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The effect of  potential cycling on the growth of  oxide layers on steel is analysed. It is shown that the 
redox reactions in the oxide layers formed are diffusion controlled and it is proposed that the transport 
of O H -  is the limiting step of  growth. The relationship of  these results to ac corrosion is discussed 
and it is shown that alternating currents flowing through structures can accelerate the corrosion rate 
if the potential excursion encompasses the reduction of  an 'inner' oxide layer, not only by the growth 
of  hydrated oxide layers, but also by the observed enhancement of  the electrocatalytic properties 
towards oxygen reduction of  the oxide layers formed on cycling. 

1. Introduction 

It was considered that alternating currents flowing 
through structures have little influence on their rates 
of corrosion unless a significant degree of rectifiction 
occurs [1]. The origin of this commonly held belief is 
the need to have a net transfer of charge between 
cathodic and anodic sites for corrosion to occur. 
Unfortunately, not much work has been carried out to 
study these problems. Chin et al. [2, 3] have studied the 
acceleration of the corrosion of steel by alternating 
currents and have proposed that these effects are due 
both to the breakdown of passivity and to the shift of 
the average potential of the sample during the ac cycle. 
The acceleration of the corrosion of underground 
electrical distribution systems has been considered to 
be caused by alternating currents [4], although a sys- 
tematic treatment of the electrochemical aspects of 
these effects is still lacking. The previous literature on 
corrosion has been reviewed [5]. 

The practical situations where the understanding of ~ 
these problems is of importance is in the corrosion 
behaviour of pressure tubes of hydroelectric utilities 
and in transmission lines. In the former case, it is, 
almost impossible to isolate the ground of the gener- 
ators from the pressure tubes and, therefore, the 
ground connection of the whole plant will inevitably 
involve the latter. This is a consequence of the usually 
very large area of contact of the pressure tube with 
ground, even when the pipe is encased in cement, 
because the impregnation of the whole structure with 
water can readily occur. Thus, any imbalance in the 
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phases of the generators will lead to large ac currents 
to ground and a significant part of these currents can 
be dispersed through the water-bearing pressure tube. 

The purpose of the present work is to analyse the 
influence of cyclic polarisation on corroding metals. 
This is of importance for two reasons: (a) to find out 
under what conditions the presence of superimposed 
ac currents can affect the corrosion rates by altering 
the protective nature of the corrosion products, and 
(b) to relate the information available on the electro- 
chemical properties of the hydrous oxide layers exten- 
sively studied by Burke and coworkers [6-12] to the 
electrocatalytic properties of oxidized iron surfaces 
towards oxygen reduction, which is the usual cathodic 
depolarization reaction in natural waters. 

2. Experimental 

Cyclic voltammetry has been used as the technique for 
establishing the formation and growth of oxide layers. 
This technique is useful since a pseudo-capacitative 
peak is observed when a layer undergoes a redox 
transition, and a peak in the corresponding linear 
sweep voltammogram is indicative of both the nature 
of the oxide present and of its thickness. 

A conventional three-electrode cell was employed. 
All the potentials were referred to the saturated cal- 
omel electrode, which was connected to the cell via a 
salt bridge containing the same solution under study, 
in order to avoid chloride contamination. The counter- 
electrode was a platinum flag immersed in the solution 
under study. The working electrode consisted of a 
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Ta/~le 1. Percent composition of  the steel used 

C Si S P Mn Cr Ni Mo 

0.033 <0.1 0.015 0.018 0.25 <0.02 <0.02 <0.05 

steel bar which was included in a cold mounting epoxy- 
resin support (Struers, Denmark). Electrical contact 
was established by soldering a copper wire to the 
sample. The sides of the sample were abraded with 600 
grade abrasive paper before inclusion and the exposed 
surface was abraded with several grades of silicon 
carbide paper, finishing with 1000 grit. With this 
sample preparation technique no significant crevice 
corrosion effects were observed. Merck KOH (AR 
grade) was employed to make the solutions and the 
water was distilled from alkaline KMnO 4. The com- 
position of the steel studied is shown in Table 1. The 
potentiostat used was a Wenking ST72 and the signal 
generator was a Wenking VSG 72. The voltammo- 
grams were recorded using a PL4 J.J. Lloyce Instru- 
ment (England) X-Y recorder. 

3. Results 

Alkaline solutions were chosen to minimise the effects 
of iron species dissolving in the solution and thus 
allow for the use of a simple electroanalytical techni- 
que to study the elementary steps of iron incorporation 
in surface layers of corrosion products and their effect 
on the reduction of oxygen. Figure 1 shows the influ- 
ence of cycling on the voltammetric response of a steel 
electrode in alkaline solution. The growth of layers of 
corrosion products by alternating potentials results in 
new redox reactions which are characteristic of the 
film of corrosion products formed. Although for sim- 
plicity the experiments have been carried out in alka- 
line solutions, the results are easily extrapolated to 
neutral solutions (see below). 

Four main oxidation and reduction peaks (El, E2, 
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Fig. I. Repetitive cyclic voltammetry for a steel electrode in 0.05 M 
KOH between the potential limits of - 1500/100 mV; sweep rate is 
0.05Vs -1 . 

E3 and E4) can be observed. Peaks E1 and E4 are seen 
to remain constant, whereas the oxidation and reduc- 
tion waves E2 and E3 increase with cycling. This 
behaviour has already been observed by Burke and 
coworkers for a variety of metals (It, Pt, Mn) [6-9] 
and is also reported to occur on iron [10-12]. A signifi- 
cant characteristic of the influence of cycling is the 
visual observation of the growth of an oxide layer, 
termed a hydrous oxide layer by Burke and coworkers 
[6-12]. This layer displays electrochromic properties 
related to the processes occurring at Ez and E3. If the 
electrode is left cycling for a long period of time 
(several hours), the hydrous oxide layer becomes too 
thick and easily detaches itself from the metal and a 
new layer replaces it, continuing the growth and the 
corrosion of the material. Thus, although the ferric 
oxides/hydroxides are very insoluble in alkaline sol- 
utions, corrosion can proceed by virtue of the mechan- 
ism described above. 

The rate of growth of the hydrous oxide layer is 
dependent on the rate of change of the applied poten- 
tial, as is shown in Fig. 2. Faster sweep rates result in 
a lower growth per cycle; qualitatively, this is what 
should be expected since the time spent per cycle at the 
growth potentials decreases with an increase in sweep 
rate. The peak heights of the hydrous oxide layer 
processes (E2 and E3) do not increase linearly with 
sweep rate as would be expected for a surface layer 
transformation [13]. At low sweep rates, the peak 
current, ip, is linearly dependent on v 1/2 (v is the sweep 
rate), as shown in Fig. 3, whereas ip becomes propor- 
tional to v at high sweep rates. 

Figure 4 shows the voltammetric response of the 
steel electrode in the presence of oxygen. The reduction 
potential for oxygen is seen to shift in the positive direc- 
tion when the hydrous layer is grown. For comparison, 
Fig. 5 shows the voltammetric response in the absence 

20 

16 

'E t2 

G' 
8 

2 4 G 8 

number of cycles 

Fig. 2. Dependence of the charge accumulated in the hydrous layer 
during the oxidation cycle on the number of cycles for a steel 
electrode in 0.1 M KOH; potential limits of  - 1500/100 mV. Sweep 
rates: zx 3, �9 5, [] 10, A 20, o 50, �9 100, + 200 and x500mVs -~ . 
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Fig. 3. Sweep rate dependence of the peak curent at E 2. The measure- 
ments were taken for an electrode cycled four times and the con- 
ditions were the same as for Fig. 2. 

of  02 and Fig. 6 shows the oxygen reduction currents 
corrected for capacitative oxide contributions. 

Figure 7 shows the dependence of  the peak currents 
for O: reduction, corrected for the oxide reduction 
currents, as a function of  the square root  o f  sweep 
rate. The uncycled electrode follows the classical 
prediction for cyclic voltammetry,  but the electrodes 
with hydrous layers grown show significant deviations 
from this behaviour. 

4 .  D i s c u s i o n  

4.1. The growth of the hydrous oxide layer 

The mechanism of growth of  the unusual peaks E2 and 
E3 has been discussed in the literature [4, 6] and under- 
standing them is essential in order to predict the long 
term corrosion effects of  ac currents on steel. Figure 1 
clearly shows that a steel structure which has ac poten- 
tials imposed on it runs the risk of  very rapid deterio- 
ration. Note that the peaks E2 and E3 do not grow if 
the potential is cycled up to a potential less negative 
than that corresponding to wave E4, that is, the 

' E  
r 

- 0.10 

-0.20 

. _  . - . : - ; ~  . . . . .  

U 1 7 , 
f 

I i I 

- 0.8 - 0.4 0 
E (V) 

Fig. 4. Cyclic voltammetry for a steel electrode in 02 saturated 
0.1 M KOH between -900/-- 100 mV at a sweep rate of 0.01 V s-1 
for different thicknesses of the hydrous oxide layer grown by elec- 
trode cycling between -1500/100mV: ( ) uncycled electrode; 
( - - - )  12.8; (- . . . .  ) 14.6mC cm -2 . The negative limit was chosen 
sufficiently positive to avoid further growth during the experiment. 
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Fig. 5. Same conditions as in Fig. 5, but in a deaereated solution. 

growth of the hydrous oxide layer occurs as a result of  
the electrochemical reactions at potentials more nega- 
tive than - 1.25 V against the SCE. There has been 
some discussion regarding the nature of  the reduction 
process at E 4 [10-12]. As mentioned above, the occurr- 
ence of  this process appears to be essential for the 
growth of  the hydrous oxide layers. Burke and Mur-  
phy [10] proposed that this process corresponds to 
the partial reduction of  Fe304 according to the reaction 

Fe304  Jr- 2H + + 2e- ~ 3FeO + H20 (1) 

which has a standard potential of  E ~ = - 0 . 1 9 7  V. It  
was proposed that the FeO formed is incorporated in 
the hydrous layer in the subsequent oxidation. How- 
ever, the reaction at E4 has the characteristics of  a 
nucleation process [14] which is most  probably related 
to the reduction of a mixed oxide layer close to the 
metal surface (the compact  oxide layer in Burke's 
terminology). Since the density of  iron oxides is much 
lower than that of  metallic iron, the full reduction of 
an oxide will necessarily result in the nucleation of  
'voids' ,  that is, regions where the reduction has started 
and left sections of  the lattice void of 02-  ions. At the 
end of this reduction process, a completely distorted 
and consequently.highly reactive Fe surface lattice will 
remain. 
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Fig. 6. Oxygen reduction wave corrected for oxide reduction cur- 
rents for different thicknesses of the oxide layer. Conditions as in 
Fig. 4. 
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Fig. 7. Sweep rate dependence of the oxygen reduction peak current 
for the results corrected for the oxide reduction currents (Figs 4 
to 6); zx0, A 12.8 and [] 14.6mCcm -2. 

The hydrogen evolution reaction is observed at 
more cathodic potentials and it is expected that the 
incorporaton of atomic hydrogen in the metal will also 
aid the distortion of the surface layers of the metal. 
During the oxidation cycle, the process occurring at E~ 
is nearly independent of the number of cycles and of 
the thickness of the hydrous oxide layer and, there- 
fore, must represent the growth of an inner layer of 
oxide whose charactristics are independent of the out- 
side layers. It is reasonable to consider that in this 
potential region, the reduction products of the pre- 
vious cycle (a dispersed form of Fe on a distorted sur- 
face lattice) are reoxidized. 

Peaks s and El are related to each other, but 
cycling between these two potential regions is insuf- 
ficient to bring about further growth of  the hydrous 
oxide layer, which only occurs when the anodic poten- 
tial is more positive than ~0.7V.  Therefore, the 
growth of the new inner oxide layer occurs during the 
further oxidation of  the metal. In each cycle, new 
charge is incorporated into the hydrous oxide layer 
since the reduction of the compact inner oxide film 
does not reproduce the original iron lattice, but rather 
leaves the reduced Fe atoms mismatched with respect 
to the metal lattice. It is not possible at present to 
decide whether the Fe resulting from the reduction of 
the inner oxide layer is chemically oxidized by water, 
or whether its oxidation, initially to Fe(OH)2, is elec- 
trochemical. Either mechanism will lead to the same 
result, that is, new layers of atoms from the metal 
Iattice will be incorporated into the hydrous layer 
during each anodic/cathodic cycle. 

4.2. Diffusional processes in the film 

The sweep rate dependence of the peak currents in E2 
and E3 is characteristic of a diffusion controlled reac- 
tion [15]. It has been proposed that the diffusion of  
OH-  in the hydrous oxide layer is the slow process [7]. 
Since electroneutrality must be preserved, the oxida- 
tion of Fe(II) centres must occur simultaneously with 
OH-  incorporation, as is well known for the redox 
electrochemistry of conducting polymers and of thin 

layer electrochromic electrodes [16]. For sufficiently 
fast sweep rates, that is, for characteristic oxidation 
times sufficiently small to allow the film to be treated 
as a classical semi-infinite diffusional field, the classi- 
cal diffusion equations for cyclic voltammetry should 
be approximately applicable. This is justified later on. 
For a reversible charge transfer reaction at 25 ~ C, the 
peak current is given by [15] 

ip = 2.69 x 105 n3/2D1/2Cv 1/2 (2) 

where ip is the peak current (inA cm-2), n is the num- 
ber of electrons involved in the charge transfer reaction, 
D the diffusion coefficient of the species responsible 
for the charge transfer (in cm 2 s- l), C its concentration 
(in mole cm -3) and v the sweep rate (in Vs-1). From 
the results in Fig. 3, and using CKoH = 0.1 M, a value 
o f D  = 6.5 x 10 -Scm 2s -1 is obtained. This is an 
interesting result, since the value calculated is several 
orders of magnitude greater than the values expected 
for solids, but less than two orders of magnitude 
smaller than the corresponding ionic diffusion coef- 
ficient in aqueous solutions. The value obtained is in 
agreement with the notion that the hydrous layer has 
a very open structure and the material is heavily 
hydrated. 

Although it is not possible at present to decide 
whether the Fe(III) growth is initiated at the metal- 
oxide or the oxide-solution interface, both mechan- 
isms will lead to the same i-t behaviour. 

The characteristic time of the cyclic voltammetry 
experiments (that is, the time required for carrying out 
the diffusion controlled oxidation of the hydrous layer) 
is a few seconds at the lowest sweep rates studied. For 
a diffusion controlled reaction, the characteristic dif- 
fusion time is given by 

~D = xD/D (3) 

where % is the characteristic diffusion time, and xD is 
the distance over which we are computing ~D. For the 
value o l D  previously calculated, xD "-~ 2 x 10 -4 cm. 
In the present case the characteristic diffusion length 
will be the thickness of the film and the value obtained 
is reasonable considering the heavily hydrated nature 
of the outer layers formed. 
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Fig. 8. Dependence of the charge accumulated in the hydrous layer 
during the oxidation cycle on sweep rate. The steel electrode was 
cycled four times between - 1500/100mV in 0.1 M KOH. 
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Understanding the effect of sweep rate on the redox 
reactions of the hydrous layer is essential in order to 
be able to extrapolate these results to the ac case. As 
discussed above, the rate of growth will be proportional 
to the time the system is present at the growth poten- 
tial. The results in Fig. 2 clearly show that the growth 
of the hydrous layer is strongly dependent on the 
sweep rate. Figure 8 illustrates this effect: since the 
process is diffusion controlled, the total charge accumu- 
lated, Q, will depend on the distance the diffusion 
front travels within the film in the time of growth. 

From this analysis, Q oc x D GC 1, ' - 1 / 2  and a plot of Q 
against v-1/z should be linear. This is indeed the case 
as can be seen in Fig. 9. However, for a purely dif- 
fusion controlled reaction, the value of Q should 
extrapolate to zero at infiite frequency, whereas it is 
very clear that a limiting value of Q is observed for fast 
sweep rates. The data in Fig. 9 correspond to a fixed 
number of cycles (six in this case) and it was found 
that the limiting value increases with the number of 
cycles. This is a very interesting result since it shows 
two important features: (a) superimposed on a dif- 
fusion controlled process is a charge transfer reaction, 
the kinetics of which only become apparent at high 
sweep rates; (b) the limiting thickness is a function of 
the sweep rate and does not become negligible at fast 
sweep rates. 

These aspects are the most important in relation to 
ac corrosion since the observed growth kinetics will 
result in long term film growths which, by themselves, 
are sufficient to cause rapid material deterioration by 
spalling of the poorly adherent layers formed. As is 
shown later, the growth of these layers results in a 
substantial enhancement of the cathodic depolarizing 
reaction with the subsequent increase in corrosion 
susceptibility. This analysis assumes uniform film 
growth. In practice, non-uniform effects will occur, 
enhancing corrosion rates. 

According to the model discussed, the rate of 
growth of the hydrous layer will be mainly determined 
by the diffusion and migration of the OH- ions 
through it. Thus, the amount of charge accumulated 
will be related to the time the system stays in the 
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Fig. 9. Dependence of the charge accumulated after cycling on 
v-1/2, to test the diffusion controlled model of film growth. The data 
are from Fig. 8. 

growth region, provided the potential excursions are 
sufficiently large to encompass the reduction of the 
inner oxide layer. 

4.3. Influence of the hydrous oxide layer on the 
reduction of oxygen 

The reduction of oxygen is the cathodic depolariza- 
tion reaction in natural waters. As shown above, when' 
ac currents are imposed on steel the structure and 
nature of the layers of corrosion products are signifi- 
cantly altered. Previous work [17] has shown that the 
mechanism of 02 reduction on an oxidized Fe surface 
is determined by a surface redox catalytic cycle involv- 
ing the formation of [Fe(II)] sites, which are responsible 
for the electron transfer reactions to an 02 molecule to 
give adsorbed peroxide according to 

2[Fe(III)]OH- + 2 e - .  " 2[Fe(II)] + 2OH- 

(4) 

2[Fe(II)] + 0 2 .  " [Fe(III)]20~- (5) 

[Fe(III)]2OH- represents an Fe(III) centre which has a 
coordinated OH- ion. OH- coordination is required 
to account for the observed reaction order of the rate 
of 02 reduction with respect to OH-,  which is - 1. 
The rate determining step is the reduction of the 
adsorbed peroxide 

[Fe(III)]20 ~- + 2H20 + 2e- ----* 2[Fe(III)] + 4OH- 

(6) 

and the overall value of the standard rate constant will 
depend on a combination of the rate constants of 
Reaction 6 and the equilibrium constant describing 
the electrochemical pre-equilibrium Reactions 4 and 
5. The latter will determine the number of [Fe(II)] sites 
available for reaction. It is easy to see that, if for any 
reason the surface concentration of these sites is larger 
at a given potential, this should increase the rate con- 
stant for 02 reduction and, hence, shift the polariz- 
ation curve to more positive potentials. Since the 
hydrous oxide layer has a charge capacity much greater 
than the compact inner oxide layer and the Fe(III) 
oxide reduction occurs at more positive potentials, the 
reduction of oxygen should also shift to more positive 
potentials. The peak potential of 02 reduction can be 
used as a simple comparison between the rate con- 
stants in the presence and absence of the hydrous 
oxide layer, since this is sensitive to the value of the 
overall standard rate constant according to [15] 

Ep = E ~ 0.780 + In 

( c~narv ~ '/2 ] 
+ In \ - ~ - - - }  j (7) 

where e is the transfer coefficient, na is the number of 
electrons involved in the rate determining step, k is the 
rate constant and n is the total number of electrons per 
mole of reactant. The product c~n, can be calculated 
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from the Tafel slope for 02 reduction and has a value 
of 0.42 for passive iron [17]. E '~ is the normal potential. 

Comparison of  the results in Figs 4 to 6 clearly 
shows that, for cycled electrodes, the shift in the 
reduction potential of  the Fe(III)  oxide to give Fe(II) 
centres also results in a marked shift in the oxygen 
reduction wave. Thus, the formation of hydrous oxide 
layers, in this case, produces a catalytic effect on the 
reduction of  02, which is bound to have a profound 
effect on the rate of  corrosion of  steel. 

These effects can be readily quantified using the 
theory of irreversible sweep vol tammetry [15]. F rom 
Equation 7, we can estimate the change in the rate 
constant for 02 reduction when a hydrous layer is 
grown on passive iron. The shift in peak potential is 
related to the change in the value of k by 

AEp - 2 . 3 R T  log ( k ~  ") (8) 
7na F 

where AEp is the change in peak potential and k ~ and 
k'  are the rate constant for oxygen reduction for 
cycled and uncycled electrodes, respectively. From the 
results in Fig.6, AEp = 0.13 V, which corresponds to 
an increase of  one order of  magnitude in k ~ on cycling 
the electrode. 

It  is interesting to notice that the diffusion coef- 
ficient of  O2 calculated from the dependence of  the 
peak current on sweep rate, decreases when the elec- 
trode is cycled. For  the results shown in Fig. 7, values 
of  the diffusion coefficient for 02 of 2.3 x 10 -5 cm 2 S -1 
can be calculated for the uncycled electrode. For  this 
calculation, the solubility of  oxygen in 0.1 M K O H  
was taken from Landolt-Bornstein tables [18]. This 
value compares favourably with literature data of  
1.95, 1.90 and 2.12 x 10-Scm2s -1 [17, 19, 20]. 
For  the cycled electrode, a value of D = 1.2 x 
10 -5 cm 2 s -1 is obtained at low sweep rates. The 
decrease in D for cycled electrodes results f rom the 
lower diffusion coefficient o f  02 in the hydrous layer as 
compared with the diffusion in the bulk of  the sol- 
ution. It  should be noted, however, that significant 
deviations from the behaviour expected for an irrever- 
sible reaction occur at high sweep rates, as can be 
clearly seen in Fig. 7. This is probably due either to 
diffusion limitations in the thick hydrous film or to the 
onset of  a chemical limiting step, such as Reaction 5. 
Further work is in progress to elucidate the details of  
the mechanism. 

From these experimental observations, it is clear 
that the mechanism of  the reduction reaction remains 
the same for a cycled as for an uncycled electrode and 
the only change observed corresponds to the shift of  
the Fe(III) /Fe(II)  passive film redox potential. This 

also explains the observed decrease in D on cycling, 
since the 02 molecules must partially diffuse through 
the hydrous oxide before reaction, although Reaction 5 
occurs throughout the film. In terms of corrosion 
rates, the observed increase of  the value of the rate 
constant for the cathodic corrosion reaction will shift 
the corrosion potential to more positive values, and 
hence, increase also the corrosion rate. 

5. Conclusions 

The main effect of  ac currents applied to steel is the 
formation of  hydrous oxide layers that give rise to an 
increase in the corrosion rate due to their mechanical 
detachment and to the enhancement of  the rate of  the 
oxygen reduction reaction. 
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