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The dissolution of inhibitor layers of AHT (3-amino-5-heptyl-1,2,4-triazole) on copper wires in 0.5 M
H,S0, was studied by potentiostatic current and capacity transients in a time range from 10 us to
1000s. The potential dependent transients show three characteristic regions corresponding to differ-
ent transfer controlled processes. For short periods an almost constant current of inhibited corrosion
through a metastable inhibitor layer is observed. In the second region the dissolution of this layer
causes a strong increase in copper corrosion, which was taken as a direct measure of the desorption
process. The electrode capacity, C, increases correspondingly. The dissolution itself is not accom-
panied by a notable charge transfer and, hence, cannot directly be monitored. The last region is
dominated by an almost constant active copper dissolution current. The layer dissolution in the
second region starts with an inhomogeneous nucleation process. Initially, holes are generated
stochastically in the AHT layer and form nuclei of corrosion pits on the copper surface. Based on

this model the complete transients can be calculated.

Notation

Tafel slope of an uncovered copper electrode
potential dependence of pit formation (Equa-
tion 23)
by by =dU/d log (diy/dr’)
electrode capacity
dielectric constant of the layer
D, dielectric constant of the vacuum

d layer thickness

F Faraday constant

I, time dependent corrosion current of a single

pit
i total current density

ifree corrosion current density of an uncovered
copper electrode

b free
b nucl

oo

1 Introduction

Normally, adsorption and desorption organic mole-
cules are investigated under equilibrium, steady state
or quasisteady conditions, e.g. [1]. Stimulating ideas
on methods and problems have been contributed by
Conway [2]. For technically relevant corrosion inhibi-
tors, however, a knowledge about the kinetics is very
small and the reasons for this are simple. Detailed stu-
dies of the inhibition mechanism are difficult. The
inhibition process is a complex combination of corro-
sion, precipitation, irreversible coadsorption of the
components, nucleation, and layer ageing. The sys-
tems do not reach a real steady state. The nature of

Inp  current density of an
electrode
inits  corrosion current density of n pits
igv extrapolated value of I, at 0V vs SHE
n time dependent number of pits
maximum number of pits
r time dependent radius of a single pit
S total area of all pits
t time
U potential against SHE
Usa  potential of hole formation
V  molar volume
z charge number
6 degree of coverage of inhibitor

inhibited copper

n max

the inhibition process and the corrosion in parallel
cause difficulties with the reproducibility of experi-
ments. Therefore, it has been necessary to develop a
multipulse program to produce defined surface condi-
tions as discussed by Gilman [3] and Trasatti [4] for
problems of electrocatalysis. Potentiodynamic investi-
gations concerning the adsorption and desorption of
organic molecules accompanied by corrosion have
been carried out by Drazic [5].

After the successful application of potentiostatic
pulse techniques to other nonlinear, time-dependent
processes [6] investigations of the formation [7, 8] and
dissolution of inhibitor layers have been carried out.

3-Amino-5-heptyl-1,2,4-triazole (AHT) is a com-

*This paper is dedicated to Professor Brian E. Conway on the occasion of his 65th birthday, and in recognition of his outstanding

contribution to electrochemistry.
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mercially applied [9] effective inhibitor of the corro-
sion of copper, zinc, brass and other copper alloys
in neutral or acid aqueous solutions. It is used in
closed cold and hot water systems. Commercially
available is the hydrochloride of AHT, which is suffi-
ciently soluble in water. AHT was chosen, since this
inhibitor is effective in acid solutions, where side reac-
tions, e.g.copper oxide formation, can be avoided.
Furthermore, AHT may be removed easily at higher
potential.

Under potentiostatic conditions, the current den-
sity, i, of many time-dependent processes are well
described by the ‘universal law’.

ioct™ (1)

In a double logarithmic representation, logi against

log 1, the power of ¢ can be derived from the slope, m:
d log (i) o 2)
d log (1)

Typical values of m have been summarized in a

previous paper [10].

An experimental verification of this law requires
measurements over some orders of magnitude of cur-
rent and time. An extension to short times (< 1s) is
preferable to avoid processes of ageing and reorganiza-
tion. In this case sophisticated equipment is necessary
[6, 11], especially when the investigations are extended
to very short times of the order of microseconds.

2. Experimental details
2.1. Electrodes, solutions, and electronic equipment

The experiments were carried out in a Pyrex glass cell
at 25° C. The working electrodes consisted of spectro-
scopically pure copper wires (99.999%, Johnson Mat-
they GmbH) with a diameter of 0.5 mm. Immediately
before the measurements the electrodes were electro-
polished anodically in 75% H;PO, phosphoric acid
at 0.2 A cm~2. The wires were dipped 1.5c¢m into the
solution (vol. 40 ml) so that the effective surface was
0.23cm?. The uncompensated electrolyte resistance
is about Ry, =0.25Q cm? and was determined by
EIS [12]. For each measurement a new electrode was
used.

All potentials are referred to the standard hydrogen
electrode (SHE). The purity of the inhibitor 3-amino-
5-heptyl-1,2,4-triazole with HCl (AHT-HCIl, Henkel
KGaA, Diisseldorf, with Trademark Texamin AT 1)
was >95%. The measurements were carried out in
an aqueous and aerated solution of 0.5M H,SO, at
an inhibitor concentration of ¢y, =2 x 107> m. For
the preparation of the solutions only p.a. chemicals
and deionized water (Millipore) were used.

The potential was controlled by a fast rise potentio-
stat. The current was measured using an autoranging
differential amplifier. Both devices are in-house devel-
opments. The current signal was digitized by a Krenz
transient recorder TRM 4000 and processed by a
DEC LSI 11/23 computer. The transients were

recorded with a resolution in time of 1 s in the begin-
ning, decreasing with time. Typically, 100 samples per
time decade were taken for a detailed kinetic investi-
gation. The capacity of the electrode surface was
measured by a special pulse technique. This tech-
nique [13, 14] has a high resolution in time (< 1ms)
and is applicable to nonsteady systems as long as
Faradaic current densities are small, ig, <
10mA cm 2.

2.2. Potential time program for layer desorption

To study the layer desorption process it is necessary to
obtain exactly reproducible conditions before mea-
surements can take place. The adsorption layers of
AHT tend to change their properties irreproducibly
with time due to reorganisation, ageing, and precipita-
tion effects. The conditions under which the electrode
is immersed in the electrolyte cannot be controlled
exactly. Therefore, a special pretreatment in the elec-
trolyte is necessary. With respect to this, a special
time pulse program was developed to obtain well
defined layers (Fig. 1).

After immersing the electrode in the electrolyte an
initial potential of 0.35V was applied for 500s.
Under these conditions the surface is covered by
AHT. Then, the potential was stepped to the poten-
tial Ugean = 0.5V for 10 s to remove most of the layer
of AHT to obtain a reproducible free surface [8]. The
potential was stepped down to form an adsorption
layer at U,q = 0.35V for 50s. This treatment leads
to an exactly defined AHT-layer. Finally the poten-
tial was stepped to the desorption potential, U, to dis-
solve the layer again. The corresponding current
transient i(#) was recorded simultaneously and the
desorption process was examined.

3. Desorption transients

Since the clectrosorption valency of AHT is presum-
ably very small, the desorption or adsorption of
AHT is not accompanied by charge transfer. How-
ever, this process can be followed indirectly by capa-
city measurements or by measurements of the
corrosion current of the uncovered parts of the elec-
trode. In both cases, a significant difference of proper-
ties between the covered and uncovered parts is
necessary.

The dependence of current density on time at var-

Potential time program

U o Layer removal
Udun ) i
Uy o

Measurement
Layer formation /

t=0 t

Layer desorption

7

A\

Fig. 1. Potential time program for the measurement of desorption of
well defined AHT layers. First desorption to get a clean surface by
copper corrosion at Ugeyn = 0.5V, fgean = 10s, defined layer
formation at Uy = 0.35V during £,q4 = 50s, final measurement of
dissolution transient at U.
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ious desorption potentials, U, is shown in a double
logarithmic plot, Fig. 2. At low potentials, i.e.
<400 mV, no desorption is observed. The current is
dominated by a quasistationary ‘passive’ corrosion
of the AHT covered metal. This current decreases
slightly with time, indicating the better protection
effect of aged layers. In the mean potential range
(most pronounced from 480 to 650mV) the transi-
ents can be separated into three regions. In the first
region a constant current through the metastable
AHT layer is observed, depending on the potential.
The “second region is characterized by a strong
increase in corrosion, This indicates dissolution of
the protecting layer. Finally, an almost constant cur-
rent of active copper dissolution (i > 100 mA cm™2,
controlled by R, is found in the last region. The sec-
ond region shifts with increasing potential to shorter
times. At potentials U > 650mV the currents are
high, even at the beginning, and an adequate poten-
tial control becomes impossible because of the uncom-
pensated part of the electrolyte resistance. This
explains the smaller slope at higher potentials
(700 mV).

It is possible to explain the dissolution of the inhibi-
tor layer by only one potential dependent mechanism.
In principle, either a homogeneous or an inhomoge-
neous removal of the layer may be assumed.

In the first case, a homogeneous decrease of the

S
E
(3]
g
=)
=]
= N\'\'\v‘"v'\:v'\/\”, A
-4 S GOV 0.4V
-5 —— T T T T T
-4 -3 -2 -1 0 1 2 3
log (t/s)
4

W
L

N

d logli/Acm?) /d log(t/s)

log (1/s)

Fig. 2. (a) Current densities of potentiostatic AHT layer dissolution
in a double logarithmic plot at various U in 0.5M H,SO, with
Con=2x%10"M and T=298K. (b) First derivatives of the
current densities of (a).

inhibitor layer thickness, d, is supposed. The corro-
sion current should depend on the layer thickness.
This dependence is determined by the transport
mechanism of the corrosion products through the
layer. When the transport is a field-dependent migra-
tion, the corrosion current is given by:

rocexp (4) G)

When the transport is diffusion controlled (less prob-
able), the current is

oode 1
foc g5 o0 (4)
In both cases, the electrode capacity, C, is given by the
capacitor equation:
DD, 1

7 %7 (3)
Hence, the dependence of i on C should be linear for a
diffusion controlled process only and a distinction of
migration and diffusion is possible. The deviations
from linearity for migration, however, may be small
when the thickness d does not change over a wider
range.

In the second case the inhomogeneous dissolution
causes free parts of the electrode while others are cov-
ered with an almost unchanged layer. The total cur-
rent, i, depends on the degree of coverage 6 of
inhibitor:

C=

i = (1 - a)ifree + Giinh (6)

ifrec OF iy are the corrosion current densities of the
free and covered parts of the electrode. The electrode
capacity, C, shows a similar dependence:

C= (1 - 0) Ciree + 0Cinn (7)

Therefore, a plot of i against Cis also linear. Actually,
a linear dependence is found as illustrated in Fig. 3
and, together with the following evaluation, it can
be demonstrated that an inhomogenecous model
describes the dissolution correctly.

The evolution of the uncovered parts can be
described in terms of a germ nucleation process.
Holes in the inhibitor layer are formed stochastically

20
U=05V .
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C | uF em2

Fig. 3. Current of a transient at U = 0.5V against the electrode
capacity. C = 10 uF em™2 are reached after 700 ps.



KINETICS OF DISSOLUTION OF INHIBITOR LAYERS

609

with time. When the area of a hole exceeds a critical
value (critical nucleus), it is able to grow on, Fig. 4.
At the bottom of a hole the electrode surface starts
to corrode and hemispherical pits are formed. The
total number and the individual diameters, d, of the
pits increase with time, ¢. Hence, the total current den-
sity also increases due to the strong corrosion of the
uncovered parts. The formation rate of holes may
depend on time and potential.

In the lower part of Fig. 2 the first derivative of the
current transients is given. In the central part the slope
is close to 3:

dlog(i)

dlog (1)~ (8)
This means a time dependence of current:
ioc 9)
or
i=a+bt’ (10)

where a is the potential dependent corrosion current
through the metastable ‘passive’ layer of AHT. « is
equal to iy, corresponding to Equation 6. With
increasing values of ¢, Equation 10 approaches Equa-
tion 9, if

a < bt (11)
A better test is a plot of / against 2, corresponding to

Electrolyte

Hole
£ &
@)

Inhibitor

Inhibitor

Electrolyte

Fig. 4. (a) Schematic representation of the interface showing some
holes in the layer and an underlying pit in the metal phase. (b) Pit
growth for different diameters d and times ¢.

Equation 10. The values of i and ¢ depend on the
potential and change over wide range of more than
four decades. Hence, it is better to normalize their
values. Therefore, i/ing is plotted against (z/f0)°
(Fig. 5), where §;,q and ;5 are the currents and times
of the point of inflection of the corresponding
transient. Values for 5 and i,n were taken from
the maxima of the derivatives (Fig. 2(b), t,q) and
the corresponding currents from Fig. 2(a).

The data at different potentials are linear, as
expected. From the axis intercept the corrosion
current through the inhibitor layer can be calculated
(Equation 10), but more precise values are taken
directly from the transients (Fig. 2).

4. Model

A detailed model of the AHT dissolution process is
presented in the following Section. Similar models
for electrodeposition were developed by Avrami [15]
and for pitting corrosion of passivated iron in the
absence of inhibitors by Strehblow [16] and Engell
[17]. A definitive proof for this model comes from
some additional experiments, which show results pre-
dicted by the model (Section 4.3).

4.1. Base model

When a hole exceeds the size of a critical nucleus, it
continues to grow. The corrosion current density in
the growing pit may be equal to the corrosion current
density, ig.., of the active copper. The potential
dependence of this current is approximated by:

U
0.4343bfm> (12)

This equation is not referred to the equilibrium poten-
tial of copper, but to 0V vs SHE due to the undefined
copper concentration. Therefore, iy is not an
exchange current density.

A homogeneous dissolution forms hemispherical
pits. The current, I;, of a single pit depends on its

Ifree = Igy €XD (

3.5

3.01
2.5
£2.0-
~ 1.5
1.0-

059 .

0 L L T T L L]
0 0.5 1.0 1.5 2.5
(t1ta)°

Fig. 5. Normalized current densities /i, in dependence on the nor-
malized time (2/£,5)° for various values of U. The reference values
Ly are taken from the maxima of the derivatives in Fig. 2(b). The
corresponding values of iy are taken from Fig. 2(a).

3.0
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radius, r:

Il = iﬁ.ee27rr2

(13)
The increase of r with time is given by the corrosion
current and Faraday’s law:

dr V.

a; - 'Z'Flfree (14)

where V is the molar volume of copper and z the
charge number. The radius of a pit of age ¢, is:

Vifree Jta Vifree
=—=1 di=—3=t 15
T R (15)
and the current /; in a single pit:
5 (VY
I = 2Mifee (z_F) f (16)

The current density iy, = (1 — 6)igee of all pits can be
calculated from the number, n, of pits per cm?:
7\
3 2

Lyits = nly = 27 nifee (Z_F) ty (17)
This equation is true when all nuclei are formed at the
beginning of the transient. In this case the current den-
sity is proportional to . The experimental current
transients, however, are proportional to . Hence, a
progressive nucleation of the pits must be assumed.
There are two fundamental concepts: the maximum
number of pits which could be formed is infinite
(indexed equation ‘a’) or limited by n,,, (equation
Sb’).

The time dependent number of pits is given by:

n(t) = nokt (18a)
n(t) = Byay (1 — exp (—kt)) (18b)
and the corresponding formation rates:
dn
a = }’l()k (19 a)
dn
i Rmaxk exp (—kt) (19b)

Different pits may have different ages ¢, and, hence,
different radii. This distribution of age has to be con-
sidered. When the system is observed at a random
moment #, there are dn, pits with an age of ¢,. These
were formed at the moment ¢ — ¢, with a correspond-
ing formation rate, which can be taken from Equation
19:

dn, = nykdt, (20a)

dn, = nypak exp (—k(t —t,)) dt, (20b)

The part diy of the total current density, which is
caused by these pits with an age ¢, is given by [16]:

dipiis = 11 dny, (21)

and the total current density i, by:

3 V 2t 3 V 2 3
bpits = 2mng kifyee (;ﬁ) JO ti dt, = %77"0 Kifree (Z,) t

(22a)

. 5 (VY ,
lpits - 27mmaxklf3ree (Z—F) 2y (_kt) JO ti exp (kta) dta

(22b)

1 (VY 2t 2—2exp(—kt
= 2MAygax lfsrec <;1§) (tz “k + —_—k—f(_—)>

Equation 22(a) shows the expected 7’-dependence as
well as Equation 22(b) for shorter periods. For longer
periods of time the formation of pits in Equation 22(b)
decreases and the dependence changes to #*.

The current iy, in Equation 22(a) and (b) is equal
to (1 — @)ige in Equation 6 and refers to that part
of the surface which is free of inhibitor. The corro-
sion current of the covered part has to be added
(Equation 10). This current is almost constant initi-
ally (f ~ 1) and can be neglected later, because of
the much higher active corrosion of the uncovered
metal. Hence, a constant value as shown in Equation
10 is sufficient.

The correspondence of model and experiment is
good (cf. Section 4.2), but no final proof is estab-
lished. A further confirmation comes from an expla-
nation of the potential dependence and some
additional pulse experiments (Section 4.3). The poten-
tial dependence of the pit formation rate k has been
described by a decrease of the activation energy by
the potential:

U-1,
k = li nucl
Mok =Tt CXD (0.4343bnuc1)
where U — Up,q is an overpotential of pit formation.

Substituting nok into Equation 22(a), the current iy
increases exponentially with the overpotential:

(23)

7\ U-U,
. .3 nucl 3
e =it () o () 29

Equation 24 can be linearized using Equation 12:

diy; U-10, 2 '\
1 pits | _ nucl 1 03 [
1 3 ) Unucl
=—t— |-
(bnucl bfree bnucl

+1 % 3 _V;'Z
og 37rn oV 7F

The corresponding potential dependence is given in
Fig. 6. The linearity is sufficient for potentials from
500 to 700 mV. The nucleation of pits seems to be a
random, potential supported process. The corre-
sponding linearization of Equation 22(b) is impos-
sible.

(25)
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Fig. 6. Logarithmic plot of the slopes di/d> against the potential U.

4.2. Calculations and simulations

The available set of equations and data is sufficient to
calculate complete current transients. The computa-
tions are based on Equation 6:

[ = fpits + Oiinn & bpits + finn (26)

Equation 24 is used to substitute Z;,. When the sum of
the areas of all pits exceeded 1 cm?, which is the total
area of the normalized surface, the current { was
restricted to a constant value.

It is not easy to obtain reliable numerical data for
the potential dependence of if.. and iy,,. Values of
the free corrosion (ig,.) are already published (e.g.
[18]), but depend on the electrolyte, on the surface
activity, and, especially for higher currents, on the
limitations of the potentiostatic equipment. Hence,
the corrosion current of the free surface in the electro-
lyte has been measured (compare [8]). The Tafel plot
corresponding to Equation 12 is presented in Fig. 7
and linearized to

log (ifrcc) —-1.17 (27)

U
~ 76mV
which is the best fit in the
300mV < U < 400mV.

These values correspond to measurements of a large
area in the present electrolyte. The growing pits, how-

range

-2.0
-2.2
-2.4
-2.6

10g(is-ce! Acm?)

-2.8-
-3.0

0.32 034 036 038 04

un

Fig. 7. Tafel plot of the corrosion current of a free copper surface in
AHT-HCI solution, taken from potentiostatic transients.
Cnn = 2 x 1073 M, 0.5M H,S0,.

ever, are embedded in a different neighbourhood
(small hemispherical pits surrounded by inhibitor
layer) and behave like microelectrodes. Nevertheless,
these data were taken as a sufficient approximation.

The AHT layer is not stable for potentials exceed-
ing 400 mV and, therefore, it is impossible to measure
a steady value of i;. At the beginning of the transi-
ents (Fig. 2) iy, is observed as long as the layer is
metastable. Figure 8 shows the current minima in
the form of a Tafel plot, the straight line being
obtained from a least squares fit:

log (i) = %ﬁ — 6.806 (28)

The potential dependence of the #*-region is given by
Equation 25: there is a slight dependence on b,y
and a stronger one on byg,... The correlation between
the slope b5 of Fig. 6 and b,y and by is given by

diy;
pits

= = +
b 3 dUu bnucl b free

byl is only positive, if bgee > 3b3. From the slopes in
Fig. 8 and Fig. 6 the following values can be taken:
bpee =76mV  and b3 =21mV. This means
by =~ 120mV, which corresponds to a simple trans-
fer mechanism with z = 1. These values are used in
the computations.

The overpotential of pit formation, U — Uy, is
calculated using a value of U,y = 400 mV, which is
the lower limit of desorption (Fig. 2). A numerical
value of n’ was obtained from a direct comparison
of measured and calculated transients. The best fit
was #' =7 x 10! em™25s7". Values of ' can also be
taken from an extrapolation of Fig. 6 to U=0V
(Equation 25), but they are less precise.

Figure 9 shows calculated current transients
according to Equation 24 for different potentials.
Additionally, the calculated current transients at
U=104,0.52 and 0.6V are plotted together with the
numbers of pits #/10'! (Equation 18a), the radii r
(Equation 15), and the total areas of all pits, Fig. 10.
The radii vary from 1nm in the beginning of the #-
region of the transient to some 10nm when the pits
overlap and the current becomes constant. These

(29)

-1.0

1
-1.5

-2.0 1

+
-2.5 1

3.0 b=131mV

loglipn/ A cmi?)

-3.5 1

1
-4.04*

-4.5

0.4 045 05 0.55 0.6 0.65 0.7
uilv

Fig. 8. Tafel plot of the corrosion current at the metastable inhibitor
layer, values taken from Fig. 2.
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logli/A cm?)

log (t!s)

Fig. 9. Calculated current transients for the same potentials as in

Fig. 2 according to Equations 22(‘b) and 23. Parameters of calcu-

lation: Upyy =04V, n' =7 x 10" em™2, by = 120mV, bge, =
76 mV.

values are very small and represent a lower limit of r,
since the size of an AHT molecule is about 1 nm. This
means that desorption of the AHT layer starts with an
initial free surface with a size of approximately one
molecule. The growth of a pit to its final size requires
the desorption of about a hundred molecules.

The calculated radii r(¢) depend on ig.. The experi-
mental values of iz, were taken from measurements
at macroscopic surfaces. The corrosion current den-
sity of microscopic pits may be more than one decade
higher due to their different diffusion geometry, [19].

7 .

log(i/A cmZ, rjum, n/10' cm2, S/em?)

' 0.60V
-5 ey .

4 3 2 -1 0 1 2 3
log(t/s)

r——

Fig. 10. Double logarithmic plot of the calculated current transients
together with pit radii r, number of pits n/10"!, and total pit area S
at U=04, 0.52 and 0.6'V.

An increase of ig, vields a proportional increase of
r and a corresponding decrease of n'. In agreement
with this, a maximum radius of about 100 nm is also
found in the investigations described in Section
4.3.2. Similar calculations were carried out consider-
ing a limited number of possible holes (Equation
22b), but the shape of the transients is very similar
to those according to Equation 22(a). Therefore, the
more complex Equation 22(b) was not used further.

Figure 11 compares experimental and calculated
transients for the complete potential region. The fit
is quite good, considering the following limitations
of the model:

() The IR drop in the electrolyte for currents
i > 100mA cm™? is not taken into account.

(ii) For potentials U < 480mV a re-inhibition of

pits is notable and reduces the experimental cur-

rents.

An overlapping of the pits in the final part of the

transients is not included.

(iii)

4.3. Special transients

The present interest was to design experiments with
results predictable by the model. The *-dependence
of the transient is determined by two effects: the for-
mation rate of holes in the inhibitor layer and the geo-
metrical shape of the pits. Both effects should be
changeable independently. This was tested in two
types of experiments which are presented as follows.

4.3.1. Transients with a constant number of pits: The
formation of holes in the inhibitor layer increases
exponentially with the potential. If the number of
holes is already initially, the additional formation of
holes at lower potentials is negligible and their total
number remains almost constant. This is realized by
a prepulse which is added in the beginning of the
transient experiment. The prepulse must be high
enough to form a sufficient number of small holes
and short enough to prevent growth of the pits
(typical values are 620mV and 100 us). At a lower
potential the holes grown on without an increase in
their number n. Hence, the slope of a prepulse

_2)

log{//A cm

4 3 2 1 o0
log (t/s)

Fig. 11. Comparison of calculated current transients (thin lines)
with the experimental ones from Fig. 2.
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transient should be given by 72, compared with £ of
the standard transient (cf. Equation 25). Figure 12
shows such transients with or without a prepulse.
Due to the logarithmic time scale the effects of the
short prepulse on the current transient seem to be
oversized.

The prepulse reduces the exponent of ¢ approxi-
mately by 1, as expected, but a further decrease of
the exponent with an increasing length of the pre-
pulse is also observed. A prepulse of e.g. 200 us
causes an extremely high number of holes. Accord-
ingly, the currents for ¢ < 3ms are increased by
more than one decade. This means, using a ratio
Iree/finp, = 100, that more than 10% of the surface is
covered with very small holes and, hence, their num-
ber is extremely high. An interaction between the
holes (e.g. overlapping) becomes possible, which is
not included in the model. The number of pits formed
during a prepulse depends linearly on the pulse time ¢
and exponentially the pulse potential. Experiments
with different pre-pulses, where t exp (17/byyq) Was
constant (Equations 18(a) and 23), should yield iden-
tical transients. From such measurements, a determi-
nation of by, is possible. Unfortunately, the
reproducibility was not sufficient to obtain a reliable
value of b,,q.

4.3.2. Quasi two-dimensional electrodes: In the
experiments described earlier copper wire electrodes
were used. The depth of the corrosion pits could
increase up to some 100 ym. The idea was to use
thin copper layers on a noble electrode (e.g. gold) as
an electrode. In this case, the three-dimensional
growth of the corrosion pits is reduced to two
dimensions, when the radius of the pit reaches the
thickness of the copper layer and, therefore, a
significant bend in the transient should be observed.

Dense and homogeneous layers of copper with
d < 200nm were prepared on gold by electrodepos-
tion. Transient measurements using these electrodes
showed an additional bend at the end of the /-
region. Hence, this experiment gives an estimate of

log(i/A cm?)

T
-5 4 -3 -2 -1
log (t/s)
Fig. 12. Transients at U = 0.52V with various pre-pulses (0.65V

and 0, 30, 90, and 200 ps). The prepulses seem to be oversized due
to the logarithmic time scale.

the pit size. The radius of the oldest pits must be in
the range of 100 nm. The pits are, in fact, very small
and their number is, therefore, very high. A microsco-
pical monitoring of the pit growth is almost impossi-
ble, because the pits are too small. A visual control
becomes possible, when the current of the transients
is constant and the mechanism described above is no
longer valid. The structures seen in the microscope
are not single pits due to the model but groups of
overlapping pits with the resulting irregular shape.
Hence, a further numerical analysis of the number
of pits was unnecessary.

4.4. Conclusions

The dissolution of inhibitor layers of AHT (3-amino-
5-heptyl-1,2,4-triazole) on copper in 0.5M H,SO, was
investigated by potentiostatic pulse measurements in a
time range from 10 us to 1000 s. The dissolution of this
inhibitor is not accompanied by a notable charge
transfer and, hence, the corrosion current of the
uncovered parts of the copper electrode was taken
to monitor this process. An analysis of the electrode
capacity (Equation 7) gives the same results.

The potential dependent transients show three
characteristic regions. Initially the inhibitor layer
was found to be metastable and a small constant cur-
rent of ‘passive’ corrosion with a b-factor of 131 mV
(Equation 28) was observed. Holes of molecular
dimensions are stochastically formed in the inhibitor
layer with a  constant formation  rate
n' =7 x 10" cm™2s7!. The nucleation rate is given
by Equations 19(a) and 23 with b,,q = 120mV. The
holes are the origins of an increasing number of grow-
ing hemispherical pits in the copper surface. There-
fore, the total current, i, is dominated by the
corrosion current and shows a r-dependence pre-
dicted by Equation 24. When the radii of the pits
exceeds about 100 nm, most of the layer is dissolved,
an increasing number of pits overlaps and i becomes
constant. The electrode corrodes like a copper elec-
trode in an inhibitor free solution (bgee = 76 mV). A
visual monitoring of the pit growth during the #-
period is not possible due to the small radii
r < 100nm of the holes. Therefore, the structures
that were observable, are groups of overlapping pits
with a resulting irregular shape. Tests with quasi
two-dimensional electrodes prove that the pit radii
are in the region of 100 nm at the end of the #°-period.

The experimental transients were compared with
calculated curves (Fig. 11). The fit was quite good con-
sidering the limitations of the model.
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