
passive films. Emphasis is on conditions in which tuch films are electronically exhausted, but not inverted. 
Considerations arc especially made of defect production and transport in passivating oxide films and of 
arid-base equilibria at øxide-*o)ution interfaces. Expectations are derived for the donor, charge and Volta 
potential profiles or passive metal electrodes and, benee, for tbeir electrode potential and capacitance 
behaviour and for their band structure. Comparisons are made to observations on aluminium, iron, 
titanium, zirconium, hafnium, niobium and tantalum. Of these metal*, however, only aluminium, niobium 
and tantalum exhibit the capacitance behaviour expected. It appears that field-dependent surface potentials 
fdipole byers} should be invoked, and that adsorption of other ions than protons and hydroxide ions should 
also be considered. 

INTRODUCTION 

It seems well established that, mostly, a passive metal 
electrode is one in which the metal is covered by a thin 
oxide film (amorphous, vitreous or microcrystaliine) 
separating it from direct contact with the electrolyte 
solu(ion[l-7j. A model for ion transfer reactions at 
such electrodes was early proposed [7] and applied to 
passive iron electrodes[S1 before being extended to 
other passive meuls[4). With the development of 
semiconductor electrochemistry[5,9], the model has 
been extended to cover also electron transfer reactions 
at passive metal electrodes with semiconducting pas
sive film[5, 6} 

From the colloid chemistry of oxide powder sus-
pensions[IO, I I ] , the oxide-solution interface seems 
more involved than has hitherto been considered for 
passive metal electrodes. The same appears from 
recent studies of ours on the passive behaviour of 
aluminium[l 2-14], titanium [15,16], Drconium[17], 
hafniump8J. niobium[l9], tama!um[20] and 
iron[21]. In these cases, polarization data generally 
obey the Cabrera-Moll equation[22] for meul ion 
transfer at the metal-oxide interface, whereas steady-
state capacitance data become intelligible only by 
imposing certain assumptions as to the surface charge 

at the oxide-aolution interface. This is presently pursued 
fay more thorough model considerations and treat
ments 

DONOR DISTRIBUTION 

Passive films on metals generally consul of icmi-
condueting or insulating oxides[l-7J. la many cases, 
they arc n-type semiconductors with oxygen vacancies 
as the main donor ipecies[S, 6]. The oxygen vacancy 
attribution, therefore, shall bere be pursued. 

Passive films generally grow by high-held ion mi
gration in the fi)ms[l-4] and km transfer processes at 

their interfaces with the underlying meta1[22} and the 
surrounding solution[7, 8] , respectively. The mi
gration may be both by metal cations outwards 
(towards the solution) and by oxygen anions inwards 
(towards the mctafj[23,24j. For ionic charge reasons, 
the oxygen ion transport usually gains in relative 
importance with decreasing field in the oxide, and it 
often may vern the dominant one at the lower fields in 
the passive films under steady-state conditions than 
under u^ual growth conditions. 

The oxygen ion transport most likely occurs by a 
vacancy mechanism. Oxygen ion vacancies are then 
produced by the oxide formation process at the 
metal-oxide interface and transported outwards by 
the electric field existing in the oxide film. Under 
steady-state passive conditions, the outwards flux of 
oxygen vacancies (formal charge number z * 2) should 
be independent of the distance x (0 < x < i) from the 
metal-oxide interface. Using the well known high-field 
transport equation[l-3], one then obtains: 

t W ^ 2 J F / d V 
N " Rr \dx J h (I) 

where N is the volume density of oxygen vacancies, x is 
their activation (half-jump) distance, <i> is the Volta 
potential, and other symbols have their usual mean
ing. 

When oxygen vacancies are the dominant donor 
species and they are completely ionized, the space 
charge density (p) in an exhausted (but not inverted} 
passive film should approach 2A>f where * is the 
proton charge. The Poisson equation then becomes: 

«Co 

where c ts the dielectric constant in the film, and CQ is 
the permittivity of free space. 

Combining the Equations (I) and (2| and integra
ting the outcome, one obtains under steady-state 

®-
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l+AN0x 

(3b) 

Tor N at arbitrary x compared to N » JV 0 at x — 0 (ir in 
the oxide at the mctal-oxidr interface). In these equa
tions, A is a composite com tnt with dimensions of an 
area, and k is the Boltzr ma constant. This donor 
distribution is illustrated oy two relevant examples in 
Fig . ] . 

With x = 6 (the passive film thickness) in Equation 
(3a), one obtains the expected effect of film thickness 
on the donor concentration in the outermost part of 
the passive film under steady-state conditions. To the 
author's knowledge, this is the first derivation made of 
such a dependence. It predicts a fall in donor density 
with increasing film thickness. This qualitatively fits 
with previous experience[6, 25], but the derived de
pendence appears weaker than an observed one[25]. 

POTENTIAL DISTRIBUTION 

Under steady-state conditions, a passive metal elec
trode dissolves anodically at a steady rate (its passive 
current) through a passive film of steady composition 
and !hickness[), 4, 71. This must mean that the 
electrode internally holds a sufficient excess of positive 
charge not only to exhaust the passive film electro
nically, but also to give the metal a positive excess of 
surface charge (g m ) at its interface with the passive film. 
The latter is required to provide the rather strong 
electric field needed to drive the passive metal oxida
tion process. 

The above reasoning speaks for the Poisson equa
tion [Equation (2)] generally being applicable to 
steady-stale passive films. Accepting also the steady-
state donor distribution [Equation (3)], combining it 
with Equation (2) and integrating the outcome with 
—d l̂r/dx * ojtt0 at x » 0 as boundary condition, one 
obtains: 

dx Uo 
+ flln(I+^jV,x). 

kT 

<4a) 

(4b) 

for the distance <x) dependent electric field strength 
{ - d*Vdx) in the outward direction in the passive film. 
In these equations. B is a composite constant with 
dimensions of an electric field, and A is as given by 
Equation (3b) above. 

Integrating Equation (4a) with if • 4m Kne Volta 
potential of the metal) at x - Oas boundary condition, 
one obtains: 

# - * , ' - ^ - B [ ( X - ^ ) , Q ( I + 4 N - " H X } 
15) 

for the Volta potential profile of a steady-state passive 

Fig. I. StGfbj-state donor distribution in a passivatinx ox
ide film with N n - IO'* or 10"cm- J it 25°C. Calculated 
from Equation <3> with X - 1.5 A and t e. 60 rouahly as for 

passive tif4Biuin[)5, 16]. 

film. With «Ir * V. at x = S, Equation (5) yields: 

for the potential drop (t>a — *>,) over the passive him 
as a function of its thickness under steady-state condi
tions. 

THE OXIDE-SOLUTION INTERFACE 

From the Gauss law of electrostatics, ibe electric 
field in the inner part of the Helmhollz layer at a 
passive metal electrode should be given by: 

dV ( g . + g + g,) 

dx «ut* ' 
(?) 

where Q is the integral space charge density in the 
passive film per unit electrode area, ou and o, are 
the surface charge densities on the metal at the 
metal-oxide interface and on the oxide at the 
oxide-solution interface, respectively, and c^ is 
the dielectric constant in the Helm holm layer. The 
surface charge on the oxide (g,) may come from a 
difference in surface concentrations of protons and 
hydroxide tons in the hydroxylated top oxide layer in 
contact with the aqueous soluiion[5, 10.11, 26]. 

In the absence of specific adsorption (other than of 
water, protons and hydroxide tons) and at negligible 
diffuse layer extension outside the outer Helmhollz 
plane (high electrolyte concentration), Equation <7) 

to: 

* . - * N - ( O - „ + <?+«. K V , (8) 

tot the potential drop over the Helmholtz layer from 
the oxide surface <*,) to the bulk of the solution (i>„ J. 
The Helmboltz capacitance (C H ) is then defined by 
CH - CHCO/JH where &* is ibe thickness of the Hclmholtz 
layer (the distance of the outer Helmholtz plane from 
the charge carrying hydroxylated top oxide surface). 

There is no generally agreed way of describing the 
atid-baae equilibria at oiidc-solution interfaces[5, 7. 
10, II, 261. It b presently chosen to consider the 
following three equilibria at Lewis add (M,) and base 
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(P.) sites in the oxide surface: 
M.(H,0)^M,(OH-)+Hi (X,), 0) 
M.iOH-J^M.tO'^+H^ (KA (II> 

0 . ( H * ) s i O , + H i (Kj), (III) 
where the species in parentheses are regarded as being 
adsorbed to the sites noted. This scheme implies 
diprotic interactions at acid sites (1 and II), but only a 
monoprotic one at base sites (III). 

Through their mass action and r ass balance ex
pressions and their common chargr balance equation 
( f f , / f l * N 0 , . , - W m H - , - 2 ^ - > ) , the above equilib
ria jointly yield: 

o, aN b (B + 2 K , ) K , N , 
(9a) 

where KIt K, and Ks are ibe chemical equilibrium 
constants for the three reactions, AT, and /Vh are the 
tout surface densities of acid and base sites in the 
oxide surface, a H . is the hydrogen ton activity in the 
bulk of the solution, and a is a dimensionless par
ameter introduced for convenience. 

In combination. Equations (8) and (9) completely 
(but implidiely) determine both u, and ,̂—qfrri as 
functions of pH and em + Q with the three equilibrium 
constants and the two surface site densities as par* 
•meters. By differentiation of these equations, one 
obtains for the dependences on the pH tal given 
<*• + Q) a "d on om+Q (at given pHh 

<**.-*„> 
d In aH . P+l F 

d|*.-*„) 
dlo„+Q) 

1 1 

do. 
dlnoH- "£* Rr 

F 

do. P 

«Vo.+Cl P + i 

(10a) 

[10b) 

(10c) 

(10d) 

where the dimensionless parameter P is defined by: 

C„RTd» 
and dø./ds is obtained by differentiation of Equation 
(9a) as: 

d«r, lKtNw Hx'+4aK2 + KtKx)KtN, 

da <a + K 3 ) ' ^ + . K l + K i K , | * 
(12) 

which is always positive and nukes also the parameter 
P always positive. 

For several oiides and oxide covered metals, a 
nearly Nernstiaa pH dependence for *%-*> is found 
from fiat-band potential daia[5,6,26]- This flu with 
aquation (10a) for large enough values of P i<rg 
P > 10) With such values for P, furthermore, one 

*%.+0 
da, 

* . + 0 * 

aO, 

- 1 , 

(13) 

(14) 

as important expectations from Equations (]0b) and 
UOdX respectively. With lower values for P, a iub~ 
Nernstian pH dependence is expected for $,—$$. 
This also appears observed in a few cases[26J. 

ELECTRODE POTENTIAL 

The electrode potential (U) of a passive metal 
electrode is related to the above treated Volla poten
tial drops byII4,15]: 

u-t/Jl-U'.-W+W'.-*.,), (15) 
provided possible dipole contributions (j>) are inde
pendent of V. (Zn is the zero-charge flat-band poten
tial of the oxide in the passive film. It is the value of V 
not only for om • Q « <r, - 0, but more generally for 
*••"*>• The two Volta potential drops are given by 
Equations (6) and (8). respectively. These equations 
imply that the following equation: 

U-l%-iom+K)C^1 +{om+Q+a.)CHl (16) 
is an alternative expression for the electrode potential. 
C here means the oxide film capacitance defined by 
C„ • UQ/6, K is the integral of p(I -(x/<5)) dx over the 
passive film, and the other symbols are described 
above. 

The steady-state thickness of a passive film often 
approaches a linear dependence on the electrode 
potential, and this makes it possible to determine an 
extrapolated potential of zero film thickness (fol for 
passive metal electrodes[4, 7, 12-21]. As «5 decreases 
and finally vanishes by this extrapolation, so does also 
• V -*• [***= Equation (6)]. One hence obtains from 
Eqi*. ans J15) and (16): 

U o - U Å - f c - ^ - l f U + e + M V . (17) 
V-U„-*„-+,-(a.+KK»1, (18) 

as important equalities. These findings are illustrated 
by a Volta potential profile sketch in Fig. 2. The sketch 
assumes that Equations (13) and f 14) apply. 

V0 generally obeys a Nernstian pH dependence 
with slope near 2.303RT/F[I2-21], which is the same 
as found for ^,-^„from flat-band potential data {sec 
above). This accords with Equation (17) and supports 
the applicability of Equations (13) and (14). 

A held f a c t o r / - ( C „ d i / / d 0 . r ' has previously 
been miroduced[l5} and used[)4-2l] in our passivity 
studies. By differentiation of Equation (18). this factor 
comes out with a value of unity, provided 6 and K may 
be considered »s constants under the perturbations 
aude «r exhausted passive film of constant thickness 
and donor distribution) 

Passive aaeuls generally exhibit an essentially po
tential independent steady-slate passive current over a 
regular passive range ofpotemia!t£4, 7,12-21} This 
must mean that the electric field at the meial~oitde 
interface and. beocc, #„ are independent of V under 
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For cases in which C*Cm, Equation (18) yields: 

Fig. 1 Volti potential profile sketch illustrating some rela
tions Tor a passive metal electrode. 

steady-state conditions. Equation (18) with C„ — 
UQ/6 then gives a linear dependence of & on V for cases 
in which K is negligibly small compared to am. This is 
illustrated in Fig. 3 by curves calculated for b 
vi U-Ua~4>m-+, from Equation 46) with 
am - 2 0 « C c m " J , t«= 60. Å m 1.5 A and N0 - 0 . IO 1' 
or I 0 1 D cm'1. These parameter values roughly apply 
to passive titanium in neutral and alkaline solu-
lions[15, 16]. A linearity acceptable for determining 
UQ by extrapolation is here found only for 
A ' 0 < l O , , c m - 3 . 

ELECTRODE CAPACITANCE 

As noted above, a passive metal electrode in a 
steady-state must internally hold a sufficient excess of 
positive charge to exhaust its passive film «nd to 
provide the positive surface charge density iam) 
needed on the metal to drive the steady-state anodic 
dissolution process occurring. The imall changes of 
short duration one makes m this internal charge on 
measuring the capacitance or such an electrode. 
should fully show up in om and leave 6. Q and K 
essentially unaffected. The steady-state electrode ca
pacitance should then be C — dom/dV at constant 6, Q 
•nd IC. Applying this to Equation (16), one obtains: 

c-'-cz >(••£)«' (19) 

a* a general capacitance equation for passive metal 
electrodes under steady-state conditions. 

Evidence is given above that Equation (14) in simple 
c u e s should apply to passive metal electrode». In the 
present coatat, this means åoJ6am • - 1 , whereby 
Equation (19) simplifies to CmCM. Thu fits with 
observations on aiomtoiumCM], o»htum(19) and 
tantalurn[20] over broad regions of pH, perhaps also 
on iitanium[ 16], arconium((7] and hemrurnjlt] io 
sufficiently alkaline solutions, but not on the latter 
three metatef. 15.17. I f l or iron[2t] w acid fetation*. 

o _ + K 
(20) 

showing a linear dependence of C"' on U with slope 
tr~l when K is negligibly small compared to am. Just 
as shown for & vs U in Fig. 3, this would require 
N0< lG'*cm~3 (remembering C „ — « o / i ) . One 
should nv reover expect the C l(U line to have t / 0 as 
its extra! ilated potential of zero invene capacitance. 
It is esr cially this latter expectation which fails for 
passiv tiunium[l5], zirconiurn[17], ha/nium[J8] 
and iron[21] in acid solutions. In these cases, the 
extrapolated zero potential is pH independent and 
comes dose to E%. 

Capacitance measurements on passive metal elec
trodes often are made under transient conditions[6]. 
Much of what is said above still applies, but only as 
long as the passive film remains exhausted and no 
inversion comes into play. Making potentiostatic 
steps from a steady state at some stabilization poten
tial and to successively tower and lower electrode 
potentials, one may pass a point where am is nullified 
and neutralization of space charge in the passive film 
takes over on further negative charging. One has then 
entered the Mott-Schottky region of capacitance be-
haviour[5, 6, 27]. This shall not be treated in the 
present work. 

DISCUSSION 

The relative donor distribution [Equation (3)] for 
passivating oxide films under steady-state conditions 
qualitatively agrees with previous experience[6.25] in 
predicting a fall in donor density with increasing 
distance (x) from the metal-oxide interface and. hence, 
with increasing Mim thickness (especially in the outer 
part of the film). Much the same distribution may 
apply also to various steady conditions of galvano-
static growth of anodic oxide films of barrier type. 
This should be considered in analysing U-t curves for 
such film growth. The analysis should moreover eluci-

«tf-«,l/Y 

Fit; 3. Steady-tuu paunt Mm ituckant («) n potential 
< f - C , - * . - * . l Calculated (torn Equation (6) with 
Af # -0,10" o* 10" c a r ' sad other parameter vahmatn 

Fif,l. 



73 
Model studiet on purivc metal ckctrodes 

dale the dependence of N0 on the rate of anodic metal 
oxidation impressed. 

The present work shows that N0 must exceed about 
10" cm" 3 for the space charge in passive films to 
•fleet the steady-state behaviour of passive metal 
electrodes markedly (Fig. 3). From fyU, b/U (fr being 
an initial Tafel ilope proportion») to S) and C" l/U 
dat i for a number of passive meials[4,12-21], it may 
•ccm that fil0 seldom exceeds this limit under steady-
state passive conditions. This means that the ipace-
charge parameters K and Q of the electrode potential 
equations [Equations (16H18)] and the capaciunce 
equation [Equation (20)] then mostly ire negligible 
compared to am. 

The basic electrode potential equations [Equations 
(15) and (16)3 presume that possible surface potential 
(or dipole) contributions to V arc independent of V to 
as to disappear by cancellation in electrode potential 
differences. This assumption has long and fruitfully 
been made for purely metallic eJeclrodes[28], but it 
may be a more questionable one for passive meial 
electrodes[29]. If it fails, all the electrode potential and 
capacitance equations [Equations (15M20)] will be 
incomplete (see below). 

The present treatment yields C • C „ as a main 
expectation for passive metal electrodes (except in or 
near the Mou-Schottky region), provided the param
eter P is large enough. This is largely fulfilled for 
aluminium[ 14], niobium[19] and tantalum[20], but 
not for titanium[!3,16], zirconiurn[17], hafnium[IS] 
or iron[2l]. Except for iron, perhaps, this apparently 
divides the passive metals into two groups with odd or 
even valent oxides, respectively- It may be that the 
metals of the former group form more vitreous passive 
films, whereas those of f«.s latter group form more 
microcrysialline filnu[30], Perhaps this distinction 
also concerns the ability of passive films to him field 
dependent surface potentials. This is not yet known. 

V0- (Jf* is an important electrode potential differ
ence Tor passive metals. In simple cases Gfa — jft), the 
difference should equal the Volta potential drop 
tfr. - ^«i over the Hclmholtz layer under steady passive 
conditions [Equation(I7)and Fig. 2]. More generally, 
however, it also contains a possible difference in 
surface potentials between steady-state and zero-
charge flat-band conditions (jfc-jtfU Nevertheless, it 
U of interesl to compare values of U0- C/f» for various 

passive metals. Some such dau[ 15-21] are therefore 
assembled in Fig. 4. 

From colloid chemical measurements on oxide 
luspensionsflO, I f ] , much data exist on surface 
acid-base equilibria, but not directly on the three 
equilibria (I-I I I) of the present work. Most such 
measurements have been treated by a simpler two-
equilibrium model based on a primary complete hy-
droxylati ,i of *' ie oxide surface, and it is difficult to 
transforr the utcome to our three-equilibrium de-
acriptio . A n ' sportant model-independent property, 
however, is »ne pH of zero charge (pzc). Colloid 
chemical data for this pH has been used in determin
ing the zero-charge fiat-band potential (U^) for the 
passive metals presently considered. This implies the 
assumption that pzc is the same for a passive film 
Oxide under Hatband conditions as for a related oxide 
powder, what may not be completely true. 

The parameter a defined by Eq uation (9b) appears a 
most important one in codetermining both the surface 
charge o, at the oxide-solution interface [Equation 
(9a)] and the parameter P [Equation (11)] of Equation 
(10). In the lack of knowledge as to possible surface 
potential contributions (see above), a can only be 
given provisional values. For passive tantalum, which 
behaves rather simply by showing C •= C„, a value of 
about 10" 9 is obtained for a from Equation (9b) with 
data from Fig. 4 [on using Equation (17) which 
neglects x contributions]. Together with values for 
K,. Klt K>, rV„ rVb and C„ estimated from colloid 
data, this yields a roughly acceptable value for e, from 
Equation (9a) and a value above 10 for P from 
Equations (11) and (12). For most of the metals of 
Fig. 4, however, a corresponding treatment does not 

t -M l - f~2a l -< 

F « 4 VsluwoTl'.-Cs&forvarioufpuiivfBMCsbaipHO 
sad JVC 

Fig 5 Sketch of sttady-aiaJc baad sundare for a passive 
BMtal «tetrode with N, < I 0 " a n ' * aad 2» or SO A thick 
patsm afcn. VaJoss elE*. £*. £; (bud-ftp) tad £, IFenm 

a m p ) a» for aawm Hotmim al pH 0 tad 25*C[I9) 
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give acceptable results. Least satisfactory is the situ
ation for passive titanium. It appears to the author* 
that x contributions should be invoked and so also 
adsorption of other ions than protons and hydroxide 
ions. 

From the present treatment, it appears that the 
band structure of a passive metal electrode under 
steady-state conditions should be as sketched in Fig. 5. 
The sketch regards the electrode u having an ex
hausted fl-type semiconductor passive film with 
JV 0 < 10'*cm" 1 . The conduction and valence band 
edges in the oxide should then follow nearly straight 
E-x lines (little bending) with steep slope (due to the 
electric field caused mainly by om). It moreover is hard 
to avoid the conclusion that the band edge energies at 
(be oxide surface (£„ and £„) ben are governed by 
E0 m — qUQ and the band-gap energy E ( — £ „ — £ „ . 
This breaks with the case for an unexhausted bulk n-
type semiconductor, where En - -<j l / r t plays the role 
just ascribed to £ 0 [ 5 , 6 , 9 ] . Some change in £ „ and £ „ 
may hence occur on going from an exhausted to an 
unexhausted passive film (the latter with ff_-0 and 
Motf-Scho!lky capacitance behaviour). This needs 
further elucidation. 
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3.9.2. 
APPENDIX 

Fron Eqn's. 3b and 4a + b, one obtains: 

d* o,_ XT 4q**NX 
= + ln(1 + — ) (21) 

dx ee 0 2q\ K T " o 
The last term of the equation is the space charge contribution, and 
this can be expressed as (for x = 6): 

0 kT 4q!M!„6 
— = lnf 1 + 2-) cc„ 2qX kTec„ o o 

With parameters chosen as in Figure 1, K = 10 1 s en"3 and 6 
this space charge contribution to the field becomes: 

0 ., = 0.3 MV cm (23) 
" o 

This figure is small compared to the field generated by the surface 
charge in the metal surface, which is about 3 - 4 HV cm" 

(22) 

= 5 nn, 


