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ABSTRACT

A technique to obtain normalized current was conceived for the cases in which the
electrode surface corrodes. Each polarization curve point is obtained with an untreated
electrode, which is submitted to two potential jumps: the first jump was applied to measure the
current-potential relation. The second one was used for area normalization. Stainless steels 316
and 316 L have been used in a concentrated chloride solution.
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INTRODUCCION

If an active metal is submitted to an aggressive environment it will corrode
spontaneously. Moreover, applying an anodic potential may accelerate its corrosion. In both
cases the surface area will change. The objective of the present paper is to describe a technique
to take into account surface area changes on corroding metals.

Experimental methods to determine real surface area have been reviewed and their
limitations discussed [1]. The meaning of real surface area concept has also been explained:
“The meaning of real surface area depends on the method of its measurement, on the theory of
this method, and on the conditions of application of the methods. Thus, for a given system,
various real surface areas can be defined, depending on the characteristic dimension of the probe
used. The most appropriate real surface area is the one estimated using a method which best
approaches the experimental situation to which that area is to be applied ” [1].

In this sense, methods to determine real surface area in situ are better than ex situ ones.
We are dealing with an electrode / electrolyte system in which the electrode is attacked by its
environment. Moreover, an external potential strongly contributes to the material damage. If
this polarization is stopped, the real surface area determination must be quick enough to permit
the area measure before the spontaneous dissolution causes a later area change.

Therefore, the described methods for solid electrodes real area determination are not.

applicable to corroding electrodes [2-18].

Portugaliae Electrochimica Acta, 17 (1999) 231-242

— 232 —

Techniques based on the capacitance method in two different versions: the capacitance
ratio [2-5] and the Parsons Zobel plot are not adequate for our system [6]. The first may be
adequate because it is a single point method and hence involves little time. On the other hand, its
experimental applicability is doubtful [1].

The multiple point method [6] has been discarded because it needs much time.

Hydrogen or oxygen monolayer [8-12] adsorption is not electrochemically observed on
active metals. Thus, the techniques based on monolayer charge measure are not adequate.

Underpotential deposition of metals suffers from the same shortcomings as that of
hydrogen adsorption method [14].

The other in situ techniques described have been discarded because they need too much
time [15-18]. '

Furthermore, any intent to measure in sifu real areé of a corroding electrode must be
almost impossible.

In spite of this, the normalization of each current value of a polarization curve to a
selected standard value has been tried.

To determine each current / potential value of a polarization curve, the experiment starts
with an untreated electrode which is subjected to a potential jump ranging from 0.0 V to a
selected potential E. The current response is read after 5, 7 or 10 minutes depending on the
experiment. After current reading, the circuit is opened and the electrode is subjected to a low
potential Eq during 40 s.

E, is selected from the potential range at which electrode does not react and no passive
film is formed on the surface. If an oxide film during the anodic polarization E was covered the
electrode, its stay at low potential E allows surface film to destroy. In addition, solution stirring
helps film dissolution and to remove corrosion products away from the surface. Then, the
electrode is submitted to a potential jump between Eq and Ey. The initial current response of this

final potential jump, Io is used to normalize current I of the polarization experiment.

Cou Fig. 1 - Equivalent circuit of the
Rs electrode/electrolyte interface. Cpy:
double layer capacity. Rg: solution
resistance. Ry: Charge transfer
reaction.
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The current response first shows the capacitive current due to the double layer charge.
The equivalent circuit consists of a capacity condenser Cp. connected in parallel with a
resistance, Ry, This device is connected in series with a resistance Rs. Rs and Ry simulate the
solution resistance and the charge transfer resistance respectively.

When a potential difference Ey is applied to this circuit, the condenser is first charged
through the resistance connected with it in series. This resistance consists of electrolyte solution,
Rs.

A condenser charge current varies with time as follows:

M

Where I, the initial current at t = 0, is the same as if the circuit would only have
resistance Rs. Resistance depends on the length and section through resistivity p or its inverse,

the conductivity x:

R=%a @

In this case, «x is the electrolyte conductivity and A, the electrode area. As the electrode
is always placed in the same position, L/x does not vary through the different experiments. The

equation (2) leads to a direct relation between initial current and the electrode area:
A
IO:E/-K-Zr 3)

Thus, we have a relation to normalize the measured current value in each polarization
curve point in relation to a reference area. This is performed by measuring the current jump
height [Io], when the final potential pulse is applied. Vo and V¢ of the second jump are equal in
every point of the polarization curve obtained.

The resistance R in equation (2) depends only on the electrolyte resistance and on the
electrode area. The electrolyte is concentrated enough to avoid any effect of the diffuse double

layer.
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Moreover, we suppose that reaction products do not influence electrolyte conductivity.
This is nearly true if product concentration is negligible compared with .the electrolyte
concentration. Thus, the electrolyte solution has been changed after each experiment to avoid

the contamination of the electrolyte with the corrosion products.
EXPERIMENTAL

A three compartment pyrex glass cell was used. The auxiliary electrode was a platinum
sheet of about 4 cm” separated from the working electrode by a porous glass-plate.

A silver / silver chloride / chloride electrode was used as reference electrode.

The working electrodes were stainless steels AISI 316 and 316 L sheets. The different
electrodes were of the same piece of metal. The exposed surface area in each electrode was
delimited with paraffin.

The supporting electrolyte was a 1 M KCl solution prepared with analytical reagent and
bidistilled water.

The cell was thermostatized at 25 °C.

Each polarization curve point was obtained with an untreated electrode, which was
placed in the oxygen free solution and submitted to a potential jump from 0.0 V to a given
potential. This was performed with a square wave function generator connected with a
potentiostat. After 5,7 or 10 minutes (depending on the experience), the current response was
read. Then, the circuit was opened and the electrode subjected to a Vo = - 0.3 V during 40 secs.

After this, a second potential jump was applied between -0.3 to 0.0 V. Then the current
response to this jump was read in a digital oscilloscope.

The initial current response Ip, was used to normalize the previously obtained current
value in the polarization experiment to relate it with the reference area.

Five values of normalized current were obtained for each potential. The average currents
were used to construct polarization curves shown in Figs. 2 — 6.

The electronic device consisted of a GE - M4 LYP square wave generator connected to
a M5 LYP potentiostat. A Tektronic digital oscilloscope has been used to measure electrode
current responses.

It must be added that reproducible normalized current could not be obtained with a
potentiostat which sents current pulses to the cell when the circuit is closed. Moreover, the

potential jump must be a perfect square-shape.
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RESULTS AND DISCUSSION

Tables 1 and 2 show the normalized and non-normalized currents obtained with 316
stainless steel for different apparent areas and two potentials.

The normalized currents are almost constant and independent of the apparent area
[Tables 1- 2]

The polarization curves obtained with AISI 316 and AISI 316 L stainless steels are
shown in Figures 2—6.

To obtain each current-potential value we followed two different ways: the classical and
the normalized one here dealt with. In the first way, the same electrode was used to construct
the whole polarization curve. The current has been measured at a fixed time after applying the
given potential. Thus, the current was read five, seven or ten minutes after applying the

potential. (Figs. 2a-6a). In the second way, the procedure described above was used (Figs. 2b-

6b).

Apparent Current without | Normalized
area/ mm® | Normalization/ mA | curren /mA . .
Table 1. Normalized and non normalized

5 232 7.4 currents for different apparent areas
7 ggz g-gg electrodes of AISI 316 stainless steel.
8 J - = = ey in: = 9
5 S8 793 E=10V;t=5min; T=25°C
12 41.6 7.09
14 58.7 7.15
18 69.1 7.5

Average 7.10+ 0.29

Apparent Current without | Normalized
Area/mm’ | normalization/mA | current/mA
Table 2.Normalized and non normalized
4 - L currents for different apparent areas
8 19.82 4.95 .
14 317 217 electrodes of AISI 316 stainless steel.
15 34.7 423 E=0,60V;t=5min; T=25°C
18 37.6 4.31
21 2.1 4.57
Average 4.41£0.33
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The apparent areas for the both types of experiments were the same. The differences
between the curves are due to the method used to obtain them. Currents: of normalized
polarization curves are significantly lower than those obtained without normalization.

The main difference between the curves obtained with the two different methods is that
normalized curves show a current drop due to metal oxide formation (Figs. 2b-6b). In the
polarization curves obtained with the traditional method (Figs. 2a-6a), each point involves the
change that the electrode suffered during the previous treatment. The area increase is so great
that current lowering due to the metal passivation cannot be seen.

If we use a microscope to observe an electrode treated with the old method, we see a
strongly damaged metal. The metal damage is so great that pits cannot be observed.

With the new method, the experiment to obtain each polarization curve point begins with
a new surface. In this case the microscope image shows only the metal attack that took place at
the potential under study during the treatment at one potential only. If we observe by
microscope the electrodes treated above 1,2 V, they present clearly defined pits. Pits appear on
a surface that has been previously recovered by passive films. The current drops due to surface
film appear above 1.2V in all the figures shown.

With the classical method, one point of the polarization curve is not comparable with
each other because the electrode area is not the same. The second point is obtained with a wider
surface area than that of the first point. The third one is obtained with wider surface area than
that of the second point and so on.

In Fig. 6, curves 6a, 6a’, 6b and 6b’ were obtained with the same apparent electrode
areas.

In Fig. 6a, a polarization curve without normalization is shown. The Fig. 6b was
obtained with the normalization procedure. Lower currents than those of fig. 6a appeared. In
addition, a current drop due to surface film formation is observed. The Fig. 6b’ “shows a
polarization curves obtained with normalization and with the hydroquinone inhibitor addition
[19]. As the currents in Fig. 6b’ are lower than those of Fig. 6b it can be concluded that
hydroquinone behaves as an inhibitor. The same conclusion cannot be taken out by comparing
Figs. 6a’ and 6a. In this case the inhibition effect is not clear because no definite current
lowering is observed. In the experiment of figure 6a and 6a’ it has been started with the same
geometric area. The geometric area has no exact meaning and the results obtained by comparing
electrodes with same geometric area are not conclusive. Only through the normalization

procedure, the results can be compared, to obtain reliable conclutions.
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Fig 3 -Polarization curves for AISI - 316L stainless steel without normalization
(a) and with normalization (b). The apparent area was the same for both experiments
The currents were read after 7 min of potential applying. T=25°C,
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Fig. 4 — Polarization curves for AISI 316 stainless steel without normalization (a)
and with normalization (b). The apparent area was the same for both experiments
The currents were read after 5 min of potential applying. T =25 °C.
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The current lowering due to inhibitor addition is more definite in the case of normalized
currents than in the case of currents without normalization [Figs 6a and 6a’]. In this sense, the
normalization procedure is useful to confirm an inhibition effect that, in other way, would be
doubtful.

In all the non- normalized curves here shown [Figs 2a-6a] a change of the slope in ca.
0.8 V appears. In the corresponding normalized curves [figs 2b-6b], a change of slope of Figs.
2a-6a is replaced by a current plateau between 0.6 and 1.0 V. The first plateau and the following
current drop are probably due to the different nature of the surface film formed. In the
experimental condition of the figures, a solid ferric and non-stoichiometric oxides are permitted
[22].

However, it must be clarified that the potentiokinetic method here used to construct the
polarization curves [20] cannot lead to definitive conclutions about the stationary state of the
system. Moreover, it is not possible to conclude that the observed current drops are due to a
true passivating film, because the currents after the current drops are too high to be called
passive currents and in addition they continue increasing.

With corroding electrodes, stationary currents are very difficult to obtain. A current that
seems stationary may be found. After ten minutes it changes again and so on. As the metal
corrodes the area changes. As the are changes, current changes, and so on.

To compare two experimental results obtained with two different pieces of the same
metal they must be treated in the same manner. The way to apply the potential must be the same.
Here, a square step is used and the current reading time after the potential applying is also fixed.

The normalization procedure does not lead to current drop appearance in all the cases. In
stainless steels 304 and 304 L studies, only a current lowering [21] through the normalization

procedure here described is observed.
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Fig. 4 — Polarization curves for AISI 316 stainless steel without normalization (a) and with
normalization (b). The apparent area was the same for both experiments. The currents were read
after 5 min of potential applying. T =25 °C.
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Fig 5 - Polarization curves for AISI- 316 stainless steel without normalization (a) and with
normalization ( b). The apparent area was the same for experiments. The currents were read
after 7 min of potential applying. T =25 °C
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Fig.6 — Polarization curves for AISI - 316 stainless steel without normalization (a)
and with normalization (b) ; (2’ ) and (b’) were obtained in the same conditions as (a) and (b)
with 5 x 10° hydroquinone inhibitor addition. The currents were read after 10 min of potential
applying. T =25 °C.

CONCLUSIONS

The current values of a polarization curve obtained with an electrode, whose area
changes, must be normalized to take account the area changes. A pulse technique to do this is
here proposed.

With this technique, polarization curves with lower currents than those of a non-
normalized polarization curves were obtained with 316 stainless steel electrodes. At the same
time, current drops due to surface film formation were found at experimental conditions at
which ordinarily are not observed.

With the new technique an inhibition effect of hydroquinone addition is clearly observed.
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