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A method based on faradaic distortion is presented for the study of the kinetics
of corrosion processes for the case when the current-voltage characteristics of both
the anodic and the cathodic reactions can be expressed by Tafel’s equation. The har-
monic components of the current flowing through the electrode under the effect of a
sinusoidal alternating voltage superimposed on the polarizing direct voltage are :ex-
amined as functions of the time-average value of the polarizing direct voltage and the
amplitude of the alternating voltage. The corrosion current and the Tafel slopes of the
anodic and cathodic reactions can be determined by measuring the first, second and
third harmonic components of the faradaic currént at one potential in each of the anedic
and cathodic Tafel ranges. The evaluation of the corrosion current and of the Tafel’s
slopes from the harmonic component of the current meagured at the corrosion potential
is also present¥d. Simple relationships are obtained if the amplitude of the alternating
voltage is small. '

Introduction

*  The current-voltage characteristics of electredeé-solution interface i.e.

the polarization curve is generally nonlinear mainly as a consequence of the
nonlinearity of the faradaic impedance. (The nonlinearity i.e. the potential
dependence of the capacity of the double-layer is an additional cause of
the above effect.) It follows from the above fact that current rectification
is observed when the electrode is polarized by a nondistorted sinusoidal
alternating voltage and the current is distorted as compared to the applied
voltage i.e. the current contains higher harmonic components in addition to
the one having the same frequency as the polarizing voltage. The latter
phenomenon is termed faradaic distortion while the former is the faradaic
rectification. Consider as an example of this phenomenon a currentvoltage
characteristics given by an expression of second order '

I= AU + BU? )

substituting voltage U by U, sin ot (where U, is the amplitude and o the

angular frequency of the alternating voltage) current I will be given by the

following formula :

BU3
2

BU?
2

I = AU, sin ot + BUj sin? wt = + AU, sin ot + cos 2wt. (2)
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Thus, in addition to the component having frequency  the current is composed

BU?

of a d.c. component ——> and a second harmonic component havin g frequency

2

2 and amplitude . Both rectification and distortion originate from term

BU? containing the second power of U and causing the nonlinearity. When
the current-voltage characteristics is described by an expression containing
higher powers of U (e.g. by a transcendent integer function defined by a power
series) the current also contains higher harmonic components of frequency.
ko (k=1, 2, 3 ...). The parameters of the current-voltage characteristics
(A4 and B in the above example) appear in the amplitudes of both the rectified
current and the harmonic components consequently these parameters can be
evaluated if the amplitudes are known.

The above considerations also apply to the case of the polarization by
alternating current of an electrode having a nonlinear current-voltage charac-
teristics. In this case the potential of the electrode exhibits faradaic distortion
and faradaic rectification.

A similar approach is valid for the case when an alternating voltage or
alternating current is supenmposed on the direct voltage or direct current,
respectively, polarizing the eléctrode. In this case the d.c. polarization curve
observed in the absence of a.c. current is modified by the faradaic rectification
component, and the harmonic components of the current or those of the poten-
tial can be studied as a function of the polarizing direct voltage or direct cur-
rent, respectively. Thus valuable information is obtained on the kinetics of the
electrode reaction.

Faradaic rectification has been studied first by Doss and Acarwar [1,
2] in the audio-frequency range. These authors applied the above method for
the study of the kinetics of redox processes near the reversible potential.
BarkER [3, 4, 5] employed radio-frequency signals for the investigation of
rapid electrode processes. Later several authors studied the details of the meth-
od. DELABAY et al. [6] studied the rectification and distortion effects caused
by the nonlinear current-voltage characteristics of redox processes in the case
of simultaneous diffusion and charge transfer polarizations in the vicinity of
the reversible potential.

Van CAKENBERGHE [7] has suggested the use of the second harmonic
component generated by faradaic distortion for the determination of the trans-
fer coefficient. This method has been developed further by BAuER and ELviNe
[8]- Several authors have derived expressions for diffusion and charge transfer
polarization [9, 10, 11]. The potential dependence of the second harmonic
current component was mainly studied from a polarographic point of view
aiming at kinetic investigations [12 through 19] or at analytical determinations
[11, 20, 21].
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An extremely lucid summary of the effect related to faradaic impedance,
faradaic rectification and distortion has been presented by DEVANATHAN [22]
for the case of redox reactions in the vicinity of the reversible potential.
DEVANATHAN et al. [23] determined the kinetic parameters of some redox
reactions by the measurement of faradaic distortion at radio-frequency signals
(100 kHz to 1 MHz).

RANGARAJAN [24,25,26] has developed an operator method for the mathe-
matical evaluation of the non-linear response of the faradaic impedance. This
method is applicable in the case of any current or voltage perturbations.

In recent years some attempts have been presented regarding the use of

faradaic rectification and distortion in the study of corrosion processes. €€
SANTHYARAYANA [27, 28] determined the rate of corrosion by faradaic recti-
fication measurement at the electrode polarized by sinusoidal alternating
voltage in the vicinity of the corrosion potential. This method can only be
applied if the Tafel slope of at least one of the partial processes is known.
SANTHYARAYANA and SRINIVASAN [29] have derived a relation for the deter-
mination of the corrosion current from the potential shift caused by faradaic
rectification for such cases when the corrosion potential does not considerably *
differ from the reversible potential of the metal electrode. The Tafel slopes of
the partial electrode processes must be known also in this case. Experimental
evidence of the above mentioned relationship has also been presented [30].
PrRABHAKARA Rao and Misra [31] have studied the potential dependence of
the first and second harmonic a.c. and that of the intermodulation current
components generated by a small amplitude alternating voltage superimposed
on the direct voltage. These authors confined their study to the vicinity of the
corrosion potential assuming that the polarization curve could be considered
WE%. in this potential range and they substituted the
exponential expressions relating to the a.c. component with fourth order Taylor
polynomials. This method permits the determination of the corrosion current
and that of the Tafel slopes as well.

In our previous work we have considered the effect of alternating current
on electrode reactions and corrosion processes having various current-voltage
characteristics [32 through 40]. It has been shown that the polarization curve
of the electrode and consequently the rate of corrosion were altered by a.c.
to an extent depending on the amplitude and the frequency of the latter. The
effect of the double-layer capacity has also been considered.

In this communication a new a.c. method will be presented for the deter-
mination of the electrochemical rate of corrosion of metals. The potential depen-
dence of the harmonic components of the current is examined in the case of the
polarization of the electrode by an alternating voltage superimposed on the
direct voltage which permits the evaluation of the kinetic.parameters (cor-
rosion current, Tafel slopes) of the corrosion process. It was assumed that both
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the cathodic and the anodic reactions of the corrosion process can be represented
by a Tafel-type current-voltage characteristics and the reversible potential of [}
the two partial processes sufficiently differ from the corrosion potential. éé

Harmonic components of the faradaic current

In the present case the polarization curve of the electrode is expressed
by the following equation :

A_E _AE V)
N Y ®

where j is the current density, ji the corrosion current density, 4E = E — Ej
is the polarization i.e. the difference of the actual potential and the corrosion
potential while 8, and §. are parameters proportional to Tafel slopes b, and b,
of the anodic and cathodic processes, respectively : :

In 10

b,

d B =2,
and fe =70

Ba

If the electrode is polarized by a sinusoidal voltage having angular frequency
® and amplitude U, superimposed on the direct voltage AE

AE = 4E + U, sin wt @ (4)
the current density can be calculated by the following equation

4E + U,sin ot _4E + U,sinot d(4E)

j.—:.:jK(e [ — e Be )+C dt . (s)

The first term of equation (5) is faradaic current density j while the second term
represents the capacitive current density, C being the double layer capacity
referred to the unit area of the electrode. The capacity of the double layer is
assumed to be independent of the frequency [41] and of the potential in the
potential range used in the investigation. The resistance of the solution between
the working electrode and the reference electrode is disregarded in the theoret-
ical derivation. The effect of the nonlinearity of the double layer capacity
and the influence of the solution resistance will be considered in a future
publication. Note that amplitude U, of the alternating voltage is not limited
except in so far as it is assumed that in the potential range AE = 4E -+
-+ Upgsin wt only one cathodic reaction (e.g. H, evolution) takes place in addi-
tion to the anodic reaction consisting of metal dissolution.
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We examine the faradaic current density

4E+ Ussinot  _4E+ U,sinat
jr=jx(e % —e Pe ), (6)

the capacitive current density

Cc i(gtl;—)— = wCUoc;)s ot (7)

will be considered later.
The exponential terms of equation (6) can be written in the form of

products and thus the factors depending on the time average value of AE are
separated and the following relation is obtained

E U,sinot _ZL_E_ __Ussinot
jF=jK(eﬁ. e Pa _¢g P .o ). (8)

- The faradaic current density has a distorted sinusoidal form because of
the non-linear (exponential) characteristics of the anodic and cathodic charge
transfer reactions and thus in addition to the fundamental harmonic having
frequency o, higher harmonics of frequency kw (k = 1,2, 3 ...) are also present
in the current. The harmonic components of the current density can be obtained
by developing the exponential terms

U,sinot _U. sinot
e Fe and e A
in Fourier series [37]

k=0

ir =k {[ ﬁa o) +2 3(— 1)k12k+,|—:Jsin(zk+1)m+

U, aE
+22( l)kIzk(B Jcoskat]ep. _

k=1

[ ( ._22(_1)k12,‘+1(gc)sm(zk+1)an+

k=0
U, )
+2,?§( 1)< 1, (ﬂ ]coskat] at 9)

where I, (n = 0, 1, 2 ...) are modified Bessel functions of the first kind. How-
ever, it is sufficient to substitute the faradaic current density by a third
order Fourier polynomial as the measurement of harmonic components higher
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than the third one is burdened with difficnlty and inaccuracy. The amplitudes
of the higher harmonic components are so small as to be commensurable with
the noise level of the measuring system. Thus, by rearranging the terms having
identical frequencies one obtains

§r = jx {I {U eﬁ. 1, ‘_e n,,_;.

Ba
iE
+ ij{I1 %2 e + I,‘—g—'l e ”- }smwt-—
a [4
Uy I U - (10)
——2j,,lI2 _.50— efe — I, ﬂo!e ’-]coswt—
a c
4E 4E.
— 2jk{13 % 37“-1-13 %q) e~7:]sin3wt.
a [

The first term of equation (10) is the time average of the current density,-:];
(d.c. component) while the second, third and fourth terms are the first, second
and third harmonic components, respectively. The latter terms can be measured
by a frequency selective measuring receiver. Thus the d.c. component is given
by the following formula

_ U, JE U aE

j=jxil efe — I [=2le P 11

i A R 3 R

while the faradaic rectificaion term is
U Uy -2 . (& _2E
ﬂﬂ ]e Be —Jx efs — g Bl —
A .

el E A e

“j=jk{1 ),,,,. _1,

and the amplitudes of the harmonic components relating from faradaic distor-
tion are

U\ -4E
51=2jk{11 )eﬂ-+11 e ﬂ-], (13)
(4
U -%E
j2=2jk I Jeﬁl ..._I2 ﬂoJ e Be (14)
[4
4E
js = 2§k [_r U )eﬁ- +1, %‘! e“ﬂ«‘}. (15)
a (4
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Note that the signs in equation (10) were neglected in expression (14) and (15),
similarly the phase reversal of the second harmonic is not indicated either
because the amplitudes are defined as positive quantities. Thus the faradaic
rectification component and the amplitudes of the first, second and third
harmonic components generated by faradaic distortion are related to the polar-
izing direct voltage and the amplitude of the alternating voltage by equations
(12) through (15).

The above relationship do not contain any restriction regarding the
amplitude of the alternating voltage. However, much simpler expressions can
be obtained if the amplitude of the alternating voltage is reduced to an extent
permitting the substitution of the Bessel functions by the first or first and
second terms of their Taylor polynomials. '

The approximate value of the Bessel function uséd in the above equation
are the following

RN e M ot E <16>
e (¥, (17)

) Ie(x)a‘%{;—]', | (18)

Iy(x) ""% %]3 (19)

. . . )
The error caused by the above approximation when x = —2 — 1 amounts

to 10 per cent approximately and it can be reduced further by decreasing
amplitude U,. The error becomes negligible as compared to the inaccuracies
of the measuring method when the amplitude is 5 to 10 mV. Equations (12)
through (15) are simplified to the following formulas by substituting the
approximate values of the Bessel functions :

4E 4E \ 70 S
3 = e[z eh — e | T (20)
a [4
1 4E 1 24E
j =jk ﬂ—'ep' +E—ep' qu (21)
4aE 4E | 112
[N R~ ey g L (22)
B B2 4
E | _%E) 3
—=f | —efs 4 —e PFe| 20, 23
= J"ﬁze +ﬁ";e )24 (23)
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Faradaic rectification current component Jj is represented in Fig. 1 as
a function of the time average value of polarizing voltage AF, while the poten-
tial dependence of the amplitude of the fundamental harmonic component
and that of the higher harmonic components generated by faradaic distortion
are shown in Figs 2 through 4, respectively. The curves shown in the figures
werecalculated according to equations (20) through (23) with the following param-
eters: U, = 0.010V,8, = ;= 0.050V and B, = 0.025V and g, = 0.050 V,
respectively. The difference between the data calculated with exact formulas
(12) through (15) and approximate equations (20) through (23), respectively,
are shown in Figs 5 through 8 as functions of amplitude U, of the alternating
voltage for the case when AE = 0 i.e. at the corrosion potential while Figs
9 through 12 represent the same relationship for the case of polarization

. 4E = 0.100 V. The parameters used in this calculation were the following
Ba = 0.025 and B, = 0.050 V.

Determination of the corrosion current and of the Tafel slopes

* The kinetic parameters of the corrosion process (j;, 85, f) can be evaluated
from data obtained in measurements made with an electrode either polarized
in the range of the validity of Tafel’s equation or maintained at the corrosion
potential using either exact equations (13) through (15) or approximate
formulas (21) through (23).

The harmonic components of the faradaic current are given by the follow-
ing formulas deduced from equations (13) through (15) for the case of measure-
ments with an anodically polarized electrode at a sufficiently large polarization

(Aﬁf > 1] in the range of the validity of Tafel’s equation. ¢, .~
‘ U, aE, ,
1o = 2ji 1, 71 eh, (24)
a
.. (Ug) 2B
Jea = 2jicd, ‘B—J efe, (25)
a
. ) U, 2E
Jsa = 2jils Eﬂ efe. (26)
a

The quotients of the amplitudes of the harmonic components measured

at the same potential AE, namely

@7

,-—\,_—\
\——f\———d

Acta Chim. Acad. Sei. Hung. 100, 1979



DEVAY, MESZAROS: STUDY OF THE RATE OF CORROSION OF METALS 191
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Fig. 1. Faradaic rectification component plotted as a function of polarization
4E; Uy =10mV; a: f;, = f, = 50 mV; b: f; = 25 mV, f, = 50 mV

1 Al i I A L.
-150 -100 -S0 __ S0 100 150
E (mV)

Fig. 2. Amplitude of the fundamental harmonic component plotted as a function of polar-
ization. Uy = 10 mV; a: §, = B, = 50 mV; b: §, = 25 mV, f; = 50 mV
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Fig. 3. Amplitude of the second harmonic current plotted as a function of polarization. Uy =
=10 mV. a: f; = B, = 50 mV; b: f; = 25 mV; f, = 50 mV
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Fig. 4. Amplitude of the third harmonic component plotted as a function of polarization.
U, =10 mV. a: 3 = B = 50 mV; b: §, = 25 mV, f. = 50 mV
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Fig. 5. Faradaic rectification component plotted as a function of amplitude U, of the alternat-
ing voltage at the corrosion potential AE = 0; f, = 25 mV, f, = 50 mV. a: calculated

. with approximate formula (20); b: calculated with exact formula (12)
20 |
o |
I
15f
b
10}
St
.~ a
A e aas -
S0 100
U (mv)

Fig. 6. Amplitude of the fundamental harmonic component plotted as a function of amplitude

U, of the alternating voltage at the corrosion potential AE = 0, §, = 25 mV, f, = 50 mV,
a: calculated with approximate formula (21), b: calculatéd with exact formula (13)
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10

J20
Jk

1 1
S0 100
Ug (mV)

Fig. 7. Amplitude of the second harmonic component plotted as a function of amplitude U,

of the alternating voltage at the corrosion potential AE = 0; S, = 25 mV, B, = 50 mV;
a: calculated with approximate formula (22); b: calculated with exact formula (14)

400 |

300

200

100 |

50 100
Uo (mV)

Fig. 8. Amplitude of the third harmonic component plotted as a function of amplitude U,

of the alternating voltage at the corrosion potential 4E = 0; f, = 25 mV, f; = 50 mV.
a: calculated with approximate formula (23); b: calculated with exact formula (15)
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P4
500 |
400 |
A :
Jk ,
"300}
200} 3
A !
100} '
50 100
U (mv)

Fig. 9. Faradaic rectification component plotted as a function of amplitude U, of the alternat-

ing voltage at anodic polarization AE = 100 mV. f; = 20 mV. f, = 50 mV. a: calculated
with approximate formula (20); b: calculated with exact formula (19)

1000

Jia
Jk b

500 |

Uo {mV)
Fig. 10. Amplitude of the fundamental harmonic component plotted as a function of amplitude
U, of the alternating voltage at anodic polarization 4E = 100 mV. 8, = 25 mV, §, = 50 mV;
a: calculated with approximate formula (21); b: calculated with exact formula (13)
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500 I~

Up(mv) *

Fig. 11. Amplitude of the second harmonic compohent plotted as a function of amplitude

U, of the alternating voltage at anodic polarization AE = 100 mV. f, = 25 mV, 8, = 50 mV.
a: calculated with approximative formula (22); b: calculated with exact formula (14)

Ja |
Jk

50 . 100
‘ Uo {(mV)

Fig. 12. Amplitude of the third harmonic component plotted as a function of amplitude U,
of the alternating voltage at anodic polarization 4E = 100 mV. f, = 25 mV, f,-==50 mV.
a: calculated with approximative formula (23); b: calculated with exact formula (15)
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and

Uy
:;_ _ I’[ 8.l ] (28)

nal

respectively, permit the evaluation of §, by successive approximation using

mathematical tables.
B, can be obtained also by a simpler method without resorting to succes-

sive approximations if one employs recursion formulas [42] valid for modified
Bessel functions of the first kind. '

‘2;1 (%) = Iy(%) — Ioyq(). (29)

Equation (29) yields for n = 2
4 i
— 1ol®) = L) — (=), (30)

whence one obtains by substitution of x =

] . \ '(31)

ﬂa
Substitution of equations (27) and (28) in equation (31) gives
B, = U Jia_:‘Jg . (32)
4 J2a

Thus parameter f;, can be determined from measurement data of the
amplitudes of the first, second and third harmonic current component, respec- .

tively, at one potential AE, in the range of validity of Tafel’s equation.

-When
Jsa Lo
equation (32) can be sfmplified to yield
U
Boow =0 ha (33)
4 i

E, > l) can be

Parameter f, relating to the cathodic reaction l—
: c

obtained by a similar procedure.
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Namely
U, -2&
Jie= 2jk11(——° e F, (34)
(4
.o (Uo) —7=
oo = 2iuTs |52 < (35)
(-
. . Uy| -2
Jae = 2jucds _ﬂ_o e P, (36)
thus )
A
jlc —_ ﬂC (37)
ec Us)
L |—
B.
and '
L, [Ye
e | B! (38)
.'36 I _qg
3
B. )

Parameter f§,is given by the following expressions from equations (37) and (38)
using recursion formula (29).

Us Jrc — Jac
=0 Jlc Jse 39
Be rE— (39)
or
‘ch Uo jlc (40)
4 ch

where j,,, j,c and jy, are the amplitudes of the harmonic components measured
at potential _A_ETC corresponding to a cathodic polarization in the range of the
validity of Tafel’s equatiom,

The corrosion current density can be calculated using anyone among
equations (24) through (26) and equations (34) through (36) knowing g, or g,
and polarization 4E, and 4E, employed during the measurement of §,,, j,, and
Jso as well as §y, j, and §., respectively.

AE. Jza AE- _ __jsa e—ApE: _
2 SR Y
3 =
—_ JIc epe — .’2: Tf"___ . jsc eA,T";:’. (41)
oI, [? oI [g° 21,(
(] ¢
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