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Abstract

This work illustrates the usefulness of inhibitors for the prevention against localised corrosion of carbon steel in a low aggressive medium. We compare the efficiency of two inorganic non-toxic inhibitors, associated with an oxidant. Many experiments were conducted. For each experiment, a solution was prepared with different concentrations of pitting agent, inhibitor and oxidant. The performance is then estimated by the pitting potential taken from the voltammograms of carbon steel obtained with each solution. The results show that the efficiency of molybdate and tungstate are comparable. The presence of iodate, which plays an oxidizing role, can be synergistic to the inhibitor but harmful if the concentration ratio is not adequate. The interest in the use of an oxidant is that it makes it possible to reduce the inhibitors amount, which limits the pH increase and prevents scale deposition. This work provides useful guidance in the localised corrosion prevention of a semi-open cooling circuit subject to seasonal sand storms. The obtained results from the many experiments carried out were compiled using neural networks for performance prediction.
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Introduction

In a previous paper, we showed that for the design of an open cooling circuit, the choice of the carbon proportion of the steel should take into account the chloride quantity of the medium in which it will be exposed (Boucherit, 2005). Even if the steel does not present local attacks after several years (Boucherit, 2006), preventive measures must be considered because localised corrosion occurs rapidly at a microscopic level, with an insidious manner and can be even stimulated by numerous thermohydraulic factors.

A preventive procedure on a regular basis consists of incorporating inhibitors directly in the coolant. During several decades, chromate was the best option for its cost/effectiveness. However, the toxicity caused by its hexavalent form (Wise, 2006) encouraged research for non-toxic and more environmentally acceptable corrosion inhibitors. The interest went spontaneously on molybdate and tungstate due to chemical similarities in the group VI of the periodic table.

Many studies related to molybdate and tungstate inhibition were published during the last decade. It was reported that in acidic medium, molybdate is more efficient than chromate (Refaey, 2005). Like dichromate, molybdate suppresses pit nucleation but inversely its polymerisation increases the pH, whereas dichromate decreases the pH due to the oxidation/reduction reaction (Zhao, 2002). Another comparative study between oxyanions showed that under static conditions the order of inhibition performance is WO42-> MoO42-> VO3- and this order is altered under electrode rotation WO42-> VO3-> MoO42- (Martini, 2000). Tungstate seems to be more interesting than molybdate because of its applicability under a broader pH range. Nevertheless, molybdate and tungstate lack the oxidising properties of chromate. To enhance their efficiency, they must be used in presence of dissolved oxygen (Azambuja, 2003) or additional oxidant agent like iodate (Shibli, 2005). Yet, the use of an oxidant agent as a co-inhibitor is dangerous because pitting can occur at low concentration (Luo, 2000).

The performance of an inhibitor is usually judged by its capacity to shift anodically the pitting potential. This one is taken from voltammograms and corresponds to the potential where the anodic current exceeds a threshold (Kaneko, 2002). In reality, this threshold is imposed by the sensitivity of the electrochemical equipment. It is generally of the order of 1 (A, which is relatively important. Because pits are initiated at lower potentials and there is a broad region where metastable pits exist. To affirm detecting the first currents generated by pits initiation, it is necessary to be able to record charges as low as 10-13 C (Maurice, 2001). Some attempts to access weaker currents are published. They are based either on the study of microelectrodes (Kobayashi, 2000), or on the amplification of the anodic current (Burstein, 2004), or directly on the provocation of just one dissolution site (Verhoff, 2000). The investigation of the exact limit of the material resistance becomes more complicated when it comes to observe the influence caused by weak variations in the chemical composition of the solution. In addition, the knowledge of the phenomena taking place at the material surface is not enough to predict performance, because the pitting initiation depends on multiple factors related to the solution and the material properties as well as the exposition conditions.

The difficulty in obtaining experimentally the pitting potential, and the complexity of its expression by multiple parameters, justify the application of a mathematical model, which would make it possible to predict this potential starting from measurable parameters. The neural networks are relatively recent mathematical tools applied with enthusiasm in various fields including corrosion problems (Pleune, 2000), (Diaz, 2006). Their application for pitting potential prediction is possible since a great number of experiments are available.

Experimental

All the experimental results were obtained from electrochemical measurements on a carbon steel with an exposed surface of 0,1 cm2. The steel composition and the electrode preparation, as well as the description of the equipment used were detailed in a previous paper (Boucherit, 2005).

We carried out a program of 260 experiments. Each experiment consists of tracing the voltammogram of the steel in a solution by sweeping the potential from -0,8 to 1 V/ECS at 1 mV/s. The solutions contain a pitting agent, Cl-, an inhibitor, MoO42- or WO42- and an oxidant, IO3-. Figure 1, shows the anions concentrations distribution. Tungstate and molybdate were studied separately. The study of each inhibitor required 140 experiments. By deducing the 20 cases where the inhibitor concentration is null, the total number of experiments considered in this work is 260.
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Figure 1: Anions concentrations distribution

At the beginning of each experiment, the ionic conductivity and the pH of the solution are measured. At the end the pitting potential is taken from the voltammogram. We defined the pitting potential as the potential where the anodic current reaches 5 (A.

The prediction of the pitting potential by neural networks method was carried out using MATLAB v6.5 and nntool v4.0.

Results

Figure 2 shows voltammograms obtained for various chloride concentrations in the absence of any inhibitor or oxidant. The sensitivity of our equipment enables us to measure current of 1 (A. By zooming, it appears that the chloride concentration does not influence the pitting potential but affects only the slope of the current.
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Figure 2: Voltammograms of the steel in water containing various chloride concentrations

If the variation of the chloride concentration does not affect the pitting potential, this one is however very influenced by the presence of inhibitors or oxidants. On figure 3, we collected voltammograms obtained with a low chloride concentration: 0,0005 mole/litre. Parts (a) and (b) correspond respectively to the presence of molybdate and tungstate with a fixed concentration of 0,001 mole/litre. The influence of iodate is thus evaluated through the variation of its concentration. All the solutions have a pH of about 6,3. The variation of the iodate concentration does not affect the pH. In the absence of iodate, the increase in the anodic current around 0 V/ECS is done in a continuous way. However, in the case of tungstate, the increase is considerably attenuated. Taking into account the pH value and the Pourbaix diagram, this potential would correspond to iron dissolution in Fe2+. By increasing the iodate concentration, a current peak appears revealing a passivation process. Iodate, with its oxidizing capacity, should oxidize the Fe2+ ions to Fe3+ supporting passive film formation. The pitting resistance increases with iodate concentration.
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Figure 3: Effect of the iodate concentration in presence of small chloride and inhibitor quantities

The capacity of iodate to improve the pitting potential is not always granted. For some inhibitor concentrations the addition of iodate can even be prejudicial. This is clearly visible on figure 4, where we gathered pitting potentials for solutions containing a fixed chloride concentration of 0,001 moles/litre and by varying the inhibitor concentration: molybdate (a) and tungstate (b). The figure makes it possible to see, by following a curve, the iodate concentration influence on the pitting potential while keeping constant the pitting agent and the inhibitor concentrations. In the absence of inhibitors, it is clear that the pitting potential increases with the iodate concentration. But with a molybdate concentration equal to 0,01 mole/litre, progressive addition of iodate reduces the steel resistance, whereas in the absence of iodate, the steel remains resistant until the higher potential limit. These observations are confirmed with tungstate.
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Figure 4: Effect of iodate concentration on the inhibitor performance

The performance evaluation, by considering the pitting potential, such as defined for figure 4, causes some practical problems. Indeed, the current threshold corresponding to the rupture such as we fixed it (5 (A) is lower than the current peaks values observed on figure 3 and which correspond not to pitting but rather to dissolution followed by passivation. Reading the pitting potential when it takes place around 0,2 V/ECS is often not very accurate. On the other hand, the current evolution varies greatly after pitting and does not depend on the pitting potential value. In some cases we observe a pitting followed by a weak increase in current and in other cases the pitting is delayed but the current slope following is quite steep.

Another method to estimate the steel performance consists of taking the voltammograms, fixing a threshold current and choosing a performance potential. Then, the steel is considered resistant if its potential reaches the performance potential with an anodic current not exceeding the fixed threshold current.

The performance thus defined, is represented on figure 5. The threshold current "is" is fixed at 25 (A which is higher than the current peaks observed in figure 3. The performance potential corresponds to the anodic limit of the sweeping interval: 1 V/ECS. If the anodic current does not exceed “is” at the end of the sweeping, the experience is indicated by an open circle. Otherwise, it is represented by a small square. On the horizontal axis, we represented the inhibitor and the oxidant predominance, defined by the relation: [inhibitor]-[iodate])/([inhibitor]+[iodate]). On the vertical axis we represented the inhibitor and the oxidant concentrations sum divided by the chloride concentration: [inhibitor]+[iodate]/[chloride]. The advantage of these figures is that they allow visualizing synergy and antagonism fields between the oxidant and the inhibitor. By drawing a horizontal line, we sweep the cases where the oxidant and inhibitor concentrations are variable but their sum is maintained constant. Thus at the left we are in presence only of the oxidant, whereas at the right just the inhibitor is present. All the experiments with the various chloride concentrations are represented. Each graph on the figure gathers the data of 140 experiments.

The obtained results are slightly different for the two inhibitors. In absence of oxidant, the steel is resistant if the inhibitor concentration exceeds 10 times that of chloride. But, without the inhibitor the oxidant concentration must be 60 times higher than that of chloride to have a similar result. By drawing a horizontal line, and starting from the right side of the figures, one notes that the substitution of the inhibitor by oxidant reduces the performance. Whereas, from the left side, one realizes that the substitution of oxidant by the inhibitor improves initially the performance before reducing it when the concentration ratio [inhibitor]/[iodate] increases.

The performance improvement with a weak [inhibitor]/[iodate] ratio is particularly interesting because it affects weakly the pH. It is an interesting option especially for cooling circuits where it is important to avoid high pH values and the scale deposition in heat exchangers.
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Figure 5: Combined effect of the inhibitor and the oxidant on the performance of the steel

On the basis of our experimental data, we notice that the anions concentration influence on the pitting potential is rather regular. It would be interesting to have a model which enables to find the pitting potential from experimental data and to predict this potential from supposed data. For similar studies, the neural networks were applied with a certain degree of satisfaction (Parthiban, 2005). The main advantage of the neural networks rises from their capacity to model phenomena without having knowledge of the mechanisms involved. This corresponds to our case, where the pitting potential cannot be directly expressed by the pH, the conductivity and the anions concentrations. Nevertheless the accurateness of neural networks modelling requires some considerations: a significant number of experiments; a large field of experimental parameters variation because extrapolated situations are not always modelled successfully; and finally an appropriate parameter initialisation to the network input.

The two inhibitors were studied separately. In each case, 140 experiments were considered. An output database was represented by a vector of dimension (1,140) corresponding to the pitting potentials. An input database was modelled by a rectangular matrix of dimension (8,140). The 8 input parameters are related to the experimental parameters combined between them according to their interrelation and also to facilitate the model convergence. Each experiment is thus described by: the conductivity; the pH; the logarithm of the chloride concentration; the concentration ratio [inhibitor]/[chloride]; the concentration ratio [iodate]/[chloride]; the difference between the inhibitor and the oxidant concentrations [inhibitor]-[iodate] which takes into account the antagonism effect between anions concentrations at the material surface; a Boolean value ([iodate]=0) which allows to distinguish the experiments where the oxidant was used. Finally, a very important parameter was introduced to discern the cases where no pits occurred. This Boolean parameter takes value 1 in the absence of pits and 0 otherwise. The databases were then divided in two parts: a training base of 93 experiments and a test base of 47 experiments.

The network architecture optimization consists on the determination of the hidden neurons number, the hidden and the output layers activation functions and the training algorithm. By taking the case of molybdate, optimized results are presented in table 1. The representation of the network is given by figure 6.

	Input layer
	Hidden layer
	Output layer
	training algorithm

	neurons number
	neurons number
	Activation function
	Neurons number
	activation function
	

	8
	14
	Hyperbolic tangent
	1
	Hyperbolic tangent
	Levenberg –Marquardt


Table 1: the neural network structure
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Figure 6: the neural network representation
In order to facilitate the learning process, the program normalizes all the variables to a zero mean, unitary variance. The symbol i refers to one of the 8 input parameters; j refers to one of the 14 neurons in the hidden layer; k is equal to 1 and corresponds to the unique neuron in the output layer.

The jth neuron of the hidden layer produces a value: 
[image: image7.wmf]å

=

+

=

8

1

i

j

i

ji

j

b

X

w

V


The network output value is given by 
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are fixed after the training phase.
Figure 7 shows the pitting potentials calculated by the neural network versus the experimental pitting potentials. The regression factor is 0,979. In general, the experimental points follow the diagonal. A perfect modelling would have given a total distribution of these points on the diagonal and a regression factor equal to 1. It is possible to improve the regression factor by increasing the hidden layers number or the neurons number by layer. On the other hand, more experiments or an adequate adjustment of the parameters in the input table would give a better convergence. The important fact in this figure is the disparity noted beyond 0,4 V/ECS. In this potential area, the current evolution follows different forms. In some experiments the pitting is followed by a fast current increase whereas in other experiments the current slope is very low. This situation creates confusion in the automatic pitting potential reading. Thus, through the use of neural networks, it appears clearly that the pitting potential, defined by the potential from which the current exceeds a fixed threshold, is certainly not the best performance indicator.
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Figure 7: Calculated pitting potential values vs. those experimentally observed
Discussion

Figure 2 shows clearly that in the absence of inhibitors or passivating agents and around a neutral pH, chloride causes localised attacks at the same potential regardless of its concentration. By localizing this potential and the pH in the Pourbaix diagram, this potential should correspond to the oxidation of iron to Fe2+. Therefore, without a passive film, the potential region of metastable pits existence is reduced. Consequently, it is the iron thermodynamic properties which would control pits initiation and not the chloride concentration which has just an influence on pits evolution. That means that a weak chlorine concentration can generate localised attack. In an open cooling circuit exposed to the air, and even if the chlorine concentration is low, it is possible that when a pit is initiated, it can evolve quickly under the influence of various thermo-hydraulic factors. In nuclear facilities subject to strict cooling procedures, the risk of localised corrosion must be maintained as low as possible. Also the use of localised corrosion inhibitors in the coolant is of the highest importance, even if the pitting agents concentration is considered weak (Boucherit, 2006).

Molybdate and tungstate are efficient inhibitors as shown in figure 4. Their efficiency is comparable. The two inhibitors increase incontestably the pH. It was indeed proven that at pH 6 the MoO42- ion is unstable (Vukasovich, 1986). It converts into paramolybdate ion according to the reaction:
7MoO42- + 8H+ ( Mo7O246- + 4H2O

When the pH is lower than 4,5 the paramolybdate ion changes to give:
Mo7O246- + MoO42- + 4H+ ( Mo8O264- + 2H2O

Molybdic acid appears in more acidic medium. All these reactions consume protons and thus tend to increase the pH. Inside a pit, it is known that the material hydrolysis reduces the local pH. The molybdate can then intervene, according to preceding reactions, to increase the pH and to form, in parallel, salts such as Na6(Mo7O24)xH2O which can precipitate. The iron ions, which dissolve inside the pits, can even contribute to the formation of hetero-poly-complex such as [FeMo6O249-] and thus avoid their hydrolysis which could reduce again the pH. We also noticed, that inhibition becomes complete when the concentration ratio [inhibitor]/[chloride] reaches the value 10. Under these conditions the molybdate concentration, at the surface, becomes so important compared to that of chloride. This could lead to a build-up of a protective layer of Fe-Mo (VI) permeable to cations but not to anions (Boucherit, 1991). Tungstate should have a similar behaviour to that of molybdate.

Oppositely to molybdate and tungstate, iodate does not affect the pH but influences clearly the pitting potential. Figure 3 shows anodic pitting potential shift but also a passivation effect as the iodate concentration increases. The role of iodate would be to oxidize Fe2+ ions resulting from the material dissolution in Fe3+. Ferric ions can then form a hydroxide which precipitates to passivate the steel surface and then to delay the pits evolution. The use of iodate is beneficial when we want to limit the pH increase and consequently the scale deposition. Figure 5 shows that it is possible to have a good performance in a solution containing a weak [inhibitor]/[iodate] ratio. However, the addition of iodate is not always advantageous. Figure 4, shows that for an inhibitor concentration equal to 0,01 mole/litre, the progressive iodate concentration increase does not improve the performance. This was observed with tungstate and molybdate. This performance reduction is due mainly to the obstacles created by the anions following their migration towards the surface of the material under anodic polarization. For a constant global inhibitor concentration, successive oxidant additions gradually reduce the inhibitor concentration close to the surface. Inhibition by polyanions decreases and the Fe2+ ions oxidation by iodate is not sufficient to passivate the entire surface. Under these conditions, the iodate concentration increase is vain. Even if the separate effects of the inhibitor and the oxidant are beneficial, their combination can be useless or even risky if the concentration ratio is not adequate.

The availability of a great number of experiments has made it possible to apply neural networks to predict the pitting potential. The purpose was not the optimization of the model by reducing the difference between computed pitting potential values and those obtained by experiments. The interest of these results is that they underline the inaccuracy to consider the pitting potential as a performance indicator, as it is usually defined. It remains however possible to improve the model by reconsidering specifically the input database.

Conclusion

An open cooling circuit exposed to air risks localised corrosion even if the chloride concentration level is maintained low. The use of a pitting corrosion inhibitor is justified.

Molybdate and tungstate are efficient inhibitors. It is the same for iodate which operates in a different way. By mixing an oxidant and an inhibitor, one can obtain desired performances without having to increase the pH. However inadequate concentration ratio can be disadvantageous.

The application of neural networks for performance prediction is possible in spite of the inaccuracy to detect pitting potential from the voltammograms.
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