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Erosion-corrosion of copper in cooling water systems at 60°C using an impinging liquid jet and Electrochemical Quartz Crystal Microbalance
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When water flows over copper, turbulence may be created at different parts of metal surface (such as bends, tees, sudden changes in section), and may be sufficient to cause breakdown of the surface layer, even with a solution that is free from suspended solids. An impinging liquid jet directed at normal incidence onto a copper sample was used in this work. It was generated using a recirculating solution of 10 -3 M Na 2 SO 4 , continuously deaerated and heated at 60°C. Two types of copper samples were investigated: a bulk copper electrode was first anodised to form a copper oxide layer, before submitting it to the impinging jet. The polarisation resistance was then measured as a function of the time of impinging. In an other test, an electrolytic copper layer was deposited on an EQCM, then polarisation resistance and mass change were followed as a function of the time of impinging. The results are discussed from electrochemical and mass change measurements, and from scanning electronic microscopic observations. Comparisons are made with the variation of the polarisation resistance measured as a function of time, in the same solution, using a rotating disk electrode, at which no turbulence is assumed to occur

INTRODUCTION.

Distinction between flow-accelerated corrosion and erosion-corrosion is generally made [START_REF] Efird | Flow Induced Corrosion" and J. Postlethwaite and S. Nesic "Errosion-Corrosion in Single and Multiphase Flow[END_REF]. Flow-accelerated corrosion is defined as increased corrosion from increasing mass transfer, as a result of the increasing flow velocity of a fluid over a surface. Erosion-corrosion results from the impingement of second-phase particles contained in the fluid (e.g. solid particles, gas bubbles in aqueous flow), as a result of the flow of fluid over the surface. On copper samples, oxide layers are easily damaged by flows. The removal of the film by a flow enhances the corrosion rate of the underlying metal and may be accompanied by erosion of the underlying metal. The relative roles of corrosion and erosion is then neither easy to measure, nor easy to estimate. In the present work, the effect of fluid velocity on the corrosion of copper in an aqueous solution is measured and discussed over a wide range of fluid velocities, using two different flow geometries: a rotating disc electrode and an impinging liquid jet directed at normal incidence onto a copper sample. According to [START_REF] Syrett | [END_REF][START_REF] Schlichting | Boundery Layer Theory[END_REF], the comparison between both methods is allowed by taking into account a geometry-independent fluid flow parameter such as the wall shear stress (τ w ). This parameter can be calculated from empirical hydrodynamic equations developed for each experimental method. The rate of corrosion can then generally be correlated to the wall shear stress, according to: R corr = a τ w b , a and b depending on the metal and the composition of the solution.

EXPERIMENTAL

During all the experiments, measurements were performed in a 10 -3 M Na 2 SO 4 solution at 60°C. The pH of this solution was 6.2. When necessary the solution was deaerated through nitrogen bubbling during at least 15 minutes before any experiment. In some experiments the pH of the solution was adjusted by addition of NaOH ( until pH of 7 or 8) or by addition of H 2 SO 4 (until pH 5). For electrochemical measurements a PAR 273 (PRINCETON APPLIED RESEARCH) potentiostat was used. A saturated calomel electrode (SCE) was used as reference and platinum as the counter electrode. Most electrochemical measurements consisted of measuring the polarisation resistance Rp in the potential range between E corr -0.015V and E corr + 0.015V as a function of the immersion time.

RDE studies were performed on polycrystalline Cu samples or on oxidised copper samples with 0.8 cm diameter. The disc was embedded in a resin and in a PTFE holder. The disc assembly was rotated using a RADIOMETER BM-EDI101 setup. Before each measurement, the copper disc was mechanically polished with SiC up to grade 1200, rinsed with deionised water and air dried. On some samples measurements were performed on anodically oxidised copper samples. The oxide layer was formed in an airsaturated 10 -3 M Na 2 SO 4 solution through polarisation of the copper disc at 0.2V /SCE during 30 min. The thickness of the oxide layer was estimated by coulometry to be about 70 nm.

The general arrangement of the jet impingement test cell is shown in Figure1. The fluid jet was produced using a glass cylinder and a nozzle with 2 mm diameter. The flow density was 59.15 cm 3 s -1 , corresponding to an axial flow velocity of 18.8 m s -1 . The working electrode consisted of an oxidised copper disk with a 2.5 cm diameter or of a copper deposit on a quartz used for electrochemical quartz microbalance experiments.

In the case of the oxidised copper disk, a copper oxide layer of about 70 nm thickness was anodically formed using a galvanostatic method (1mA.cm -2 during 60 min). In the case of the copper deposit at the surface of an electrochemical quartz microbalance, a copper layer was electroplated from a saturated CuSO 4 solution on gold electrode with a surface of 1.37cm 2 , on a 5 MHz, AT-cut quartz crystal (MAXTEK Co). The applied plating current was -30 mA cm - 2 during 300s. The mass change was then 2500 µg cm -2 , corresponding to a copper thickness of about 2.8 µm. Figure 2 shows a set of cathodic polarisation curves obtained on copper in air saturated 10 -3 M Na 2 SO 4 solution at 60°C for different rotation rates of the copper disk. When plotted as a function of the square root of the disk rotation (ω 1/2 ), the diffusion-limited current densities vary linearly. This behaviour is indicative of a diffusion-limited process for the oxygen reduction, at the surface of copper, which can be described by the Levich equation.

The polarisation resistances were measured for the same rotation rates and are reported in Figure 3. The relation between Rp and the corrosion current density i corr was experimentally determined using the anodic Tafel slope obtained at Ω = 0rpm in the same solution. The relation Rp = B /i corr was established in this condition, with B = 0.026. This value was used throughout this work for the determination of the corrosion current density, assuming that B does not vary with the hydrodynamic conditions. The variations of the corrosion rate in Figure 3.were calculated from i corr values using Faraday's law. The comparison between Figures 2 and3 shows that two different behaviours have to be distinguished in the air saturated solution: at low rotation rates (Ω < 1000 rpm), the effect of an increasing velocity is to increase the surface concentration of oxygen and consequently to increase the corrosion rate of copper. At higher rotation rates (Ω > 1000 rpm), the corrosion rate gets practically independent of fluid velocity. It is noticeable that the value of i corr is always lower than the value of i lim , for all the tested rotation rates, indicating that the mechanism of copper corrosion is under mixed control. For rotation rates over 1000 rpm, the rate of mass transfer gets much higher than the rate of charge transfer at the surface of the metal leading, for the overall corrosion process, either to activation control or to control by the rate of diffusion of copper ions through a cuprous oxide film. This last assumption has been verified and reported by several authors [5,6], since it is well known that the corrosion resistance of copper depends mainly on the formation of a protective layer of Cu 2 O. The formation of such a layer at the open-circuit potential depends on the pH, the oxygen concentration, the temperature of the solution and the flow velocity. Many authors have shown that the growth of Cu 2 O in aqueous solutions of pH close to 7 occurs during a hundredth of hours before reaching a constant value [5,7,8]. Thickening and reinforcement of the oxide layer with increasing immersion time generally lead to an increase of the Rp value and consequently to a decrease of the corrosion rate with time. It has been shown that in flowing solutions, cuprous oxide films are thinner than in stagnant liquid [5,9]. There are two possible mechanisms for this behaviour: if cuprous oxide forms through a dissolutionprecipitation mechanism, the stirring of the solution would slow down, at the surface of copper, the concentration of soluble Cu(I) species necessary for the nucleation of Cu 2 O. The other hypothesis is that the oxide film is stripped from the metal surface by the action of hydrodynamic shear force. To distinguish between these two hypotheses, oxide layers were first anodically formed at copper samples in stagnant conditions of the electrolyte, before activating the rotation of the electrode.
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II. Influence of the flow on the behaviour of a pre-oxidised copper surface.

The variation of Rp value with time was measured in deaerated 10 -3 M Na 2 SO 4 solution on copper samples previously polarised in the anodic potential range. The thickness of the anodic oxide layer was about 70 nm. The solution was deaerated to reduce the contribution of the mass transfer to the overall mechanism. Two tests were performed simultaneously: in the first test the electrode was still (Ω =0 rpm). In the second test the electrode was rotated at 5000 rpm, but rotation was stopped during the electrochemical measurement of Rp, in order to make the measurements under the same hydrodynamic conditions. According to hydrodynamic equations reported in the literature, at 5000 rpm, the radial velocity of the flow at the outer part of the disc is 2.1 m s -1 , which corresponds to a Reynolds number of 8373 and a shear stress of about 16.4 N m -2 .

For both conditions (Ω =0 rpm, and Ω =5000 rpm), the corrosion rate sharply decreased during the first hours of immersion, from about 20 µm year -1 down to a value between 2 and 3 µm year -1 in the two cases. This decrease is probably due to a reinforcement of the oxide layer or an increase of its thickness during the first hours of immersion. When Ω =0 rpm the rate of corrosion kept roughly constant during the whole duration of the test (28 days). When Ω =5000 rpm, the corrosion rate suddenly increased after 11 days of rotation, then slowed down again, reaching the value of 9 µm year -1 . This sudden increase was attributed to mechanical removal of the protective film after 11 days, followed by its slow reformation, but although leading to a less protective film. Many authors agree with the fact that in the presence of a surface film on copper, the corrosion rate increases with the flow velocity and that the determination of the overall mass transfer coefficient is a reliable way of predicting the corrosion rate. The overall mass transfer coefficient K is related to the mass transfer coefficient in the diffusion boundary layer K d and to the mass transfer coefficient K f in the film by [10]:

f d K 1 K 1 K 1 + =
It is generally admitted that the mass transfer coefficient in the film varies during the first hours of exposure (when the film is built up), then reaches an almost constant value after 24 hours of exposure. To our knowledge, results concerning exposure times over 100 hours have not been reported. The new result in this work is that oxide films on a copper surface can be stripped from the surface several days after the steady state is reached, as shown in Figure 4 after 11 days of exposure. The time after which removal of oxide can be evidenced by Rp measurements will be called t erosion .

The effect of pH of the solution.

In Figure 5, copper samples previously polarised in the anodic potential range were exposed to solutions of different pH, and Rp values were followed as a function of time for two rotation rates: Ω = 0 rpm and Ω = 5000 rpm. As previously the rotation was stopped during the measurements. In each experiment, the exposure was stopped when t erosion was reached. In solutions of pH between 5 and 7, the value of t erosion increased with increasing pH. In solutions with pH 5.0, t erosion was already reached after 9 days of exposure, and oxide seemed difficult to form again. Oxide was damaged after 11 and 59 days respectively at pH 6.0 and 7.0, whereas no Rp increase was observed after 80 days of exposure to the solution of pH 8. For the last observation, two interpretations are possible: either the oxide film is not removed by the flow, or the rate at which the film can form again by other competing reactions at pH 8 is higher than the rate of film removal. In the two hypotheses, corrosion rates stay at a relatively low value. The increasing value of t erosion when pH value increases is in agreement with the higher stability of the oxide layer when pH gets more basic. The determination of t erosion seems thus to be an accurate method for classifying the mechanical resistance of oxide layers on copper, as a function of the parameters of the electrolyte, in conditions of low hydrodynamic intensity (small shear stress). 

Back

Jet impingement test [11][12][13][14] consists of a liquid jet impinging on a stationary specimen (Figure 1). This technique is recommended when reliable high-turbulence conditions must be simulated. The flow field characteristic of a circular jet impinging on a flat plate with the jet's central axis normal to the plate is illustrated in Figure 6. In region A, the flow is essentially laminar near the plate, the axial velocity is independent of radial position, whereas the radial velocity increases linearly with radial distance [13,14]. Region B is a region of rapidly increasing turbulence, extending from r/ro = 2 to r/ro = 4 (ro being the nozzle radius, and r the distance from the centrum ) In region C, the flow rate and turbulence decay rapidly.

In the present experimental set-up, according to hydrodynamic equations reported in the literature, the jet Reynolds number is 37675, and the wall shear stress calculated for r/ro=3 (in the middle of zone B) is about 1030 N m -2 .

Rp measurements on copper discs

Attempts were first performed on copper discs with diameter of 25 mm, previously anodised to form an oxide layer of 70 nm. Rp values were then measured as a function of time of exposure to the jet in the deaerated 10 -3 M Na 2 SO 4 . (As for the RDE experiments, the impingement was stopped during Rp measurements). The corrosion rate first decreased during the two first days, then reached a constant value of 8 µm year -1 . After 22 days of exposure, no sudden increase of Rp was evidenced. Nevertheless SEM observation of the copper sample after 22 days of exposure showed locally a highly damaged surface at a radial distance from the centrum between 2 and 3 mm. Two possible explanations for the non variation of Rp with time are possible: either the flow velocity is high enough to impede any oxide formation and consequently any oxide removal, or the ratio between the surface affected by the turbulent flow (about 0.38 cm 2 between r/r o = 2 and r/r o =4) and the surface of the disk (about 2,54 cm 2 ) in contact with the electrolyte is to low. The geometry of the system should then be modified to ensure that the entire copper surface only lays within the turbulent zone (zone B). Mass change measured by using EQCM.

Since the measurements of Rp alone were not able to evidence any oxide breakdown, a gravimetric method using a quartz crystal microbalance was applied. EQCM is a powerful tool to study very small amounts of mass changes [15,16]. Copper layers of about 2.8 µm thickness were first electroplated on the surface of quartzes before exposure to the deaerated 10 -3 M Na 2 SO 4 solution at 60°C. Figure 8 shows mass changes measured as a function of time of exposure in two cases: one in the stagnant solution and the other under an impingement jet.

In the stagnant solution, mass change is first negative, becoming positive after 96 hours of exposure and then decreasing again with a rate of 4.5µm year -1 . The mass increase observed after 96 hours can be attributed to the formation of copper oxides and (or) hydroxides. Under the impinging jet the mass decreases from the beginning of the exposure, reaching a rate of corrosion of 32 µm year -1 during the first hundred hours of exposure. After this period, the rate slowed down to a value close to 10 µm year -1 . Obviously, the effect of the flow is to hinder the formation of a copper oxide layer and to increase the rate of copper dissolution. SEM examination of the surface of the quartz showed a high damaged surface with zones striped of copper but also of the gold sub-layer, indicating that in these hydrodynamic conditions, flow -induced corrosion and erosion both occurred at the surface of the quartz.

Corrosion rates are here calculated taking into account the whole surface in contact with the electrolyte (1.37 cm 3 ). Since the turbulent flow only affects a surface of about 0.38 cm 3 , the rates are likely to be underestimated. 

CONCLUSION

The analyses presented in this work must be considered as preliminary ones. Two different methods were used to evidence the influence of flow velocity on the rate of corrosion or erosion-corrosion of copper in cooling water systems at 60°C. For low shear stress values, in conditions of laminar flow, the increased corrosion rate, compared to the rate in stagnant water, is first due to increased mass transfer at the surface of copper and copper oxide.

Measurements of Rp values as a function of the exposure duration of rotating disk electrodes showed that, even for low shear stress values of the fluid, removal of the oxide layer occurs after several days, enhancing the rate of copper dissolution. Use of RDE and determination of the time necessary of striping off the film (t erosion ) is thus a convenient way to evaluate the mechanical resistance of the oxide film as a function of the parameters of the electrolyte. For higher flow velocities, in the turbulent shear stress range, the surface of the copper electrode exposed to a impinging jet must be optimised and adapted to the size of the nozzle, to allow measurements of Rp variations. Copper deposits on an EQMB are damaged under the jet and the measured mass variations are at least 10 times higher than in a stagnant solution. SEM observations of the surface indicate that in these severe hydrodynamic conditions, the whole mass loss has to be partly attributed to erosion of the copper deposit.
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 1 Figure 1. Schematic diagram of the jet impingement test cell

Figure 2 : 1 )Figure 3 :

 213 Figure 2: Cathodic i=f(E) curves of copper in air-saturated 10 -3 M Na 2 SO 4 at 60°C
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 4 Figure 4: Corrosion rate of a pre-oxidised copper electrode as a function of the exposure time in deaerated 10 -3 M Na 2 SO 4 solution at 60°C.
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 56 Figure 5: Corrosion rate of a pre-oxidised copper electrode as a function of the exposure time in deaerated 10 -3 M Na 2 SO 4 solution at 60°C of different pH values.
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 7 Figure 7: SEM examination of a copper disc after 22 days of exposure to a jet impingement
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 8 Figure 8: Mass variation of the copper deposit as a function of time (10 -3 M Na 2 SO 4 , deaerated, 60°C)
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