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Abstract Pit morphology of Inconel alloy 600 in sulphate
(SO,*7), nitrate (NO5™) and bicarbonate (HCO5") ion-
containing 0.5 M sodium chloride (NaCl) solution was
analysed in terms of fractal geometry as functions of
solution temperature and anion concentration using the
potentiostatic current transient technique, scanning
electron microscopy, image analysis and ac-impedance
spectroscopy. Potentiostatic current transients revealed
that the pitting corrosion is facilitated by the increase in
solution temperature, irrespective of anion additives,
and that it is hindered by the increase in NO;  and
HCO;™ ion concentration, regardless of solution tem-
perature. Above 60 °C, it was also found that the
addition of SO4* ions impedes pit initiation, but en-
hances pit growth. The value of fractal dimension Dy of
the pits increased with increasing solution temperature
and with decreasing NO;~ and HCO;™ ion concentra-
tion. Moreover, the value of Dy increased above 60 °C
with increasing SO,4*~ ion concentration. This is caused
by the increase in the ratio of pit perimeter to pit area,
implying the formation of pits with micro-branched
shape due to the acceleration of the local attack in the
pits. From the decrease of the depression parameter with
increasing solution temperature, it is inferred that the
roughness of the pits increased with increasing solution
temperature. In addition, the depression parameter was
found to increase with increasing NO3~ and HCOj3™ ion
concentration. But, above 60 °C, in the case of SO~
ion addition, the depression parameter decreased with
increasing SO4*~ ion concentration. From the experi-
mental findings, the three-dimensional pit morphology is
discussed in terms of the values of Dy of the pits and the
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depression parameter, with respect to anion concentra-
tion and solution temperature.
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Introduction

Inconel alloy 600 is a Ni-based alloy widely used as a
steam generator tubing material in nuclear power plants.
In this application, tube failures caused by pitting cor-
rosion have been reported [1, 2, 3]. Thus, the study of
pitting corrosion of alloy 600 is of great interest in both
the industrial application and theoretical viewpoint.

The effects of solution temperature and anion addi-
tives on pitting corrosion have been studied extensively in
view of changes in pitting potential and current density
[4, 5]. Although such a number of studies have been made
on pitting corrosion, little is known about the evolution
of pit morphology. Since the shape of corrosion pits
represents a time-averaged record of the anodic process
which controls the corrosion rate [6, 7], the change in the
morphology of the pits with different environmental
conditions has been studied over time [8, 9].

In previous works [10, 11, 12], the effects of the
addition of bicarbonate (HCO3"), nitrate (NO3~) and
sulphate (SO4>7) ions on the morphological change of
the pits formed on 316L stainless steel and pure alu-
minium were qualitatively investigated by observing the
cross section of the pits. More recently, the morpho-
logical change of the pits formed on alloy 600 was
examined quantitatively [13] as a function of solution
temperature in terms of fractal geometry, which has
been used to characterise such disorderly structures as
fracture surface [14] and pit morphology [15, 16].
However, our previous works were related only to either
the effect of anion additives or solution temperature.
Thus, the effects of both the anion additives and solution



temperature on the morphological change of the pits in
terms of fractal geometry are in question.

The objective of this work is to elucidate quantita-
tively the effect of such anion additives as SO,*~, NO;~
and HCOj3™ ions on the morphological change in the pits
formed on alloy 600 as functions of solution tempera-
ture and anion concentration by using fractal geometry.
For this purpose, image analysis was employed to
determine the fractal dimension of the two-dimensional
pit morphology on the electrode surface. In addition, ac
impedance measurements were carried out to measure
the depression parameter that represents the roughness
of the pits, i.e. three-dimensional pit morphology. The
changes in the morphology of the pits are discussed in
terms of the values of the fractal dimension and the
depression parameter with respect to solution tempera-
ture and anion concentration.

Experimental

The specimen used in the present work was Inconel alloy 600 with
the following composition (wt%): 15.4% Cr, 8.0% Fe, 0.3% Mn,
0.1% Si, 0.01% C and balance Ni. The specimen was set in a block
of polyimid. The upper surface of the block was ground with emery
paper, successively up to 2000 grit. The electrolytes used in this
work were aqueous 0.5 M sodium chloride (NaCl) solutions con-
taining sodium sulphate (Na,SQ,), sodium nitrate (NaNO;) and
sodium bicarbonate (NaHCO3) at concentrations of 0, 0.01, 0.03
and 0.05 M at temperatures of 25, 60 and 100 °C.

A three-electrode electrochemical cell was employed for elec-
trochemical experiments. All electrochemical measurements at
elevated solution temperatures were carried out using autoclave. A
platinum wire was used as counter electrode and potentials
were measured and controlled with an external silver/silver chloride
(Ag/AgCl) reference electrode prepared by filling the entire
compartment with 0.1 M KCI solution. The external reference
electrode consisted of an Ag/AgCl electrode housed in a stainless
steel compartment that was maintained at ambient temperature.
The reference electrode compartment was connected to the high
temperature autoclave by a high-pressure fitting. Working and
counter electrodes were introduced into the autoclave through a
high-pressure fitting.

To characterise the passivity of the oxide film and the pitting
process of the electrode, the current density was recorded poten-
tiostatically with time using a potentiostat/galvanostat (EG& G
Model 263A) at an applied anodic potential of 1 Vag/agci. The
specimen had an exposed area of 0.126 cm?.

The morphology of corrosion pits formed on the specimen was
examined as functions of solution temperature and anion concen-
tration by using scanning electron microscopy (SEM). For the SEM
observation, corrosion pits were made on the specimens by applying
constant anodic potential of 1 Vag/agci at various temperatures and
anion concentrations. The pitted specimen was rinsed with distilled
water and then cleaned with acetone immediately before SEM
observation. After that, the observed pit morphology was digitised
and pit perimeter and pit area were calculated from the digitised
image by using a computer program, which was designed to detect up
to 0.01 um. The software was developed by Shin and Go [17] in our
laboratory. Finally, the values of fractal dimension D¢ for the various
pits were determined by using the perimeter-area method [14, 18].
According to this method, the value of Dy of the pits is equivalent to
just twice the value of the slope in the plot of pit perimeter vs. pit area
on a logarithmic scale.

AC impedance measurements were conducted with a Solartron
1255 frequency response analyser connected to a Solartron 1287
electrochemical interface. In order to determine the depression
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parameter, first the pitted specimens were prepared electrochemi-
cally at 1 Vagagcr for 500 s in aqueous 0.5 M NaCl solutions
containing various anion concentrations at various solution tem-
peratures; thereafter impedance spectra were recorded under open
circuit conditions at room temperature in 0.5 M Na,SO, solution.
The depression parameter was determined using a complex non-
linear squares fitting method [19]. Impedance spectra were recorded
from 10° Hz down to 107" Hz using 5 mV amplitude perturbations.

Results and discussion

Effects of solution temperature and anion
concentration on the pitting corrosion of alloy 600

Figures la—c represent potentiostatic current transients
obtained from alloy 600 subjected to a constant anodic
potential of 1 Vg aect for 500 s in aqueous 0.5 M NaCl
solution containing various SO,>~, NO;~ and HCO;~
1on concentrations, at 25 °C. The current transients were
divided into two stages, i.e. the first pit initiation and
growth stage and the second steady-state stage. In the
first stage, it was found that the current density in-
creased abruptly. This is caused by film breakdown due
to the initiation and growth of the pits.

In the presence of anion additives in NaCl solution,
after pit initiation, pitting corrosion product such as salt
layer would be precipitated inside the pits. Then, a
precipitated salt layer blocks up the pits and hence
hinders the current flow through the pits. Therefore, a
steady-state was attained between the metal dissolution
and oxide film formation, including the barrier by pre-
cipitated salt layer in the second stage of the current
transients. In other words, in the second stage, the
increment in current density caused by the metal disso-
lution just equals the sum of the decrement in current
density due to oxide film formation and the decrement of
current density due to the barrier by precipitated salt
layer, leading to nearly constant current density.

It can be seen from Fig. 1 that the value of slope of
the first stage of the current transients decreased with
increasing anion concentration. From this, as anion
concentration increased in chloride solution, it can be
said that the rate of growth of the pits decreased for all
kinds of anion additives. In addition, it was also ob-
served that steady-state current density decreased with
increasing anion concentration. This implies that the
pitting corrosion was suppressed by the addition of such
anions as SO,>~, NO;~ and HCO;™ ions because of the
competitive adsorption with CI™ ions [20, 21].

Figures 2 and 3 give potentiostatic current transients
obtained from alloy 600 subjected to a constant anodic
potential of 1 Vg agcr for 500 s in aqueous 0.5 M NaCl
solution containing various anion concentrations at 60
and 100 °C, respectively. The current transients were
similar in shape to those current transients obtained at
room temperature. It was found that the value of steady-
state current density in the second stage of the current
transients increased with increasing solution tempera-
ture for all kinds of solutions. This stems from the
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acceleration of the growth of stable pits due to the de-
crease in the degree of passivity of oxide film formed on
the specimen with increasing solution temperature [13].

In Fig. 3, it was observed that severe fluctuation of
current density appeared in the second stage of the current
transients. The occurrence of the current density fluctua-
tion is due to two competing processes of the breakdown
of passive film due to the decrease in the oxide film pas-
sivity and repassivation of the exposed metal surface due
to the competitive adsorption of anion additives with CI~
ions, i.e. current density increases by the formation of pit
embryo, but it decreases by repassivation [22].

In Figs. 2 and 3, it should be noted that in the case of
addition of SO4>~ ions to NaCl solution, the steady-state
current density increased with increasing SO4~ ion
concentration, but in the case of addition of NO3;™ and
HCO3;™ ions, steady-state current density decreased with
increasing NO;~ and HCOj3™ ion concentration.

For a better understanding of the effects of anion
additives and solution temperature on pitting corrosion,
the total charge per unit area consumed during the pit-
ting corrosion was calculated by integrating the current
density in potentiostatic current transients obtained at
various anion concentrations and solution temperatures

as shown in Figs. 1, 2 and 3, with respect to time for
500 s. The resulting total charge per unit area is given in
Fig. 4 as functions of anion concentration and solution
temperature. The value of the total charge was found to
increase with increasing solution temperature for all
kinds of solutions. This is because of the acceleration of
the pitting corrosion due to the decrease in oxide film
passivity at elevated solution temperature.

At room temperature, the total charge decreased with
increasing anion concentration regardless of the kind of
anion additive. This implies that the addition of S0,
NO;™ and HCO;™ ions to NaCl solution impedes the
pitting corrosion. This is traced back to the competitive
adsorption of anion additives with CI” ions. Above
60 °C, in the case of addition of NO3;~ and HCO;™ ions,
the total charge decreased with increasing NO3~ and
HCO;™ ion concentration, similar to the case at room
temperature, indicating the inhibiting effect of NO3™ and
HCO;™ ions on pitting corrosion.

However, in the case of addition of SO42_ ions, it
should be noted that SO,*~ ions have two competing ef-
fects on the pitting process with respect to solution tem-
perature. Figure 5shows potentiostatic current transients
on a magnified time scale for alloy 600 subjected to a



05 T T T T T

Fig. 2a—c Potentiostatic current
transients of alloy 600 subjected
to a constant anodic potential

of 1 Vag/agcr for 500 s in 04 b
aqueous 0.5 M NacCl solutions
containing various
concentrations of a Na,SO,,

b NaNO; and ¢ NaHCO; at
60 °C

o
w
T

Current Density / A cm™

o
T
QRO O

—O—0.5M NaCl at 60 °C

—0— 0.5M NaCl + 0.01M Na,S0, at 60 G
0.5M NaCl + 0.03M Na SO, at 60 °C
©— 0.5M NaCl + 0.05M Na,SO, at 60 °C

100

(=]

=]
o

b
4 04 | =t —
o
E
(5]
4 < 03k -
=
2
4 8 o2k 5 4
e | g
g %
S g —O— 0.5M NaCl at 60 °C
. Q 01k b4 ©— 0.5M NaCl + 0.01M NaNO, at 60 °C 1
0.5M NaCl + 0.03M NaNO, at 60 °C
é <~ 0.5M NaCl + 0.05M NaNO, at 60 °C
1 1 1 1 1 n | n 1 i |
400 500 0 100 200 300 400 500

Time /s

Current Density / A cm™

<,
L+
T
cxcmmmr««m'\

—0—0.5M NaClat60°C
O 0.5M NaCl + 0.01M NaHCO, at 60°C 1
0.5M NaCl + 0.03M NaHCO, at 60 °C
—O—0.5M NaCl + 0.05M NaHCO, at 60 °C

1

o

200
Time /s

constant anodic potential of 1 Vs, aeciin aqueous 0.5 M
NaCl solutions containing various Na,SO, concentra-
tions at various solution temperatures. At 25 °C, it is
easily seen from Fig. 5a that the current density decreased
with increasing SO4>~ ion concentration over the whole
time. This means that the addition of SO,>~ ions impedes
the whole pitting processes, i.e. pit initiation and pit
growth, at room temperature.

Above 60 °C, it was found that the current density
decreased with increasing SO,4>~ ion concentration in the
current density-ascending region, indicating the inhibit-
ing effect of SO,* ions on pit initiation. After that, the
current density was found to increase with SO4>~ ion
concentration, implying the accelerating effect of SO4>~
ions on pit growth after pit initiation.

In this work, these two competing effects of SO~
ions on pit initiation and pit growth were experimentally
verified by analysis of the SEM micrographs of pit
morphology. Figure 6 gives typical SEM micrographs of
pit morphology on the surface of alloy 600 subjected to a
constant anodic potential of 1 Vagaeci for 100 s in
aqueous 0.5 M NaCl solutions containing various
Na,SO, concentrations at 100 °C. It can be seen from
Fig. 6 that the number of pits per unit area, i.e. pit
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number density, decreased with increasing SO~ ion
concentration from 2812 pits/cm? at addition of 0.01 M
SO,* ions to 1875 pits/cm? at 0.05 M SO4>~ ions. From
this, it is realised that the addition of SO4*~ ions impedes
pit initiation.

In addition, the size of average pit area increased with
SO,* ion concentration from 3530 um? at addition of
0.01 M SO4* ions to 7084 pm? at 0.05 M SO,>~ ions,
which means that once corrosion pits are initiated above
60 °C, pit growth is accelerated by the addition of SO4>~
ions. Consequently, it is inferred that the addition of
SO,>” ions impedes the pit initiation, but it facilitates the
pit growth after pit initiation.

It is necessary to discuss the tendency of total charge
to increase as a result of an increase in SO4>~ ion con-
centration above 60 °C. Considering that nickel (Ni) is
the major alloying element of alloy 600, salt film formed
on the specimen in the presence of SO,>~ ions in NaCl
solution is probably composed of nickel chloride (NiCl,)
and nickel sulphate (NiSO,4). From the facts that NiSO4
is more soluble than NiCl, (as shown in Table 1 [23])
and SO4> ions are more mobile than CI™ ions (as shown
in Table 2 [24]), it can be concluded that the inside of the
pits was easily dissolved due to the preferential forma-
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tion of more soluble NiSO, salt film with increasing
SO,>” ion concentration above 60 °C, resulting in the
increase in the value of the total charge.

Characterisation of pit morphology by means of fractal
dimension as functions of solution temperature and
anion concentration

Figures 7a and b show typical SEM micrographs of pit
morphology on the surface of alloy 600 subjected to a
constant anodic potential of 1 Vagaeci for 100 s in
aqueous 0.5 M NacCl solution containing Na,SO,4 con-
centrations of 0.01 and 0.05 M, respectively, at 25 °C. It
was observed that pit morphology became more sim-
plified at the pit rim with increasing SO~ ion concen-
tration. This means that the local attack at the pit rim
was hindered by the addition of SO,>~ ions to NaCl
solution at room temperature due to the competitive
adsorption of SO4>~ ions with CI~ ions.

Figures 8 and 9 give typical SEM micrographs of pit
morphology on the surface of alloy 600 subjected to a
constant anodic potential of 1 Vagaeci for 100 s in
aqueous 0.5 M NaCl solution containing various
Na,SO4 concentrations at 60 and 100 °C, respectively.

400 500

In contrast to the case at room temperature, it was noted
that pit morphology became more complicated at the pit
rim with increasing SO4>~ ion concentration at elevated
solution temperature, indicating the acceleration of the
local attack at the pit rim. With higher solution tem-
perature the effect would be much greater.

It should be stressed that from the viewpoint of
fractal geometry, such irregular morphologies of the pits
formed on the surface can be distinguishable from one
another by means of the fractal dimension Dy, which is a
non-integer value between 1 and 2 determined by the
perimeter-area method. In other words, the degree of
complexity of pit morphology can be quantitatively de-
scribed by the value of Dy.

Figure 10 depicts typical logarithmic plots of perim-
eter vs. area for pit morphology on the surface of alloy
600 subjected to a constant anodic potential of 1 Vag
agct for 100 s in aqueous 0.5 M NaCl solutions con-
taining various concentrations of Na,SO4 at 25 °C. In
this figure, linearity was observed between pit perimeter
and pit area. It is generally known [14, 18] that twice the
slope of the plot of pit perimeter against pit area on a
logarithmic scale is the value of Dy of the pits. The values
of D¢ of the pits determined by the perimeter-area
method are summarised in Fig. 11 as functions of
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solution temperature and anion concentration. It is no-
ted from Fig. 11 that increasing solution temperature
raised the value of Dy of the pits, irrespective of the kind
of anion additive. Higher Dy at higher solution temper-
ature is due to the increase in the ratio of pit perimeter to
pit area, indicating the formation of pits with micro-
branched shape at the pit rim.

At 25 °C, the value of D¢ of the pits decreased with
increasing anion concentration. This means that the
addition of SO4*~, NO;~ and HCO;™ ions to NaCl
solution hinders the local attack by CI™ ions at the pit
rim as a result of the competitive adsorption with CI™
ions. Accordingly, weakened local attack at the pit rim
causes the reduction in pit perimeter and hence the value
of D¢ of the pits decreases with increasing anion con-
centration at room temperature.

Furthermore, above 60 °C, in the case of addition of
NO;™ and HCOj;™ ions, Dy of the pits decreased with
increasing NO3~ and HCO;™ ion concentration, similar
to the case at room temperature. By contrast, in the case
of addition of SO,>~ ions, Dy of the pits rose with
increasing SO4°~ ion concentration. From the result, it is
readily inferred that the addition of NO3;~ and HCO;~
ions to NaCl solution prevents the local attack, whereas
the addition of SO4>~ ions to NaCl solution enhances
the local attack at elevated solution temperature.

Now, let us discuss the cut-off range in order to jus-
tify the value of D; determined from pit morphology.
Real bodies and surfaces can be modeled by fractals in a
certain size range bordered by a cut-off range, i.e. inner
cut-off and outer cut-off. In other words, in this work,
the sizes of all kinds of pits should lie between the inner
cut-off length and outer cut-off length in order to satisfy
the fractal geometry. In the present work, it is very
difficult to determine the cut-off ranges by means of the
perimeter-area method. However, considering the length
of yardstick and the diameter of the largest pit [13, 14,
25], inner cut-off length and outer cut-off length can be
roughly estimated to be 0.01 um and 128 pum, respec-
tively. As a result, in the present work, since all of the pit
sizes fall between the inner cut-off length and outer cut-
off length, the value of D¢ determined by the perimeter-
area method satisfies the fractal characteristics.

Relationship between the depression parameter,
the roughness of the pits and fractal dimension

Figure 12 envisages typical impedance spectra in Ny-
quist presentation obtained from alloy 600 at open
circuit potential in aqueous 0.5 M Na,SO, solution at
room temperature after polarisation of 1 Vgaeci for
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100 s in 0.5 M NaCl solutions containing various con-
centrations of Na,SO, at 60 °C. It is noted that the
Nyquist plots were found to be depressed from a perfect
semicircular form with increasing anion concentration.
The depression of the impedance spectra from a perfect
semicircle is ascribed to the enhancement of surface
roughening effect of the specimen. This can be validated
by the decrease in the depression parameter.

The impedance of a real electrode is frequently rep-
resented by an equivalent circuit containing a constant
phase element (CPE) showing power law frequency
dependence as follows [26, 27]:

| -
Zcpe :E(]CO) ’

where Zcpg is the impedance of the CPE, C is the
capacitance, p is the depression parameter and w is the
angular frequency. Figure 13 demonstrates changes in
the value of the depression parameter, determined from
impedance spectra of alloy 600 by using a complex non-
linear squares fitting method [19], as functions of anion
concentration and solution temperature. The value of
the depression parameter decreased with increasing
solution temperature for all kinds of solutions.

In recent years, many researchers have demonstrated
that the deviation from a perfect semicircular form ob-
served on a real electrode is intimately related to surface
irregularity and/or surface inhomogeneity [28, 29, 30, 31,
32, 33]. For instance, for a perfectly smooth and
homogeneous surface at all scales, the value of the
depression parameter is unity. In contrast, if there are
surface irregularities, i.e. surface roughness and/or sur-
face inhomogeneity (i.e. porous structure of oxide film),
the depression parameter is lower than unity. It was
found from Fig. 13 that the values of the depression
parameter for all kinds of solutions are lower than unity.
Therefore, it can be deduced that a lowered value of the
depression parameter is due to surface roughness and/or
to the existence of porous structure of oxide film.

In this respect, we should discuss which factor
(roughness of the pits or porosity of the oxide film) is
predominantly responsible for the change in the
depression parameter. As solution temperature and
concentration of anion additives vary, it should be noted
that such oxide film properties as porosity and compo-
sition could also change. This means that the change in
surface inhomogeneity might influence the value of the
depression parameter.
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Fig. 6a,b Typical SEM micrographs of pit morphology on the
surface of alloy 600 subjected to a constant anodic potential of
1 Vagagar for 100 s in aqueous 0.5 M NaCl solutions containing
Na,SO, concentrations of a 0.01 M and b 0.05 M at 100 °C

Table 1 Solubilities of NiCl,and NiSO, at various solution tem-
peratures [23]

Salt Solubility (g (100 mL) ")

25 °C 60 °C 100 °C
NiCl, 39.6 44.8 46.7
NiSO, 40.8 56.4 78.0

Table 2 Mobilities of Cl™ and SO,*~
solution temperatures [24]

ions in water at various

Ton Mobility (cm? s ' V1)

25 °C 100 °C
Cl- 7.9%x107* 2.2x107°
S0, 8.3x107* 2.7%x1073

Moreover, in this work, it is easily seen from
Figs. 11 and 13 that the depression parameter is in-
versely proportional to the fractal dimension, irre-
spective of solution temperature and anion additives.
Bearing in mind that the fractal dimension describes
entirely the roughness of the pits, it is inferred that the
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Fig. 7a,b SEM micrographs of pit morphology on the surface of
alloy 600 subjected to a constant anodic potential of 1 Vg /aect for
100 s in aqueous 0.5 M NaCl solutions containing Na,SOy4
concentrations of a 0.01 M and b 0.05 M at 25 °C

depression parameter represents, crucially, the rough-
ness of the pits. From the above arguments, it can be
realised that surface inhomogeneity has little effect on
the depression parameter. Consequently, it can be sta-
ted that the decrease in the depression parameter for
the pitted specimen is mainly caused by the increase in
the roughness of the pits with increasing solution
temperature.

It was found that in the case of addition of NO;~ and
HCO;™ ions, the depression parameter increased with
increasing NO;~ and HCOj™ ion concentration, irre-
spective of solution temperature. This implies that the
addition of NO3;~ and HCOj3™ ions to NaCl solution
reduces the roughness of the pits. In the case of addition
of SO,* ions, at room temperature, the depression
parameter increased with increasing SO4*~ ion concen-
tration, but the depression parameter decreased with
SO,*™ ion concentration above 60 °C. This implies that
SO,>" ion addition makes the electrode surface more
roughened due to the promotion of pit growth at ele-
vated solution temperature.

At this point, it is necessary to clarify the relationship
between the Dy and the depression parameter. In the
present work, it should be emphasised that since the
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Fig. 8a,b SEM micrographs of pit morphology on the surface of
alloy 600 subjected to a constant anodic potential of 1 Vg /aect for
100 s in aqueous 0.5 M NaCl solutions containing Na,SOy4
concentrations of a 0.01 M and b 0.05 M at 60 °C

value of D¢ determined by the perimeter-area method
represents the degree of complexity of the two-dimen-
sional pit morphology on the surface as a number, it
cannot give information about the morphology of the
inside of the pits. On the other hand, the depression
parameter depicts the roughness of the pits, i.e. the
three-dimensional pit morphology.

It is generally agreed [30] that the value of D is in-
versely proportional to the value of the depression
parameter. In the present work, from the experimental
findings, it was noted that the depression parameter
shows a reverse tendency compared with Dy for all kinds
of solutions. From this, we can visualise the three-
dimensional pit morphology, including the inside of the
pits, in terms of the changes in the value of Dy As a
result, it is concluded that the inside of the pits shows the
same tendency to change in the morphology as the two-
dimensional pit morphology observed only on the elec-
trode surface.

Above 100 °C, since it is very difficult to determine Dy
by using the perimeter-area method, it is hard to quan-
titatively characterise the pit morphology by means of
Dy. However, from the observation of more complicated
morphology of the pits in CI” ion-containing solution
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Fig. 9a,b SEM micrographs of pit morphology on the surface of
alloy 600 subjected to a constant anodic potential of 1 Vg /aect for
100 s in aqueous 0.5 M NaCl solutions containing Na,SOy4
concentrations of a 0.01 M and b 0.05 M at 100 °C

above 100 °C in the previous work [13], it is expected
that the Dy of the pitted surface increased in series with
increasing solution temperature. Therefore, it can be

T ™ —T—TT T T Ty

O 05MNaClat25°C I
0 0.5M NaCl+0.01M Na SO, at 25 °C 7
0.5M NaCl + 0.03M Na,S0, at 25 °C s
T & 05MNaCl +005M Na SO, at 25 °C ]

Pit Perimeter / um

Pit Area / j_LmZ

Fig. 10 Typical logarithmic plots of perimeter vs. area for the pit
morphology on the surface of alloy 600 subjected to a constant
anodic potential of 1 Vag/aeci for 100 s in aqueous 0.5 M NaCl
solutions containing various concentrations of Na,SO, at 25 °C
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Fig. 12 Typical impedance spectra in Nyquist presentation

obtained from alloy 600 at open circuit potential in aqueous
0.5 M Na,SO, solutions at room temperature after polarisation of
1 Vag/agar for 100 s in 0.5 M NaCl solutions containing various
concentrations of Na,SO4 at 60 °C

total charge and fractal dimension increased and, at
the same time, the value of the depression parameter
decreased for all kinds of anion additives. This is
ascribed to the increase in the roughness of the pits
due to the acceleration of the pitting corrosion at
elevated solution temperature.

. In the case of addition of NO;~ and HCO;™ ions, the
values of the total charge and fractal dimension de-
creased and, simultaneously, the value of the
depression parameter increased with increasing NO3™~
and HCO;~ ion concentration, irrespective of
solution temperature. This implies that the pitting
corrosion was suppressed by the addition of NO;~
and HCO;™ ions due to the competitive adsorption
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with CI™ ions. As a result, the local attack on the
electrode surface was hindered and hence the
roughness of the pits decreased with increasing NO3~
and HCOj3™ ion concentration.

. In the case of addition of SO, ions, above 60 °C,
the addition of SO4>~ ions impedes pit initiation, but
it enhances pit growth after pit initiation. As a result
of the enhancement of pit growth by SO,*~ ions, the
total charge, fractal dimension and the depression
parameter showed a reverse tendency compared with
addition of NO;~ and HCOj3™ ions. Consequently, it
is concluded that the addition of SO4>~ ions to NaCl
solution accelerates the local attack on the electrode
at elevated solution temperature, leading to the in-
crease in the roughness of the pits.

. From the finding that the depression parameter is
inversely proportional to the fractal dimension for all
kinds of solutions, it is concluded that the three-
dimensional pit morphology, including the inside of
the pits, can be described by the change in the fractal
dimension.
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