














6 MESZAROS, DEVAY: KINETIC PARAMETERS OF THE CORROSION PROCESS

while the faradaic rectification term, 4j, is

e[ ) ) o

The next six terms of Eq. (8) correspond to the two fundamental frequencies

L I |2

(w, and ,) and to the higher harmonic ones (2w;, 2w,, 3w,, 3w,;). The ampli-.

tudes of the harmonic components are denoted by j:

o= 5521 F wurﬁ-w
j(wz)—zjk[r.,[—] [ le"--l-fo['— r, (], »e} (12)
j(2n) = 23| [ __],75_1.,| a5 .
- Al

U, J R4

§(Bwy) = 2k [Io[ o +I.,(—— I,l ]e ;f] (15)

.Ba

B ) )], o

The components having fequencies w; + w,, @, + 2w, and w, + 20,
respectively, correspond to six other terms of Eq. (8) however, the amplitudes
of these components are identical in pairs and can be written in a concise form

§(30s) = 2 Io[

~

) Fn 2

J(oy £ @) = 24, 17

ey + 209) = 24 {Il (%] L [i’-] A, (

(3475 o

J(wg+2wl)—2]k[ (ﬁa)I’[ ) A I, e f] (19)

The signs indicated in Eq. (8) are disregarded in Eqs (13)—(17), as is
the phase reversal of the second harmonic components and that of the inter-
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0 Pontne quantltles

7

B avedulation components of frequencies w; 4 w, since the amplitudes are defined

Simpler relationships are obtained if we confine our investigations to
cmall amplitudes U, and U,, permitting to substitute the Bessel functions
«a the above equations by the first term or the first two ones of the respective

Tavior polynoxmals

Using the approximate expressions derived in our previous communica-

woa [1] Eqs (9)—(19) can be rewritten in simpler forms:

E
j:jk[[1+ Ui+ U'] _[1+_Uii_€’§];7r

9

. 462 4p
N i

N Rt N Pt LR Co i 8

o =3e{[ 1+ (35, ’]%:e""f+[1+(§’:l’Jﬁx e

j(2ey) =jk 1 + (

]

) |7

j(209) = ji 1+‘2p4)

h
"lml
r——|
o
+
S
N
;°°
\—/
————-‘
v.».

i) = {1+ (2 -1_: [+ 2 % Ew
oes= T o e F)
jlon + ) = jkﬂ E——-g—g"% U12U3

iy + 2005) = i E‘e" +-ﬂ—;c s

£ .1 -ﬁ”—f} Uiy,

Zz 1 ‘]Ulm

- 1 Kool
W, + 2 =f§.]—ePs —_— [
j(op + 20,) = ji ﬁﬁe +ﬂie 8

m .

4

u

(20)
@)
22)
(23)
(24)
(25)
(26)
@7)
(28)
(29)

(30)
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8 MESZAROS, DEVAY: KINETIC PARAMETERS OF THE CORROSION PROCESS

Thus we obtained the d.c. components, the amplitudes of the harmonic
and intermodulation components of the faradaic current flowing through
the electrode polarized by the sum of the alternating voltages having ampli-
tudes U, and U, and angular frequencies w, and w,, respectively, superimposed
on direct voltage AE. The equations represent the components of the current

as functions of the direct voltage AE and amplitudes U, and U, of the alternat-
ing voltages. It is noteworthy that the above equations relate to the faradaic
current exempt from a capacitive component and they can be applied only in
such cases when the ohmic drop on the resistance of the solution is compen-

sated by an adequate potentiostat, i.e. AE, U, and U, are the voltages actu-
ally branched to the electrode impedance proper as mentioned in a previous
communication [7]. The capacity of the double layer can be considered as a
linear circuit element, thus it causes neither harmonic nor intermodulation
distortion. Capacitive current is only observed in the fundamental harmonic
components. In our previous communication [7] the method of the elimination
of the capacitive current has also been reported.

.

Determination of the Corrosion Current and the Tafel Slopes

The kinetic parameters of the corrosion process (j, f,, 8,) can be deter-
mined by the intermodulation method in much the same manner as in the
case of harmonic distortion, reported in a previous communication [1]. Ho-
wever, the intermodulation effect offers also a new possibility for the determi-
nation of the kinetic parameters since both the harmonic and the intermodula-
tion current components depend on the amplitudes of both alternating volta-
ges and thus the independent variation of the latter provides further infor-
mation.

Let us consider first the application of the methods reported in a previous
communication [1] to intermodulation distortion.

The following equations are related to the harmonic and intermodulation
components of the faradaic current observed on the electrode polarized in the
range of validity of Tafel’s equation for the anodic reaction in the case of an

anodic polarization sufficiently large as to have 4E, >1 according to Eqs

Ba
(11)—(19).

ja(wx) = 2jxIo ;j: I, ( lﬁj: eﬂ' (31)

e, (32)

|
)5

J
o) = 23T U‘) 11[
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L jol2wy) = 25,
jo(2o)) = 2§,

jol3wy) = 2ji I,
1 JaBwy) = 2§ 1,

ja(wl + o) = 2j; I,
ja(wl + 2a) = 2ji I,

ja(“’z + 20,) = 2j, I,

' nwe following quotients

; ) 1, [V}
‘ :ia(wl) — Ba ’
jd2w) (U

: Ba

: L [Y

!0(20){) —_ ﬁ a

ja(3wi) Is -l—fl—

Ba

‘ (%

‘ja(wl + ) — Bq

Ja(o;, + 20,) I, U,

Ba

: L &

) A)a(wl + wy) _ Ba
jdos £ 20) [ (U0

Ba

U,
.
U,
B,
U,
.
U,
2
Ul
8.

U,
A
U,
2

2

?

I,

I,

LA
.
U,
2
U,
2
U,
2
U,
2
U,
B,
U,
B,
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iE
eﬂ-’

JE,
epl’
iz,
ep.’

iE,
e Ba

(i=1,2)

(i=1,2)

(33)

(34)

(35)

(36)

(37

(38)

(39)

Teameter B, can be determined by successive approximation from ome of

(40)

(41)

(42)

(43)

Acta Chim, Acad. Sei. Hung. 105, 1980



10 MESZAROS, DEVAY: KINETIC PARAMETERS OF THE CORROSION PROCESS

However, successive approximation can be avoided by applying the recursion
formula

2% 1) = Tucs() — Loale)

valid for modified first order Bessel Functions for the case of n = 2 and

x= T (i =1, 2) (Cf. [1]). Thus B, can be expressed by the amplitudes of the
harmo;ic and intermodulation components

A |
f a a o -
SN ey T 17 R e AN o
2 2|
- lga Ba
or
p— Un (Jelo) _ jalBw)) _ Uy (Julwd) _ JalBen)) _

J:a(zwl) Ja(zwl) 4' j o 200) Ja(zmk)

Jolor £ o) _ JB0)) _ Us (ot e) _ jl30y)
jolos £ 20)  Ju20)) 4 ey £ 209 jo(209)

.;ch: 'FIS

. (46)

It is noteworthy that the last two terms of identities (46) only contain
intermodulation and higher harmonic components. The latter can be determined
by direct measurement as they are exempt from capacitive current contrary to
the fundamental harmonic components having frequencies w, and w,, respec-
tively, which can only be substituted in expression (46) after the elimination
of the capacitive current by extrapolation [7].

If amplitudes U, and U, are sufficiently small as to permit to neglect

U

I; in comparison to In[ [ ] <I, ( f
a

si=1, 2] Eq. (46) is obtained in

a simplified form

__g_x_ _ja(“h) Un Ja(wz) U1 Ja(wl + w) 2 ]a(wl + )
4 J2e) 4 200 4 jlont20) 4 Julo & 20

Bae=

7

Corrosion current density j, can be determined by any one of Eqs
(31)—(39) if 8, is known.

Parameter §, and corrosion current density j, can similarly be determined
by applying the above considerations to the cathodic reaction in the case

when —

£ > 1, i.e. the measurement is performed at a potential AE, in

ﬂ:
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1 _ the cathodic Tafel range. The equations relating to cathodic polarization are
identical to Eqs (31)—(34) and (45)—(47) except for the subscripts.
The equations can considerably be simplified if quotients (40)— (43) are

calculated by employmg relations (22)—(30) for the case of anodlc( 3 4 >1]
AE, ‘ 7

and cathodic —-—>1J polarization, respectively, since successive ap-

Be

proximation on the basis of Eqs (40)—(43) can be avoided and g, or §, can be
expressed directly by the amplitudes of the harmonic and intermodulation

components.
Ul Ja(wr) .
b= ey (=Y (48)
Ul ]a(2wl) 49
b= 6 10(3“’!) (49)
ﬂa___ﬂl ]a(wl T ) _f_fl ja(“h + wy) (50)

4 ]a(wl + 2w,) 4 ja(wz =+ 2w,) )

Smular relationships aie obtained for the parameters of the cathodic
reaction when the harmonic and intermodulation components are measured

at potential AEC in the cathodic Tafel range.

_ g_[ Jt(wl) o ’
B.= 1 ) (=12 (51)
U Jc(2‘“!) .
Be= 5 G (t=12) (52)
fo=—1 2 Jc(‘”l + o) U1 Jc(“’x t ). (53)

4 Jc(wx T 2“’2) 4 ]c(“’z = 2"-’1)

Corrosion current densxty jx can be expressed from one of Eqs (22)—(30)

applied for the case when B E, >1, ﬂ £ >1, if 8, or f,, respectively,
(3
have been determined from the above equations. ’
: 4E, : 4E,
o= Ja(;) B e_T — o) Ba e_ fa _
e [+ ]
[ 4 2Ba
; aE, : _2E,
- _‘llg(iﬂ)_ﬁa._e"f - _41&0_2)_@__8 e

R IE bl
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12 MESZAROS, DEVAY: KINETIC PARAMETERS OF THE CORROSION PROCESS

s 4E,
6B By 5 _

[ +[35) |1

3 4E,
24j,(3wy) ﬁg G-T _

[l ]2

i

E : - _4E,
2Ja(w1 + wl) ﬂd Ba — 8Ja(w1 i 20)2) ﬁl’! 6_ [N —
Uu,0, U, U;
8.'0(“’2 +3wl)ﬁi __—-— A (54)
1 V2

In the case of cathodic polarization ' > 1] subscript ¢ is used in

Be
Eq. (54) and AE is inserted instead of AE

Thus it can be concluded that parameters §, and ﬂc as well as corrosion
current density j, can also be determined by the intermodulation technique
from data obtainéd at potentials ZE'a and AE, in the validity range of Tafel’s
equation for the anodic and cathodic reaction, respectively.

The extrapolation to w = 0 for the elimination of the capacitive current
(observed in the fundamental harmonic current components) can be avoided
if the higher harmonic and/or the intermodulation components are only
employed for the evaluation of the kinetic parameters.

Corrosion current density j, and parameters B, and B, can also be cal-
culated from data at corrosion potential AE =0 by introducing 4E =0
in Eqs (10) (19).

s
B ] o
A I N
s ) 2l o
AT
r-n ) ool
oo = 210 (23] 1 [22) 10 [ 1 (2] (61)
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jo(a’l + )
io(wl + 20,) =

io(wz:i: 2w,) =

A R A
W) el
N R R A

The corrosion current density can readily be expressed from any one
of the above equations if 8, and 8, are known. It is noteworthy that Eqs
(55), (58), (59) and (62) can only be used if 4jg, jo(20,), 30(25«)2) and j;\(,(co1 + ),
respectively, differ from zero.

However §,, . and j, can also be calculated by using three linearly inde-
pendent equations from among Eqs (45)—(64) and writing a suitable compu-

ter program.

B, and B, and j, can also be expressed in an explicit form if small ampli-
tude alternating voltages are employed. In this case Eqs (21)—(30) are

utilized by introducing AE = 0:

— . |1 1
* AJo=Jk{E—’_3]

o) = J[
o) = ik{
30(2‘”1) = jx

30(2‘02) = ji

io(3w15 = jk t[l + ( Uy

JoBary) = ji [ + (

Uil‘ﬁ, (65)

Rl i RO
R el L
R e B )
R I
a |z [ fllaln o

al [ llatae @

oo + ) = ol — ) TR (12
oo+ 200) =+ ] R ™)
Joles + 20)) = ji f—/_;:;+F WBU”- (74)
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14 MESZAROS, DEVAY: KINETIC PARAMETERS OF THE CORROSION. PROCESS

The expressions related to the amplitudes of the harmonic components
assume the simple forms given by Eqs (50)—(52) of our previous communica-
tion [1] if the bracketed expressions of Eqs (66)—(71) are approximately
equal to unity. The latter condition is fulfilled if the amplitudes of the alter-
nating voltages are properly selected. In this case corrosion current density
jx and parameters 8, and §, can be calculated using Eqs (53), (58), (59), (60)
and (61) given in our previous communication [1]. Equations (72)—(74)
relating to the intermodulation components can readily be employed in the
expressions used for the calculation of 8, and B, and the corrosion current °
density, instead of Eqs (68)—(71) relating to the higher harmonic compo-

2

nents since in the case if 1 (EE] ~ 1

jo2on) = 5 lon = @0, | (19)
jo2on) = 5 oo = @0, (76)
jo30s) = 5 Joon = 209, (1)
o) = oo = 20) (18)

Thus the kinetic parameters of the corrosion process are given by the
following relationships containing the harmonic and intermodulation compo-
nents of the faradaic current measured at the corrosion potential:

jg(wl)- (wz)
78 V2] (wn) JoBw) — @) V4B Vz;o(wzno(swz) — Reey)

Jo(w1)
2V8]o(w1)]o(w1 + 2ap) — 3]0(‘01 + cl’z)

71

I

& sls jl

Jo(wz) _ , (79)
Us 2V8j(wpjoles + 200,) — 33(y + y)

1 .‘O(wl) + 4 10(2‘01)) 1 (io(wz) + 4 10(2“’2)

1
B 20, Jx Jo(e,) 20, Jx Jo(wz)
— 1 ..Io(wx) +2-1 U, Jo(wx + wz)
3‘ : 20, Jx U, ]o(wx)
_ 1 Jo(“’2) +222 Jo(‘i.’l + wy) , (80)
20, Jx U, Jolwg)
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1 (Jolwn) - 4 3Ce) ) _ 1 [Gulewn) — , J2es)) _
20, Jx i jo(wl)) 2Uz( Jx * io(wz),

1 (Gl 5 o Uy Jolon £ @) _

2U, Jx U, jo(wl) . B
20, J + U, Jolwy) ] 61

The upper signs of Eqs (80) and (81) refer to the case when 8, < §,,
while the lower signs are valid when 8, > B.: 8, << 8. when L'Ij_o' > 0, according
to Eq. (65), while 8, > 8. when Z]JT;< 0, when le—o= 0. 8, = f. and can be
calculated using any one of Eqs (66), (67), (70), (71), (73) and (74).

Except for minor modifications, the above method can be considered
essentially identical to the method based solely on harmonic distortion as
presented in a previous report [1] However, the intermodulation effect offers
new possibilities for the determination of the kinetic parameters of the cor-
rosion process which are based on the fact that amplitudes U, and U, of the
alternating voltages, having different frequencies, can be varied independently
from one another and the amplitudes of the harmonic components of the cur-
rent are affected by both U, and U,. (This effect is also encountered in the
case of intermodulation components but it does not lead to a new evaluation
method.).

The dependence of the harmonic components of the current on ampli-
tudes U, and U, of the alternating voltages are given by Eqs (31)—(36) at
4E,

a polarizing potential Z_E—a in the anodic Tafel range where > 1. The follow-

a
ing ratios permit to calculate §, using tables of Bessel functions when the
current components of frequency w,, 20, 3w, and w,, 2,, 3w, are also measured

in the case of Uy = 0 and U, 5« 0 or U, = 0 and U, 5= 0, respectively:

-

. ja(wl) = ja(2w1) —— ja(swl) _ Io( Un] R (82)
N R NC N A | WE TN ) P B

Jlo) o) §Be) g ( ). @
Do@dlomo  el2olumo  Gal3en)]u,mo Ba

[Note that I,(0) = 1].
The approximation J(x) ~ 1 +-—;——{ can be employed when the ampli-

tudes of the alternating voltages are small and f§, can be expressed from Eqs

- Aeta Chim. Acad. Sci. Hung. 105, 1980
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16 MESZAROS, DEVAY: KINETIC PARAMETERS OF THE CORROSION PROCESS
(83) and (82) by algebraic calculation

_l..=._:4_.__jLwlL_1 :_4’___Aja(2w1) _
B Ui (B (2] [ ] U3 [[ia(zwﬂ]‘u.-o 1]

- ia(3w1) — ]'J .
[a(3w)]y,~0

o)) 1, 4 (2w 1]
[a(@2)lv im0 Ui\ [Jo(2@2)Ju,m0

_JdBey) 1).
[1o(32)lu 0

We note that voltage U, of frequency w, has to be small in Eq. (84) while
this applies to voltage U, of frequency w, in Eq. (85).

The corrosion current density can be expressed from one of Eqs (31)—
(39) if B, has been determined in the above manner.

Similar relationships are obtained using the harmonic components of

I

(84)

1
8

Il

Sl sl gl=

=34

l

(85)

the current measured on an electrode polarjzed to potential Afa in the cathodic

4E,
B.
changing subscripts a to c. .

Thus it can be concluded that the kinetic parameters of a corrosion
process characterized by Tafel type cathodic and anodic reactions can be deter-
mined by the study of harmonic and intermodulation distortion caused by the
non-linearity of the faradaic impedance. The methods presented in this com-
munication permit the determination of the kinetic parameters on the basis of
the measurement of the harmonic and/or intermodulation components at
one potential (at one potential either in the cathodic or the anodic Tafel range
or at the corrosion potential).

The intermodulation effect has another advantage in addition to those
mentioned in the first report of this series [1]. Namely, frequencies w; 4 w,
@y + 2w, and w, + 2w, of the intermodulation components do not coincide
with the higher harmonics of fundamental frequencies w, and w, if the latter
are properly selected and thus the distortion of the signal generators produc-
ing the fundamental harmonic voltages does not interfere in the measurement
of the intermodulation ¢omponents. However, the distortion of the signal
generators can affect the measurement of the higher harmonic components
and consequently, in the latter case it is advisable to use generators having
very small distortion. .

The experimental verification of the above methods will be presented
in a later communication.

Tafel range, where — > 1. In this case Eqs (82)—(85) are modified by
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