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Measurement of the Noise
Resistance for Corrosion Applications

ABSTRACT INTRODUCTION

Measurement oJ the noise res¿s¿ance (R,.) or -frequenctl depen-

dent noíse ímpedance (2,,), both deriuedJ-rom the.fluctuatíorts
qf c.urrent and uoltaqe oJ electrodes corroding at the open-
circuít potential, is more and more toidespread-for corroston

applícations. These qtLantíties have been shoutn to be re-

Iated, under certain conditior¿s, to Lhe corrosíon rate oJ the
tnaterial under inueslígntio¡r. T/ris tgpe oJ measure¡nenl u:as
proposed origínall¡1 Jor a s¡lnrmetríc cell utilh identical elec

trodes, and rnuch ql'its analgsis hrl.s been based on the
ualiditg qf thÍs assumpLíon. Hotueuer, it is common that ini

tíallg sgmmetrical cells become asgmmetrical os a result oJ
unequal corrosion oJ the electrodes. Also, a number qf re-

seorchers haue used asymmetrical cells to limit the corrosíon
phenomena Lo a single electrode, but the exacl meantng oJ

the measured ualues oJR,. and 2,. ts still questíonable. To

clarify the tnterpretation oJ electrochemical noise meclsure

ments, the experiments carríed out in the laboratorg on sum-
metríc or cLsllmmetrlc configurations were reuieuted here.

Result.s oJ the measurements oJ R,. and 2,. are discussed

and explained on the basís oJ a theoretícal model preuiouslg

publtshed.
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Electrochemical noise (EN) nreastrr-en1r' l ) ts orr : i  single
corroding electrode give somc' intport¿rnt inlbrnt¿rt ion
about the electrochemical processcs <tc'crrrr ing btr l  do
not permit the corrosion rate to be obl¿rined. For this
purpose, Eden, et al. ,  introduccd the trst '  ol-a ce-l l
with two identical working clcctrodes (\ \ 'E) (sanrc

material,  same size, same surface prcl): l r i l t ion). con
nected with a zero-resistance amnleler (ZRA). so ¿rs to
have the same open circuit .  potential.  l l -onl u'hich i t .
was possible to obtain the noise resist¿rnce (R,). de-
f ined as the rat io of the standard devi¿rt ions of the
voltage and current f luctuations.r Valrres ol 'R,, u,ere
found to be close to the polariz¿rt ion resist¿rnce (R,,J so
that the corrosion rate could be dedtrcecl bv means of
the Stern-Geary relat ionship.2

The possibi l i ty of obtaining the clcctrode imped
ance modulus from the voltage and current f luctua-
t ions was recently demonstr¿rted theoretical ly and
experimental ly.3-5 The formulation of the model was
sufficiently general to allow the 1re¿rtment of asym-
metrical cel ls, although both the discussion and
most of the experimental results presented in these
papers emphasized symmetrical systems.

Asymmetrical systems, however. are interesting
first of all because corroding electrodes, particularly

if the corrosion is localized, tend to develop differ-
ently even if the initial conditions are the same, and
secondly because a number of researchers have pro-
posed the use of asymmetrical cells, rl'here only one
electrode is corroding, the other being a cathode. For
example, Chen and Bogaerts replaced one of the elec-
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the fluctuations of the current (AI) flowing between
the tu¡o electrodes and the coupled eiectrode poten-
tial (AV) are accessible to measure. The purpose of
the equi'u.alent circuit is to describe the dynamic
behavior of a svstem around its mean; hence, it ap-
plies for all tu.o Wtr cell configurations, that is, for
symmetric or asymmetric electrodes, with or without
the superinposition of a bias voltage between the
two electrodes.

Applying Ohm's larv to the equivalent circuit, one
can write, ln the frequency domain:

l r ( f  ) =
z , ( i ) i ] ( f  )  -  z2$ ) i 2 { J )

Z , ( f ) + Z r ( f )
( l )

( 2 )(b )

Ff GURE 2. Distribution of the current i, produced by a pit on Electrode
1 for: (a) symmetñc electrodes and (b) asymmetr¡c electrodes, Z,
<< Zr. The solution resistance was neglected.

trodes with a Pt microcathode,6 while others applied
a voltage bias between two otherwise identical elec-
trodes.T The significance of the results obtained on
asymmetrical cells, and therefore their relevance for
corrosion studies, is still open to question. To clarifu
their interpretation, experiments were carried out in
the laboratory on symmetric or asymmetric configu-
rations and are reviewed here. Results of the mea-
surements are discussed and expiained on the basis
of a theoretical model presented in a previous publi-
cation.3 To simplify the treatment, it will be assumed
that the approximations of a "noiseless" reference
electrode (Rtr) and a negligible solution resistance are
valid. For a more detailed analysis of these points,
the reader should consult Drevious works.3s

THEORY

The equivalent circuit representing the corrosion
cell is given in Figure 1, where it and i, are the cur-
rent noise sources, in many cases associated with
localized phenomena such as bubble formation and
detachment, metastable or stable pitting, or crack
advance. They are not directly measurable. Only
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where ir(0. ir(0. l l ( f l .  and -\V(fJ are the Fourier trans-

forms of the t ime dependent quanti t ies ir(t) ,  i r( t) ,  AI(t),

and AV(t).  respecti \-elv. From these equations, i t  is

possible to lrndt¡rstand how the current generated by

the corrosion of one electrode is partitioned between

the tu'o electrode s. Considering the case of a corro-

sion evenl occurring on Electrode 1, generating a

current i u1-iile nothing happens on Electrode 2

(i ,  = O), fron.r Equation ( l) ,  i t  is clear that for identical

electrodes at the same potential (2, = Zr), only one

half of i, flou's 10 the other electrode, and therefore it

is measured b¡, the ZRA (Figure 2). On the contrary,

i f  Zr << Zr. almost al l  the current returns on EIec-

trode 1. and the ZRA measures onl¡r a \¡ery small part

of the current generated by the corrosion.

Slnce Equations ( l)  and (2) are $'r i t ten in the fre-

quencv domain, the derivation of the noise in.rped

ance (2,.. called spectral noise impedance [R,,] in

prerrious publications) from the pou.er spectral densi-

ties (PSD) of the voltage and current flLlctuations is

straiShtfort'ard:

r \ r t l  -  z t t l ) 2 2 $ \  
[ i t i l - r " r l r l

¿ r l l t  -  z , l f l L  '

2,.(f\-lffi=

L l  =  t t 1 2

i 1 - , \ l  =  i 1 / 2

I

I
2 t r- t -

I

I

I

I

I

I

I

A l  = 0

i 1 - A l  =  i 1

E lectrode

v
V
l/
l/z_

7  _ 7L 2 _ L 1

( 3 )

I  z r ( f )P  v i , ( f  ) -  |  z r ( t ) i ' )  v4 , f )

As Equation (3J shor.vs. 2,, depetrds on four pa-

rameters: the noise level of each electrode, expressed

by i ts PSD Vrr, Vi: ,  and the impedance of each elec-

lrode, Z, and 2". Hor,rrever, for trvo electrodes rvith the

same impedance (2, = Zz = Z),2'  is equal to the

modulus of the electrode impedance:

z"( f )  = lz( f ) l t 4 )

l l

FfGURE 1. Equivalent circuit for a cell with two current-measuring
electrodes and a noiseless RE.

lectrode 2

v
/
l/

2
Z z > Z t

lectrode 1

v
.Zl--

p i t f -

a1 
0'

z
L 1

Electrode 1

l 1  - A l

Connos¡oN-JANUARY 2oo1



CORROSION SCIENCE SECTION

As Ecltrat ion (3) shou's, i f  Zr = Zr, Equation (4J is val id
u'hatever the origin of the noises ( local ized or uni-
fornr corrosion. br-rbble evolution) and the shape of
the inrpeclance plot.  even i f  the noise levels of the two
electt 'ocles t 'epresented by Vr, and Vi2 &r€ dif ferent.
Therclbre. rhe knou¡ledge of 2,,  is equivalent to the
knou' lcdqe of the modulus of the impedance for the
plrr])ose oi obtalnlng the corrosion rate.

Eclrrat ion (3) also can be used to discuss the case
of asvnrnretr ical cel ls, where Z, + 2", and y,,  and \.r i2
mat'  cl i l t i ' r .  

- l -he 
r.arious cases can be represented by

Fisure 3. In this f igr-rre. i t  is possible to study how
the rel¿rt ive val lres ol Z, vs Z" and Vi1 vS y,, determine
n' lrether Z is close to Zr, Z,r,  or none of them. To this
end. in Fiqtrre 3. the independent variable is taken as
the r¿rt io lZ /  lZ2l ,  and the results are represented
bv tlre r¿trio Z. / lZrl , having as parameter the ratio

\t /ttt - lf the vah-res fall on the horizontal axis
(de l l r rec l  a l  va lL le  I ) ,2 , ,=  l z2 l  . I f  the  va lues  fa l l  on
the  c l iaqona l  th rough the  or ig in ,  lZ , , l  =  lZ ,  l .  Un less

V ,  / v ,  >  I  u ' h e n  l 4 l  /  l z 2 l  <  I  ( o r v i c e  v e r s a ) ,  Z "
tencls to bc close to the impedance of the less noisy
electrocle. even i f  i t  is the lowest impedance-a result
th¿rt nl¿u' ¿lppear counterintuitive since the equivalent
circr.r i t  shou's the two impedances in series. Hence,
in a cltri,rlit:rtive wav, one can say that the noise of
one ele c'trode is the input signal for measuring the
inrpecl irnce of ' the other. However, al l  the quanti t ies in
Eclrrat ion (3) are functions of the frequency, so that a
concltrsion val id for a certain frequency range may
not l)e r '¿rl id for another, as some of the examples
presentecl in the fol lowing section show. Another gen-

er¿rl resull illustrated by Figure 3 is that 2,, can never
excet'cl the larger of the two impedances or be lower
than thc  snra l le r  one.

.\rother quanti ty, of more widespread use, em-
plovecl to inl-er the corrosion rate from EN measure-
menrs is t1.rr.  R,,.  This is usually calculated in the t ime
donr¿rin ¿ts the ratio of the standard deviations of the
voltaqc ¿rnd current f luctuations, but, through a well-
knou'n m¿rthematical relationship between standard
der-iatrons and PSD it  can be expressed in the fol low-
inq  lb rnr :

1o¡.i t

1 0 4  1 0 3  1 0 2  1 0 - 1  1 0 0  1 0 1  j O 2  1 0 3  1 0 4

l z ,V lz , l
FfGURE 3. Ratio Z,tlZrl vs 14l/lzrl, according to Equation (3). for
various ratios Vt1/Vi, of the current noises. Some po¡nts calculated
at various frequencies from experimental data in Figures g, 12, and
15 are given.

and y are arbitrary functions of the frequency, trqua-
tion (6) shows that R, is in no simple way related to
the electrode impedance, so as to be used to obtain
the corrosion rate. The reason R,, is in many cases
close to the polarization resistance (zero frequency
limit of the electrode impedance, often indicated as

\) is that, in the frequency range between fn,,,, and
f,,,*,, Z and y tend to be decreasing functions of the
frequency. The outcome depends on the lnterplay
between {,,,,., the slope of the current PSD y,, and the
frequency at which the electrode impedance modulus
reaches the low-frequency asymptote Rr. This is an
important point that determines the usefulness of
the measurement of R",. It can be discussed with
Figure 4, where this interplay is represented in nor-
malized form, by two variables, [/f,,,,,, and R./Rn. The
quantity, f,. can be determined by Equation (7):

1 0 4

1 0 3

1 0 2

1 0 1

;
N  r n o

N

1 0 1

1 0 2

1 0  3

1 0

. 1t" = 
znRoc { 7 )

^ / l j : , :  wJ i )dr
R , ,  -  a  l ^ l"  o i  !  l ; '  "  w i ( r ) d r  t u '

rvl-ricl-r becomes:

for identical electrodes at the same potential. As
sho$'n b¡r Equation (6), two additional variables influ-
ence its value, the integration limits f",," and f,,,u. If Z

ConnosroN-Vor. 57, No. r

is the critical frequency beyond which the impedance
modulus lZl of a parallel circuit, consisting of a ca-
pacitance (C) and a resistance \, significantly de-
creases. From the figure, one can estimate u'hen R.
will start to depart significantly from Ro, given the
slope of the PSD, which was assumed to be constant
between f-,,, and f',,-,, and the duration of the time
record, which determines f-,.. When the slope of log

v¡2 -2, t ime records for which f"/f,"", > 10, that is,
with a duration higher than 1OO \C may be suffi-
cient in many cases to estimate \ from R". However,
if Ro is very high (passive or coated electrodes), R.

( 6 )
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1 0 0

1 0  1

bounded by the values of the two polarization resis-
tances. Moreover, if Ror and Rpz ár€ not too different,
R" will be equal to the polarization resistance of the
Iess noisy electrode.e

RESULTS AND DISCUSSION

A number of examples drawn from results ob-
tained in the laboratory will be presented and dis-
cussed here. The description of the experimental
setup and measurement techniques were omitted,
and the interested reader should consult the original
papers.a s'e

Symmetrical Cells
An example of a symmetrical system is given by

two identical Fe electrodes in sodium sulfate (NarSO*)
at pH = 3. The uniform corrosion generates H,
bubbles. which are the main cause of noise. The time
records of Figure 5 show simultaneous transients in
the current (I) and voltage ($, which correspond to
bubble detachment. The current transients occur in
both directions, depending on which electrode they
originate from, while the voltage transients are all in
the same positive direction, since the detaching of
the bubble causes a transient increase of the ca-
thodic component of the current.

The PSD curves in Figure 6 show the beginning
of a low-frequency plateau, followed by a decrease
with more than one slope. Z'", calculated from these
curves, is in good agreement with the modulus of the
impedance, measured with a three-electrode cell
(Figure 7). Although the fluctuations are only indi-
rectly related to the corrosion process, Z" gives lZl
as predicted by Equation (4). Since the modulus of
the impedance (Figure 7) reaches the low-frequency
asymptote Ro at a frequency much higher than f-,.,
R", calculated from the standard deviations o, and o,,
is equal to Ro.

To show that, in the case of electrodes having
the same impedance, the current generated by a Io-
calized corrosion event divides approximately equally
onto each electrode, measurements were carried out
on a cell constituted of two circular Type 316 L stain-
less steel electrodes (1.5 cm in diameter) immersed in
a 0.06-M sodium chloride (NaCl) solution. In one, a
hole was drilled to place in it a 250-pm diameter Fe
wire insulated from the stainless steel. The three
electrodes were kept at the same potential by three
ZRA, so that it was possible to simultaneously mea-
sure the current on each electrode.to The impedance
of the composite electrode, stainless steel + Fe wire,
was found to be approximately equal to that of the
original stainless steel electrode.

Because of the anodic character of the Fe with
respect to the stainless steel, corrosion soon oc-
curred on it, and, because of the special circuit, it
was possible to verifir that the current transients

rI

cc

1 0  3

1 o-4

0.001 10 100 1  ,000
f 
"/ f  , in

Ff GURE 4. Rat¡o R"/Rp as a funct¡on of the f" of a Rrt/C ¡mpedance.
The slope of log ry, ¡s taken constant between f^,n and f,", (f,",/f,1n=
1.024).
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FfGURE 5. Time record of the voltage and current fluctuations for
Fe in 1 M NarSOo at pH 3. Electrode area: 0.2 cm2. RE = saturated
sulfate electrode. Zeros of scales are arb¡trarv.

may be substantially lower than q,r's s unless very
long time records are taken, so as to satisfz the con-
dition f"/f",," > 1O.

Similar considerations may be put forward for
asymmetrical systems since Equation (6) may be
rewritten:

R . =

but it is difficult to give general results since R. de-
pends on too many parameters. As a corollary of the
fact that Z,has a value between the larger and the
smaller of the two electrode impedance moduli at any
frequency, it can be shown that, if lZrl and lZrl
reach the polarization resistances &r and Roz in the
frequency range (f-,,,f-*), the value of R" is also
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FIGURE 6. PSD of voltage and current noise for Fe in 1 M NarSO,
at pH 3. Electrode area: 0.2 cnf . RE = saturated sulfate electrode.

generated in it flos'ed in equal quantities on the two
stainless steel electrodes. the slight dissymmetry
caused by the solution resistance being negligible.
Results are presented in Figure 8, u'here it can be
seen that the current on the Fe u.ire u.as composed of
anodic transients, double in amplitude of the ca
thodic transients on the tu'o stainless steel electrodes.

Asymmetrical Cells
A first example of asymmetrical systems u¡ith

Z, + Z" is given when there is a large difference in size
between the two electrodes. If the electrodes are oth-
erw'ise identical, their impedances are inverselv pro-
portional to the surface area, whiie the current noise
is directly proportional to it, as \\¡as demonstrated in
an example previously presented (Figure 12 in Refer-
ence 4). Their behavior, therefore, can be understood
by means of Equation (3). The treatment is simple:
calling k the surface area ratio, it is Z, = Zr/k, and
Vi, = ky,r. Substituting into Equation (3), it is easilv
found that 2,, = ti lZrl lZ2l , the geometric mean of the
moduli of the electrode impedances.

Asvmmetrical systems of corroding electrodes
often develop spontaneously rvhen random corrosion
events on one of the electrodes decrease its imped-
ance, so that, by positive feedback, this electrode
corrodes much more rapidly than the other.s.lr To ac-
celerate the occurrence of asymmetry, in the follou'-
ing example. the eiectrodes had oxide surface lavers
of different thicknesses. The electrodes rvere of un-
sealed anodized Al, and the oide thickness ll'as
5 ¡rm (Electrode 1) and 22 ¡rm (Electrode 2). After
1 day in solution, impedances of the two electrodes
were \¡ery difl'erent, as shown in Figure g. The one
with a thin oxide was extensivelv corroded, and its
impedance rvas close to that of bare Al.s The explana-
tion of the 2,, curve can be understood by means of
Figure 3. The corroding Eiectrode I was noisier, so
that the ratio y,,/y,, r.vas between 103 and lO4.s Horv-
ever ,  the rat io  lZt l  /  lz2 l  increased f rom 10 3 to I

ConnosroN-Vol. 57, No. 1
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FIGURE 7. Z" and lZl for Fe in 1 M NarSOa at pH 3. Zn calculated
from PSD rn Figure 6. lmpedance measurements pertormed with a
three-electrode cell.

0 50 1 00 1 50 200 250 300 350 400

T i m e  ( s )

FIGURE 8. Time records of the current fluctuat¡ons. Jl*.". generated
by corros¡on of an Fe wire (d¡ameter: 250 pm) tnserted tn one of the
two Type 316 L sta¡nless steel electrodes (diameter: 1.5 cm). in a
0.06-M NaCl solution. Al, and Jl, are the corresponding fluctuations
of the currents crossing Electrode 1 and Electrode 2. respectively.
Zeros of scales are arbitrarv.

u'ith increasing frequency (Figure 9). The ratio 2,,/ lZol
then moves in Figure 3 from the origin at high fre-
quency approximatell'along the curve u¡ith param-
eter y,,/y,, = 103. Therefore. at frequencv > lOHz,
2,,= lZ" I u'hile at iou-frequency 2,, takes a value
intermediate betrveen lZrl and lZrl .

The asvmmetric cell suggested bv Chen and
Bogaertsd to have oni¡r one corroding electrode has
the WE coupied to a Pt microelectrode, making both
Z and,y, different. The effect of the coupling on the
WE can be examined r,l'ith the help of Figure 10.
Betr.veen the Pt cathode and the WE flows a current,
u'hich tends to dispiace the potential of the WE in the
anodic direction. Hou'ever. if the surface area of the

0 .001

3
g 0

J

-1
j

l - = _ - _
{  ca too ic  l l :
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FfGURE 10. Current-voltage curves showing the coupled potent¡al

of a corrodinq WE and a small Pt cathode connected through a ZRA

the measurement of the impedance of the WE, as an

example in Reference 12 shows.
Opposite conditions are possible, as when the

Wtr undergoes localized corrosion while dissolved O

is reduced on the microcathode. In that case, the

measurement of 2,, yields only the impedance of the

microelectrode, as illustrated in the following ex-

ample. In the realization of this system in the labora-

tory, the WE r'r¡as an Al disk (diameter: 2.5 cm]

coupled to a Pt disk fdiameter: 1 mm) through a ZRA

and immersed in t M potassium chloride (KCl). In

this case, the current noise u'as high on the Al be-

cause of pitting, as demonstrated b¡' the voltage and

current transients in opposite directions in the time

records (Figure 1l), while O reductlon on the Pt gen-

erated little noise. As shown in Figure 12. the imped

ance of the Pt electrode was 1O to 100 times that of

the Al. Calling the Pt Electrode I and the Al Electrode

2, the points corresponding to this st¡stenl fall on the

diagonal in Figure 3, showing that" lZ,,l = lZt l. This

was confirmed experimentally. The cun'e of 2,, coin-

cides '"vith the impedance modulus o1'the Pt

microcathode (Figure l2). Hence. u'l'rile the type of

corrosion on the Wtr can be obtained from the shape

of the transients in the time records. nothing con-

cerning the Wtr can be inferred from 2,..

Another type of asymmetrical svstem is obtained

by applying a bias voltage ffi,..) betu'een the two elec-

trodes, so that only one is corroding'r 7 As shown in

Figure 13, the two electrodes are no longer at the

corrosion potential. In these conditions' the ZRA-

potentiostat maintains a füed V,,,,,.. but, in case of

instabilities or changes in the impedance of the elec-

trodes, neither the potential of each eiectrode nor the

current flowing is kept constant. Here, too, the noise

current may be high on the anode (locaiized corro-

sion. for instance) or on the cathode (bubble evolu-

tion). Impedances also may differ' so that their ratio

may be larger or smaller than 1' If the information is

available, Bquation (3J can be used and the position

of 2,. mapped on Figure 3.
The example presented in this paper concerns

uniform corrosion of a low-carbon steel electrode in

o . o 1  o . 1  1  1 0  1 0 0  1  , 0 0 0  1 0 , 0 0 0

Frequency  (Hz)

FfGURE 9. lmpedance moduli and Z, for two unsealed anodized Al

electrodes with coating th¡ckness of 5 pm (Electrode 1) and 22 ¡tm
(Etectrode 2) after 1 day in 0.5 M NaOH + 0.27 M NaCl corrosive

solution at pH l l Surface ¿¡s¿ = 1 2'6 cnf ' RE = saturated calomel

electrode.

-20

o  5 0  1 0 0  1 5 0  2 O O

Time (s)

FfGURE 11. T¡me records of the voltage and current fluctuations

generated during pitting corrosion of an Al disk (diameter: 2 5 cm)

connected to a Pt d¡sk (diameter: 1 mm) through a ZRA in 1 M KCI'

Zeros of scales are arb¡trary.

microcathode is small, this displacement is negli-

gible, and the WE can be considered to be at the

corrosion potential.
EN measurements on such a system also can be

discussed in light of Equation (3). Depending on the

material of the WE and the nature of the cathodic

reaction, one can envisage different cases. Calling

the Pt Electrode I and the WE Electrode 2, if the Wtr

undergoes uniform corrosion and H, bubbles evolve

on the Pt, the strong screening effect of the bubbles

on the microcathode will produce a current noise it

much higher than that caused by the uniform corro-

sion of the WE. Hence, V',/V,, >> 1. I Ztl rr.ay also be

greater than lZ, I because of the small size of the

cathode,  so that  l4 l  / lz2 l  > I .  As Figure 3 shows,  in

these conditions, Z" is close to lZ"l , making possible
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FIGUBE 12. lmpedance modul¡ of the: (A) Pt disk, (B) Al disk, and
(C) natse -pedance measured in the conditions of Figure 11.

0. i  \1 c' i tr ic acid (CuHoO?) with a Vu'",  of 350 mV. Most

of the noise came from hydrogen bubble evolution on

the c¿rthode. as shown by the steep jumps fol lowed

bv a l i rreirr decrease in the voltage and current t ime

recorcls (Fiqure 14). The anode under-went uniform

corrosiorr.  qenerating low noise, but, from t ime to

t inre. ln'clroqen bubbles detached from the anode

causirrg, 1¿rst transients in the current noise source
(i . ,) .  Hou'cver-. these transients could not be clearly

obsen'ecl on the t ime records (Figure l4) because of

the high noise generated by hydrogen evolut ion on

the c'¿rthode and also because a great part of the cur-

relrt  i  ( l id not cross to the othe¡ electrode, but re-

turnecl b¿rck. in the manner explained in Figure 2

l l h e n Z  < 2 .

Fisure l5 shows the impedance moduli  of Elec-

t roc le  1  (  Z  l )  and E lec t rode 2  ( l z " l ) ,  as  we l l  as  the

no isc  in rpedance.  For  f requenc ies  <  |  Hz ,2^= lZ , , l  .

This is in ¿rqreement with theory since one can de-

duce lrorrr Equation (3) (or Figure 3) that V,1 >> Vi2
ent¿ri ls Z = lZ,. |  .  Hence, although the t ime records

give inlbrnration only on hydrogen evolution and

nothinq concerning the corrosion of the anode,

monitorinq Z. gat,e information about the impedance

of the ¿rnocle. In other words, the anode impedance

\vas rne¿rsLlred using the noise of the cathode as the

input sienal. I t  should also be stressed that 2,,  mea-

surecl the lou-er of the two impedances, even i f  they

rvere in series. Similar results already had been

obtained dtrr ing corrosion of Fe in NarSOr when a

V,,,,,- oi 100 n.r\¡ \\'as applied.a At frequencies higher

than 1OO Hz.2,, approached lZ. l  because of the in-

stnlnrelrt¿-It ion noise, as already obserwed.r3 At inter-

medi¿rte lre-c¡,rencies ( l  Hz to lO0 Hz), the sl ight

discrepancv betn'een 2,. and IZ. I  probably came from

the er-olnt ion n' i th t ime of the electrode impedance

during lhe experiment. l2 or from the current noise

i.  induced bv the evolut ion of the few bubbles on the

anodic side.
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FfGURE 13. Current-voltage curve showing the potent¡als V", V" of
two ¡dent¡cal corroding electrodes connected through a ZRA when
a Vo,u is superimposed.
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FfGURE 14. Time records of the voltage and current fluctuations
generated during general corrosion of a low-carbon steel ¡n 0.1 M
C6H.O7. A b¡as voltage of 350 mV was imposed between the two
electrodes (diameter: 0.6 cm). Zeros of scales are arb¡trary.

CONCLUSIONS

* The analysis of EN, begun a ferv decades ago, only
recently has been introduced as a method for assess-
ing and monitoring corrosion. The pioneering work of
Eden. et al., has been instrumental in introducing
the idea of a corrosion cell on which current and
voltage fluctuations were measured.r The question
remained of putting the interpretation of the data on
a firm basis. This is now possible, so that the work-
ing of symmetrical and asymmetrical ceils can be
analy zed with confidence.
.l Utilizing Equation (3), the results of EN measure-
ments in quite different conditions can be under-
stood and interpreted exactly. An intuitive
description of the functioning of such a corrosion cell
is that the noise generated by one of the electrodes
acts as a source signal for the measurement of the
impedance of the other electrode. The measurement

^ l
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FIGURE 15. lmpedance moduli of the: (A) anode, (B) cathode, and
(C) noise impedance measured in the conditions of Figure 14.

of the impedance by means of an external broadband
excitation is certainly not new,ra but in the EN case,
the source is internal, which considerably simplifies
the instrumentation necessary and makes its appli-
cation for online corrosion monitoring attractive.
* A part of the information contained in the classical
impedance measurement, however, is lost. This is the
phase since Z. is a real quantity (impedance modu-
lus). In principle, if the measurement of 2,, is made
over a very large frequency range, phase information
could be recovered through a mathematical transfor-
mation of the Kramers-Kronig type, but, given the
relatively poor signal-to-noise ratio of EN measure-
ments, it is doubtful that such a scheme is of practi-

cal use.
i. The above-mentioned intuitive description of the
measurement of Z^ is also useful for assessing the
possibility to use cells made asymmetric on purpose.
If, to simpliff, one of the corroding electrodes is sub-
stituted with an inert one lwhether a microelectrode
or a large one), it is unlikely that such an arrange-
ment will be satisfactory for Z, measurements be-
cause, in most cases, the inert electrode will be
almost noiseless, and the measurement will generally
produce the impedance of the inert electrode, with
the corroding electrode as the noise-generating
element.
.1. This analysis has shown that the measurements
on asymmetrical cells can be analyzed and under-
stood. This is encouraging since many corrosion
cells, originally symmetrical, tend to become asym-

metrical with time, but nevertheless can yield useful
information. Also, the technique of biasing the cell,
so as to physically separate the anodic from the ca-
thodic processes, might be exploited with success in
many electrochemical systems.
.i. Although R, is, in many cases, equal to the Ro of
the electrodes under investigation, this is not always
the case, even for symmetric systems.a-ss For asym-
metric cells, its significance is doubtful. In analogy
with the results of the analysis of Z" in the same sys-
tems, it is likely that R- too would give values close to
the \ of the less noisy electrode.
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