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The objective of this work is to study the influence of cavitation on the corrosion 

behaviour of Alloy 31, a highly-alloyed austenitic stainless steel (UNS N08031), in a 

LiBr heavy brine solution (992 g/l) at 25º C. The presence of cavitation shifted the OCP 

value towards the active direction by 708 mVAg/AgCl, increased anodic current densities 

and passivation current density, ip, and reduced the pitting potential, Ep. 

 

Repassivation behaviour of Alloy 31 has been investigated by using potentiostatic tests 

at different potentials. The current density transient obtained after interrupting 

cavitation was used to obtain the repassivation index, n, provided by the slope of the log 

i(t) vs. log t representation. The value of n decreased as the applied potential was 

increased, reaching values near zero for potentials close to the pitting potential. The 

damage generated during the potentiostatic tests has been quantified by means of 

Confocal Laser Scanning Microscopy.  
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INTRODUCTION 

 

Most refrigeration systems which use natural gas or water steam as energy sources 

employ highly concentrated aqueous solutions of lithium bromide (LiBr) as absorbent 

solutions [1,2]. The absorption units reduce the use of chlorofluorocarbons (CFCs). 

These refrigerants are banned (Montreal Protocol, 1987) and their substitutes are 

submitted to severe legislation (Kyoto Protocol, 1997), since they are partially 

responsible for the depletion of the ozone layer. Thus, refrigeration absorption 

technology constitutes a suitable alternative to compression systems. 

 

Although LiBr solutions possess favourable thermophysical properties [1-3], they can 

cause serious corrosion problems on the metallic components in absorption plants. 

There are several references to corrosion caused by LiBr solutions on engineering 

materials, such as copper and copper alloys [4-6], stainless steels [2,3,7,8], carbon steels 

[3] and titanium [2,3,9]. 

 

Apart from the corrosive nature of highly concentrated LiBr solutions, the cavitation 

phenomenon can take place in numerous points of the absorption machines, such as 

pumps, valves, elbows, narrowings, etc. Cavitation is caused by continuous collapse of 

many bubbles generated due to local pressure changes during high-velocity flow [10]. 

The combined action of corrosion and cavitation can make the material experience more 



3 
 

damage than if each phenomenon acted separately, that is, there is a synergistic effect 

[10-13]. However, in spite of the importance of hydrodynamic factors on the corrosion 

behaviour of engineering materials, there is little information published about the 

cavitation-corrosion phenomena [11,13,14-19]. 

 

The development of corrosion resistant metallic materials has become one of the key 

issues in new absorption systems, where higher concentrations of LiBr are reached. 

High-alloyed austenitic stainless steels, such as Alloy 31, present greater amounts of 

alloying elements, namely chromium (Cr), molybdenum (Mo) and nickel (Ni), as 

compared with the established 18% Cr, 10% Ni baseline steels. The high chromium 

content of these alloys results in great corrosion resistance due to the protective oxide 

layer formed on their surface [8,20,21]. A high nickel content in the alloy increases 

pitting corrosion resistance [8,22,23], mainly by increasing pitting potential. 

Molybdenum also improves pitting corrosion resistance in these alloys [8,24,25], but its 

main effect is to facilitate repassivation after passive film breakdown [26]. 

 

Passivity of stainless steels is due to a thin surface film whose composition can be 

considered, for most purposes, as 2 nm of microcrystalline chromium oxide (Cr2O3) 

[27,28]. The passive film stability is of paramount importance to protect the metal from 

corrosion attacks. Thus, if this film is broken somehow, localized attacks may occur. 

Therefore, it is necessary to know if the passive film will regenerate after being 

damaged, and the rate of this repassivation. 

 

In order to simulate film breakdown and quantify the repassivation kinetics, some 

methods have been proposed, such as the abrading electrode technique [29-32] or the 



4 
 

scratching electrode method [33-38]. The present work develops a method in which 

passive film breakdown is produced by cavitation to study the repassivation kinetics of 

metals. The damage generated on the Alloy 31 surface has also been quantified by 

means of image analysis and Confocal Laser Scanning Microscopy (CLSM). 

 

EXPERIMENTAL PROCEDURE 

Materials and specimen preparation 

 

The material tested was the highly-alloyed austenitic stainless steel Alloy 31 (UNS 

N08031: 26.75% Cr, 31.85% Ni, 1.50% Mn, 0.10% Si, 6.60% Mo, 1.21% Cu, 31.43% 

Fe, 0.002% S, 0.017% P, 0.005% C, 0.193% N), provided by ThyssenKrupp VDM. 

Alloy 31 electrodes were cylindrically shaped (8-mm diameter and 55 mm long) and 

covered with a polytetrafluoroethylene (PTFE) coating. The exposed area to the solution 

was 0.5 cm2. All specimens were wet abraded from 500 SiC (silicon carbide) grit to 

4000 SiC grit, and finally rinsed with distilled water. 

 

The potentiodynamic and potentiostatic experiments carried out in this work were 

performed in a LiBr heavy brine solution (992 g/l), prepared from very pure LiBr (98 

wt.%) from PANREAC. 

 

Potentiodynamic tests 

 

Under static condition (without cavitation) cyclic potentiodynamic polarization curves 

of Alloy 31 were determined using a Solartron 1287 potentiostat, at 25ºC. In all cases, 

tests were repeated at least three times. The experimental arrangement consists of two 
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parts: a horizontal electrochemical cell [39,40] with the data acquisition equipment and 

an image acquisition unit formed by a trinocular microscope-stereoscope (NIKON 

SMZ-U) zoom 1:10 and a colour video camera (SONY SSC-C370P). The image 

acquisition unit allows observing the electrode surface in real-time during 

potentiodynamic polarization and to relate the events that take place on the electrode 

surface to the polarization curve. 

 

The working electrode potential was measured vs. a silver-silver chloride (Ag-AgCl) 

reference electrode with 3M potassium chloride (KCl) solution. The auxiliary electrode 

was a platinum (Pt) wire. Nitrogen was bubbled for 10 minutes before and during the 

test in order to remove the oxygen present in the system. Before each polarization 

measurement, the Open Circuit Potential (OCP) was measured for 1 hour in the test 

solution. The average value of the potentials recorded during the last 300 s was the 

value of the OCP (ASTM G-5 [41]). After the OCP test, the specimen potential was 

reduced in four steps to -1000 mVAg/AgCl for 60 s, with the aim of creating reproducible 

initial conditions. Then, the electrode potential was scanned from -1000 mVAg/AgCl at 

1mV/s. When the current density reached 10 mA/cm2, the potential scan was reversed in 

order to evaluate the repassivation tendency. The temperature of the system (25º C) was 

not changed during the experiments. 

 

From the E-log i plot, the corrosion potential (Ecorr) and corrosion current density (icorr) 

were obtained using the Tafel slopes; in addition, the pitting potential (Ep) was defined 

as the potential at which the current density reaches 100 µA/cm2. The current density 

before pitting is almost constant and is defined as the passive current density (ip). The 

repassivation potential values (Erp) were taken at the crossing between the backward 
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scan and the forward scan. The difference between Ep and Erp shows the susceptibility 

of a metallic material to localized attack in a given media [20,42]. Repassivation current 

density (irp) was also obtained. 

 

Cavitation tests were performed using an ultrasound device with a 550 W output power, 

a 20 kHz output frequency and a peak-to-peak amplitude (ppA) of 120 µm. The horn tip 

is 12.7 mm in diameter. The experimental arrangement used is represented in Figure 1. 

The arrangement consists of two units: the ultrasonic-induced cavitation facility and the 

electrochemical cell. The working electrode is placed co-axially with the horn and is 

held stationary at a distance of 10 mm from the horn tip.  

 

The oxygen was removed from LiBr solutions by bubbling nitrogen for 10 min prior to 

the tests. Nitrogen was also bubbled during the whole test. Before each anodic 

polarization, the Open Circuit Potential test without cavitation was carried out for 55 

min. When the ultrasonic device was connected the value of the OCP was measured for 

5 min, and after that the working electrode was shifted to -1000 mVAg/AgCl. The 

potentiodynamic polarization was carried out with a scan of rate 1 mV/s from -1000 

mVAg/AgCl towards the anodic direction. A silver-silver chloride reference electrode with 

3 M potassium chloride solution and a platinum mesh auxiliary electrode were used in 

these experiments. The temperature was maintained at 25º C. As under static conditions, 

tests were repeated at least three times. Under cavitation conditions the following 

parameters were obtained: Ecorr, icorr, ip, Ep, irp and Erp.   
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Finally, the samples subjected to cavitation were rinsed and examined with the Confocal 

Laser Scanning Microscope Olympus LEXT OLS3100, which uses the LEXT OLS 

6.0.3 software. The CSLM uses a Laser Diode with a wavelength of 408 nm, an 

outstanding horizontal resolution of 0.22 µm, vertical resolution of 0.01 µm (z-axis), 

and a magnification range from 120x  to 14400x. Under static conditions, the damage 

was not deep and therefore there was no point in using the CSLM. 

Potentiostatic repassivation tests 

 

For repassivation tests, the device shown in Figure 1 was also used. However, there 

were two important procedure differences between potentiodynamic tests under 

cavitation conditions and repassivation tests. First, the horn tip was not the same; in this 

case, the tip had a diameter of 1.6 mm, so it will cause more localized damage. 

Secondly, the distance between the working electrode and the horn tip was 1 mm when 

cavitation was applied on the electrode surface, with the purpose of ensuring more 

concentrated damage. 

 

The potentiodynamic cyclic curves of Alloy 31 under static conditions were used to set 

the four values of the imposed potentials. To ensure a correct passivity of the Alloy 31 

surface before starting the repassivation test, a number of steps were followed. Once the 

selection of the applied potentials was established by means of the potentiodynamic 

curves, the electrode was immersed in the test solution for 1 h (Open Circuit Potential 

test). After that, the potential was reduced from the OCP value to -1000 mVAg/AgCl in 

four potentiostatic steps of 15 seconds each. The potential was swept at 1mV/s from -

1000 mVAg/AgCl to the chosen potential. When the selected potential was reached, it was 

held for 1 minute under static conditions. Then, cavitation was switched on for another 
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minute. After that, the potentiostatic test continued for 1 extra hour at the selected 

potential, with cavitation disconnected.  

 

During the whole potentiostatic test, the resulting change in current density was 

acquired at the constant applied potential. The transient obtained just after disconnecting 

cavitation was then used to obtain the repassivation index, n, and the pit growth kinetics 

index, b, from the downward and ascending slope of the logarithmic representation log 

i(t) vs. log t, respectively. 

 

Once the test finished, the electrodes were rinsed with distilled water to quantify the 

generated damage by using Confocal Laser Scanning Microscopy (CLSM). The tests 

were repeated three times. 

 

Finally, a cavitation-erosion test using distilled water was carried out following the 

same procedure, but without applying any potential. The damage generated was also 

quantified using the Confocal Laser Scanning Microscope, in order to compare the 

results in water and in the LiBr solution. 

 

RESULTS  

 

Potentiodynamic tests 

 

OCP (Open Circuit Potential) 
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The OCP values of Alloy 31 in 992 g/l LiBr solutions under static and cavitation 

conditions are shown in Table 1. In the absence of cavitation, the OCP measurement 

was quite stable, though it shifted slowly to the noble direction, which indicates the 

good properties of the passive film [8,43]. The OCP value of the specimen immersed in 

quiescent LiBr solution was -248 mVAg/AgCl. The presence of cavitation shifted the OCP 

value towards the active direction by 708 mVAg/AgCl. This displacement observed in the 

OCP when cavitation was present is similar to other results obtained by other authors 

[11,13,14,16,17,44,45]. Figure 2 shows the images of the electrode surface before and 

after the OCP test with cavitation. It can be observed that the surface did not suffer any 

visible damage. 

 

Potentiodynamic polarization cyclic curves 

 

Figure 3 illustrates the potentiodynamic polarization cyclic curves for Alloy 31 in 992 

g/l LiBr solution under static (ppA = 0 µm) and cavitation (ppA = 120 µm) conditions. 

Table 2 lists the characteristic parameters values for both curves. 

 

The cathodic current densities were higher under cavitation conditions than under static 

conditions. Besides, the corrosion potential, Ecorr, shifted towards nobler values. The 

value of icorr also rose with cavitation. 

 

 Besides, both curves show a wide passive zone, where current density is almost 

constant. Regarding the passive current density, its value was about five times higher 

under cavitation conditions than under static ones. The extent of this passive zone was 
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also affected by the presence of cavitation, due to the displacement of the pitting 

potential (Ep) from 0.53 VAg/AgCl (without cavitation) to 0.32 VAg/AgCl (with cavitation). 

The passive region under static conditions has a range of 1200 mV, and it falls to 870 

mV with cavitation.  

 

The polarization curves also show that, once the pitting potential was reached, the 

current density increased sharply, which indicates the passive film breakdown. This rise 

in current density was also modified by cavitation. Current density augmented more 

sharply under static conditions than under cavitation ones. The repassivation current 

density, irp, was lower in the presence of cavitation. 

 

When Alloy 31 was exposed to cavitation the extent of the hysteresis loop (unstable 

passivity region) was reduced if compared with that under static conditions (0.59 

VAg/AgCl without cavitation and 0.35 VAg/AgCl with cavitation), though the repassivation 

potential, Erp, hardly changed. The stable passivity zone (Erp – Ecorr) was smaller under 

cavitation conditions than under static conditions, but the difference was only 39 mV. 

 

Morphological examinations and damage quantification 

 

Figures 4 and 5 show the appearance of the electrodes surface after the 

potentiodynamic tests, under static and cavitation conditions respectively, in the 992 g/l 

LiBr solution.  
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Under static conditions, the morphology of corrosion seems to be uniform (Figure 4a). 

However, corrosion began at localized sites of the surface and continued through the 

paths formed by the corrosion products generated from the sites. Figure 4b is a 

magnified image of the selected zone on Figure 4a, and shows many round pits 

distributed inside the Alloy 31 grains. Hence, Alloy 31 presents localized corrosion 

under static conditions.  

 

Under cavitation conditions (Figure 5), the attack morphology is rather different than 

that under static ones, showing well-defined pits throughout the metal surface. The pits 

have approximately circular morphology and similar size.  

 

The damaged area of Alloy 31 after the cyclic potentiodynamic test in the 992 g/l LiBr 

solution was obtained from the binarized images of the electrode surface, using the 

image analysis software Visilog 6.3. The percentage of the corroded area with regard to 

the total electrode area was 69.08% (static conditions) and 0.63% (cavitation 

conditions). However, the attack is deeper and more localized under cavitation 

conditions. 

 

Regarding the pits produced on the Alloy 31 surface under cavitation conditions, the 

following mean values were obtained using the Confocal Laser Scanning Microscope: 

the mean volume was 1.89·105 µm3, the mean base area was 1.23·104 µm2 and the mean 

surface area was 8.16·104 µm2. 

 

By way of illustration, Figure 6a shows the 2D image of a pit formed on the Alloy 31 

surface in the 992 g/l LiBr solution under cavitation conditions, and Figure 6b 
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illustrates a 3D image of the same pit, taken with the Confocal Laser Scanning 

Microscope. 

  

As an example, in order to visualize the selected pit morphology and to quantify its 

depth, two profiles (longitudinal and transverse) have been drawn (Figure 6c). From 

these profiles, it can be observed that the pit has the shape of an inverted cone. 

 

Repassivation behaviour 

 
Linear curves current density (i) vs. time (t) 

 

From the polarization curve for Alloy 31 in 992 g/l LiBr under static conditions, four 

potentials were selected. The four chosen potentials (-400 mVAg/AgCl, -200 mVAg/AgCl, 0 

mVAg/AgCl and 200 mVAg/AgCl) are shown in Figure 3.  

 

Values of -400 mVAg/AgCl and -200 mVAg/AgCl were picked from the region between Ecorr 

and Erp, which is known as perfect passivity region. In this region, stable pits cannot be 

generated and metal shows immunity against pitting attack. Moreover, at potentials 

above Erp any pre-existent pit is immediately repassivated [8,20,42,46]. However, the 

occurrence of metastable pitting corrosion is possible in this region [29,47-49]. 

 

 Values of  0 mVAg/AgCl and 200 mVAg/AgCl are located between Erp and Ep, which is the 

unstable passivity region. Intermediate potential values do not permit new pits to be 

formed, but those pits which have already been formed will be able to grow [8,46,48]. 

 



13 
 

Figure 7a shows the linear current density-time curves at the four applied potentials (-

400 mVAg/AgCl, -200 mVAg/AgCl, 0 mVAg/AgCl and 200 mVAg/AgCl). In this figure it can be 

observed that 60 seconds after the beginning of the test, cavitation was connected 

(cavitation ON), obtaining a current density increment during this period. Although the 

whole potentiostatic test duration was 1 hour, Figure 7a displays only the first 300 

seconds, so that the interval of time when cavitation was connected can be clearly 

observed. 

 

In Figure 7b, it can be observed that there are differences between potentials of the 

perfect passivity region (-400 mVAg/AgCl and -200 mVAg/AgCl) and the potentials of the 

unstable passivity region (0 mVAg/AgCl and 200 mVAg/AgCl). At the latter potentials, 

larger values of current density were reached.  

 

For all the tests, upon connecting the cavitation device, a sharp increase in current 

density was produced. For -400 mVAg/AgCl and -200 mVAg/AgCl potentiostatic tests, the 

increment in current density is not too large (about 5-10 µA/cm2); for 0 mVAg/AgCl, this 

increment is similar, but continuous. Besides, at 0 mVAg/AgCl, big transients with 

amplitudes higher than 10 µA/cm2 are observed between 120 and 180 seconds; these 

transients could be related to metastable pitting events on the electrode surface [29,47-

49]. For 200 mVAg/AgCl test, this rise certainly is significant (about 30 µA/cm2). 

 

Figure 7c shows the changes in current density after turning off cavitation (until 300 

seconds). For the perfect passivity region potentials (-400 mVAg/AgCl and -200 

mVAg/AgCl), the current density plummeted, taking lower values than before cavitation, 

when the metal surface was completely passivated (Figure 7c). 
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For the 0 mVAg/AgCl test, the descent of current density signal after cavitation was much 

more gradual, maintaining the same value as before cavitation for approximately 300 

seconds. Nevertheless, from then on, the value was not stable any more, rising 

irregularly until almost 6 µA/cm2. This value was higher than during cavitation. Figure 

8 shows the whole potentiostatic curve at 0 mVAg/AgCl, in order to observe this growth of 

current density with time. 

 

At 200 mVAg/AgCl, current density did not decrease after turning cavitation off, but the 

signal kept increasing until reaching the value of 40 µA/cm2 at the end of the test, so no 

kind of repassivation was achieved.  

 

Logarithmic curves log i(t) vs. log t 

 

To describe the repassivation kinetics, log i(t) vs. log (t) were plotted based on the 

following empirical equation on repassivation [29-31,33,36,51]: 

                                                       ntAti −⋅=)(                                                          (1) 
 

 where i (t) is the anodic current density consumed in the rebuilding of the passive film 

at time t after switching cavitation off, A is a constant and n is the repassivation index, 

which is a constant value for a given environment-metal system. This parameter can be 

obtained from the linear region slope, in logarithmic scale: 

 

                                                  tnAti loglog)(log ⋅−=                                              (2) 
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The parameter n can be considered as an indirect measure of the rate of formation of the 

passive film upon the fresh metal surface, and depends, among others, on the applied 

anodic potential [30,31]. In general, the higher the value of n, the faster the 

repassivation process. 

 

Figure 9 illustrates the current density variation with time in logarithmic scale, as well 

as the fitting of the linear zone, according to eq. 2. These data were obtained just after 

disconnecting cavitation at the four selected potentials for Alloy 31. In this figure, 

according to the different slopes of each curve, they were divided into three different 

sections or stages, as other authors did for austenitic stainless steels [29] and for 

aluminium and its alloys [31,32].  

 

For the 200 mVAg/AgCl test, it is observed that there is no linear zone with a downward 

slope, but in the third stage the value of current density ascended. This increase in 

current density can be described in terms of kinetics of pit growth [29,31,32] which is 

given by: 

 

                                                       btBti ⋅=)(                                                          (3) 
 

where B is a constant and b represents the pit growth kinetics index, obtained from the 

ascending slope of the linear zone in the third stage. 

 

Table 3 shows the repassivation index values, n, obtained at -400 mVAg/AgCl, -200 

mVAg/AgCl and 0 mVAg/AgCl, and the value of the parameter b for 200 mVAg/AgCl. It can be 

observed that n varies with applied potential, decreasing with increasing applied 

potentials.  
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Damage quantification 

 

The previous results show that the recorded current densities for Alloy 31 rise with 

increasing applied potentials. This means that upon increasing the potential, the metal 

oxidation rate becomes higher and the passive film properties get worse. Furthermore, 

at elevated potentials, the repassivation rate diminishes or even a real repassivation 

ceases to exist. Consequently, the passive film is not only losing protection capacity, but 

also it cannot regenerate enough to keep protecting the metal after suffering a physical 

damage.  

 

In order to verify these results, the damage created by cavitation-corrosion on the Alloy 

31 surface was quantified at the four chosen potentials. Figure 10 shows the different 

damages generated by cavitation-corrosion on the Alloy 31 surface in the 992 g/l LiBr 

solution, at the four selected potentials. The red areas in Figure 10, which were obtained 

from binarized images of the microphotographs and superimposed to the images of the 

damaged surfaces, show the area of maximum depth of the damage. At first sight, it can 

be noticed that the more active the applied potential, the larger the magnitude of the 

generated damage. Table 4 gathers the mean parameters of the produced damages. 

 

It can be clearly observed that as the applied potential increased, the cavitation-

corrosion damage upon the Alloy 31 surface becomes higher (Figure 10). Moreover, 

there are clear differences between the damage produced at perfect passivity region 

potentials (-400 mV and -200 mV) and at unstable passivity region potentials (0 mV 

and 200 mV). At 0 mVAg/AgCl and 200 mVAg/AgCl, the volume, the lateral surface area 
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and the maximum depth of the damage are higher than at -400 mVAg/AgCl and -200 

mVAg/AgCl (Table 4).  

 

In Figure 11, it can be observed that there is a linear relationship between the damaged 

area (due to cavitation-corrosion) and the applied potential.  

 

DISCUSSION  

 

Effect of cavitation on the corrosion behaviour of Alloy 31 

 

In the present work, the OCP value under cavitation conditions was rather lower than 

that obtained under static conditions (Table 1). Two effects are referenced to explain 

the OCP shift due to cavitation [13,14,44,52]. On the one hand, the mechanical action of 

cavitation can destroy or diminish the thickness of the passive film, resulting in the 

generation of fresh metallic surface. On the other hand, the increase of stirring due to 

cavitation can produce a reduction in the diffusion layer thickness without damaging the 

passive film, favouring the oxidant species transport to the electrode surface 

[13,14,44,52-54]. The former case will shift the OCP value in the direction of more 

active potentials because of the rise in metal oxidation reaction rate. The latter case will 

result in a noble shift because of the increase in oxidant species supply, promoting the 

cathodic reaction. In this study, the OCP was shifted towards the active direction, so the 

first effect was the prevailing one. However, after the OCP test, the electrode surface 

did not show any sign of physical damage or corrosion (Figure 2a and 2b), so 

cavitation could not break the passive film formed on the electrode surface, but it 

reduced its thickness, favouring the anodic reaction. 
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In the potentiodynamic curve, the increment of the cathodic current densities under 

cavitation conditions was due to the rise in oxidant species transport towards the 

electrode surface, which produced a shift in the corrosion potential (Ecorr) to nobler 

values (Table 2). Nevertheless, the difference between the values of Ecorr under static 

and cavitation conditions was very small (only 70 mV), so this parameter will not be 

used to discuss the corrosion behaviour of alloy 31 under cavitation conditions; instead, 

only OCP values are considered in this analysis. Concerning the rise of icorr under 

cavitation conditions (Table 2), it was because of the displacement of both cathodic and 

anodic braches to higher current densities values; the increase of icorr could also have 

been caused by the thinning of the passive layer [55]. 

 

The increase in the passive current density due to the influence of cavitation (Table 2) 

can be related to the reduction of the passive film thickness [55]. Besides, cavitation can 

make the diffusion layer thinner [14]. During anodic polarization, soluble corrosion 

products were formed on the corroding surface. These ions diffused towards the 

solution bulk, and a concentration gradient appeared in the diffusion layer next to the 

electrode. As the metal dissolution rate increased, the concentration of corrosion 

products increased too, and eventually the saturation concentration was reached, leading 

to precipitation of a solid film (passive film). Under static conditions, the thickness of 

passive film did not vary. However, in the presence of cavitation, the film thickness was 

decreased by the implosion of bubbles near the electrode. Moreover, the collapse of 

bubbles reduced the thickness of the diffusion layer, so the passive current density 

increased as a result of activated electrochemical dissolution [14,17]. 



19 
 

 

The reduction of the passive zone range (Ep – Ecorr) in the presence of cavitation (Table 

2) in the potentiodynamic curve was caused by the decrease of the pitting potential, Ep.  

This decrease of Ep was related to the higher passive current densities which were 

recorded under cavitation conditions, which made the stability of the film and its 

protective properties be lesser with cavitation than without it. Consequently, the 

presence of cavitation caused the passive film breakdown to take place at lower 

potentials (lower Ep). 

 

Current density increased more sharply after reaching the pitting potential under static 

conditions than under cavitation ones (Figure 3). This difference was produced by two 

factors. On the one hand, cavitation removed the rests of the passive layer which 

covered the pits [18]. This removal avoided the pit inside from being isolated and 

decreased the local concentration of Br- and H+ ions, which made the pit propagation 

more difficult. Furthermore, the corrosion products had a catalytic effect on the pit 

growth; then, the removal of these products due to the mechanical action of the 

collapsing cavities diminished the metal dissolution [56]. 

 

The reduction of the repassivation current density, irp (Table 2), was due to the 

localized turbulent stirring of the solution induced by the implosion of bubbles [14]. 

 

The hysteresis loop (Ep – Erp) was smaller under cavitation conditions (Table 2). This 

was despite the fact that Ep was lower. As a rule, the wider the hysteresis loop, the 

worse is the regeneration of the damaged passive film [20,39,42]. Thus, although the 

value of Ep with cavitation is lower than without it, which implies a lower pitting 
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corrosion resistance, the repassivation of Alloy 31 is easier under cavitation conditions 

than under static conditions once pitting occurs, since the hysteresis loop width is lower 

in the former case. 

 

Regarding the attack morphology without cavitation in the potentiodynamic tests 

(Figure 4), the corrosion products generated at localized sites changed the conditions 

around them, and catalyzed the corrosion phenomenon. Other authors have obtained 

similar results [8,14,43]. With cavitation, the attack morphology showed the clear 

development of pits (Figure 5). The mechanical action of the collapsing cavities 

removes the corrosion products on the electrode surface, avoiding them from spreading 

the damage on the surface,  which made attack more localized [14,56]. 

 

The difference in the damaged area extent with and without cavitation is highly 

significant. The damaged area was 100 times higher under static conditions than under 

cavitation conditions. This can be explained analyzing the area under the hysteresis loop 

in both cases (Figure 3). In the presence of cavitation, this area under the loop was 

lower than without it, which evidences that cavitation enhances the repassivation 

behaviour of Alloy 31, although the passive film formed under these conditions is less 

stable and less protective. In addition, since the collapsing bubbles constantly remove 

the corrosion products (which have a catalytic effect), the damage propagation is much 

more difficult than under static conditions [14,56]. 

 

Repassivation behaviour 
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Linear curves current density (i) vs. time (t) 

 

In Figure 7a, a rise in the current density was recorded when connecting cavitation. 

This rise was sharp at 200 mVAg/AgCl; at -400 mVAg/AgCl and -200 mVAg/AgCl, many 

current density transients were discerned. This indicates that the passive film of Alloy 

31 was being physically broken, and the fresh surface was corroding.  

 

After disconnecting cavitation, for the -400 mVAg/AgCl and -200 mVAg/AgCl tests, the 

current density decreased abruptly to values lower  than before the physical breakdown 

(Figure 7c). This shows that the properties of the regenerated passive film are better 

than those of the original passive film. These properties are improved with immersion 

time of Alloy 31 in the solution because of the growth of a passive film on the electrode 

surface during immersion time, containing Cr2O3 as well as iron oxide, iron and nickel 

[22,43]. 

 

For the 0 mVAg/AgCl test, the rise in current density after disconnecting cavitation 

suggests that the Alloy 31 surface cannot be repassivated correctly at this potential 

(Figure 8). At 200 mVAg/AgCl, the increment in current density, as well as the increment 

at 0 mVAg/AgCl, can be attributed to pit growth [31,32]. Thus, at potentials between the 

values of Erp and Ep (unstable passivity region) for Alloy 31 in the 992 g/l LiBr 

solution, bubbles collapse is enough to damage the metal surface, creating pits that will 

manage to propagate and become stable.  
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Logarithmic curves log i(t) vs. log t 

 

In Figure 9 it can be observed that at 0 mVAg/AgCl and 200 mVAg/AgCl, the anodic current 

density (i) in the first section was almost constant, although as potential was increased, 

this first stage was longer. It is noteworthy that at 0 mVAg/AgCl and 200 mVAg/AgCl there 

were barely any differences between the first and the second stage. In this first stage, the 

rate of passive film formation was similar to the rate of passive film destruction [29]; as 

a consequence, the passive film hardly grew and the damaged surface was barely 

repassivated.  For the -400 mVAg/AgCl and -200 mVAg/AgCl tests, the current density 

suffers a transient in this first stage, becoming linear with time in the next stage.  

 

In the second stage, the anodic current density linearly decreased with time in 

logarithmic scale. This descent was more evident at -400 mVAg/AgCl and -200 mVAg/AgCl, 

whereas at higher potentials it was scarcely detected. The current density drop was due 

to the fact that the rate of passive film regeneration prevailed over its rate of destruction 

[29-31]. It is generally accepted that the fast descent of current density is caused by the 

high rates of passive film formation and growth upon the metal surface [29]. Thus, at 

lower potentials (-400 mVAg/AgCl and -200 mVAg/AgCl), the repassivation rate is higher 

than at 0 mVAg/AgCl. At 200 mVAg/AgCl there was no practical repassivation. 

 

In the third stage, the current density value remained approximately constant at -400 

mVAg/AgCl and -200 mVAg/AgCl, which indicates that a steady state between the rates of 

passive film formation and passive film destruction was reached. Fluctuations that are 

observed towards the end of this third stage may be due to the formation and following 

repassivation of metastable pitting [29,38,49,50]. For 200 mVAg/AgCl, the current density 
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record tended to rise with time. This increase can be due to both passive film local 

breakdown and stable pits growth, even at potentials below the pitting potential, Ep [29-

32].  

 

Table 3 gathers the results obtained from Figure 9: as the applied potential increases, 

the passive film repassivates more slowly after being damaged by cavitation. The 

repassivation index is not higher than 1 in any case, which is usually related to the 

formation of a compact high protective passive film, and would indicate a very fast 

repassivation [51,57,58]. Values of n lower than 0.5 indicate the presence of a porous 

passive film [51] and a relatively slow repassivation rate [57,59]. For 200 mVAg/AgCl, the 

parameter n has not been calculated, since no repassivation is observed at this potential. 

Instead, the parameter b has been calculated, which describes the pit growth kinetics. 

The value of this parameter is rather small if compared with the values of n at -400 mV 

and -200 mV, which indicates that the growing of the pits formed on the electrode 

surface at 200 mV was slow. 

 

The damages generated during the potentiostatic tests (Figure 10) are due to the 

synergistic effect that exists between cavitation and corrosion [10-13]. According to the 

passivity region (perfect or unstable), the damage generated during the potentiostatic 

tests is different, as results in Table 4 show. At the perfect passivity region potentials (-

400 mVAg/AgCl and -200 mVAg/AgCl), theoretically pits cannot develop, so the damage 

produced is mainly due to cavitation. At elevated potentials (0 mVAg/AgCl and 200 

mVAg/AgCl), the physical damage may grow as a stable pit (these potentials are located in 

the unstable passivity region), since as the applied potential increases the repassivation 
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rate gets smaller. In the extreme case, the repassivation index would become zero, and 

the passive film could not regenerate. 

 

In order to determine only the physical damage produced on the Alloy 31 surface, a test 

was performed in distilled water, applying cavitation for 60 seconds. Supposing that the 

generated damages in distilled water and in the 992 g/l LiBr solution have circular 

shapes, Figure 12 illustrates the areas of maximum depth for both cases (the inner circle 

for distilled water and the outer circle for 992 g/l LiBr solution (Figure 10)). It can be 

noticed that at -400 mVAg/AgCl, the damaged areas are practically the same, so cavitation 

is the only responsible for the damage in the 992 g/l LiBr solution. At -200 mVAg/AgCl, 

although this potential is in the perfect passivity region, cavitation-corrosion phenomena 

took place, since the damaged area in distilled water is lower than that in the 992 g/l 

LiBr solution, indicating that damage propagation occurred. Nevertheless, the 

propagation rate is lower than at 0 mVAg/AgCl and 200 mVAg/AgCl (Figure 12), which are 

in the unstable passivity region. 

 

CONCLUSIONS 

 

Ultrasonically induced cavitation was found to shift the Open Circuit Potential of Alloy 

31 in the 992 g/l LiBr solution towards the active direction, because the effect 

ofcavitation reduced the thickness of the passive film, favouring the anodic reaction. 

However, there was no physical damage on the electrode surface after the OCP test, so 

cavitation could not break the passive film. 
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Cavitation increased the passive current density, due to the thinning of the passive film 

that covered the alloy surface. 

 

The Ep of Alloy 31 in the 992 g/l LiBr solution decreased under cavitation conditions. 

Moreover, the extent of the passive region decreased with cavitation, revealing that this 

phenomenon negatively affects the corrosion behaviour of Alloy 31 in the 992 g/l LiBr 

solution. However, the area under the hysteresis loop was lower in presence of 

cavitation than without it, which implies that cavitation improves the repassivation 

behaviour of Alloy 31 in 992 g/l LiBr solutions.  

 

The attack morphology was different depending on the conditions. Under static 

conditions, the morphology of the damage generated on the electrode surface was 

uniform (although the initial mechanism was pitting corrosion), whereas under 

cavitation conditions, the attack was localized and visible pits appeared on the surface. 

This pits are dangerous, because they can be deep enough to perforate the material. 

 

The parameter n, determined from the slopes of the log i(t) vs. log t were found to 

increase with decreasing applied potentials, indicating that repassivation is faster at 

potentials located in the perfect passivity region than at potentials of the unstable 

passivity region. At potentials near the pitting potential (200 mVAg/AgCl), repassivation is 

not possible. 

 

The quantification of the generated damage on the Alloy 31 surface in 992 g/l LiBr 

solution, during potentiostatic tests, by cavitation-corrosion using Confocal Laser 

Microscopy and image analysis techniques showed that the volume, surface area and 
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depth of these damages increased with increasing potentials. Moreover, a linear 

relationship between the damaged area and the applied potential was obtained.  
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Tables  
 
Table 1. OCP values for Alloy 31 in 992 g/l LiBr solution under static (ppA = 0 µm) and cavitation (ppA 
= 120 µm) conditions. 
 

OCP (mVAg/AgCl) 

ppA = 0 µm ppA = 120 µm ΔOCP 

-248 ± 8 -956 ± 32 708 

 

Table 2. Electrochemical parameters for Alloy 31 in 992 g/l LiBr solution under static (ppA = 0 µm) and 
cavitation (ppA = 120 µm) conditions. 

 Ecorr 

(VAg/AgC

l) 

Ep 

(VAg/AgC

l) 

Erp 

(VAg/AgC

l) 

Erp - 

Ecorr 
Ep - Erp 

icorr 

(µA/cm

2) 

ip 

(µA/c

m2) 

irp 

(A/cm2) 

ppA = 0 

µA 

-0.770 ± 

0.005 

0.533 ± 

0.011 

-0.061 ± 

0.013 

0.709 ± 

0.018 

0.595 ± 

0.023 

0.75 ± 

0.01 

2.36 ± 

0.09 

0.023 ± 

0.002 

ppA = 

120 µA 

-0.700 ± 

0.037 

0.321 ± 

0.019 

-0.030 ± 

0.008 

0.671 ± 

0.044 

0.350 ± 

0.028 

1.79 ± 

0.04 

12.78 ± 

2.49 

0.013 ± 

0.001 

 
 
Table 3. Values of the parameters n and b, obtained from the linear region slope of log (t) vs log i(t) 
representation, for Alloy 31 in 992 g/l LiBr solution. 

Potential (mVAg/AgCl) n b R2 
-400 0.647 ----- 0.84 
-200 0.307 ----- 0.91 

0 0.064 ----- 0.95 
200 ----- 0.104 0.79 
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Table 4. Parameters of the damage created by cavitation-corrosion on the Alloy 31 surfaces in 992 g/l 
LiBr solutions, at different applied potentials (the values are mean values). 
 

Potential 
(VAg/AgCl) 

Volume·107 
(µm3) 

Lateral surface area·106 
(µm2) 

Maximum depth 
(µm) 

-0.4 3.89 ± 0.61 1.24 ± 0.18 13.79 ± 0.62 

-0.2 5.93 ± 0.69 1.67 ± 0.29 15.27 ± 1.21 

0.0 15.88 ± 1.33 23.40 ± 2.18 48.96 ± 2.39 

0.2 51.80 ± 2.41  38.40 ± 2.73 88.13 ± 4.11 
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Figures  
 
 

 

Fig. 1. Experimental arrangement diagram used for cavitation testing: (1) base of experimental 
arrangement; (2) height adjustment; (3) electrochemical cell; (4) working electrode; (5) horn tip; (6) 
auxiliary electrode (platinum mesh); (7) reference electrode (Ag/AgCl with 3 M KCl solution); (8) 
temperature sensor; (9) convertor of ultrasonic cavitation facility. 
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Fig. 2. Images of the electrode surface before (a) and after (b) the OCP test with cavitation. 
 
 
 

 
Fig. 3.  Potentiodynamic polarization cyclic curves for Alloy 31 in 992 g/l LiBr solution under static and 
cavitation conditions. This figure also shows the two passivity region (Perfect Passivity Region and 
Unstable Passivity Region) under static conditions, and the potentials chosen to perform the potentiostatic 
tests. 
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Fig. 4. Images of Alloy 31 in 992 g/l LiBr solution at the end of the potentiodynamic cyclic test, under 
static conditions (taken using an Optic Microscope). In the magnified image (b), small round pits can be 
discerned. 

 
 

 
Fig. 5. Final mosaic of Alloy 31 surface in 992 g/l LiBr solution at the end of the potentiodynamic cyclic 
test, under cavitation conditions (taken using an Optic Microscope) (sample diameter = 8 mm). 
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Fig. 6. Image of Alloy 31 pit in 992 g/l LiBr solution, at 500x, under cavitation conditions (taken using 
the Confocal Laser Microscope), (a) in 2D, (b) in 3D, (c) profiles of Alloy 31 pit in 992 g/l LiBr solution, 
under cavitation conditions. 

 

 

Fig. 7. Current density transients in linear scale for Alloy 31 in 992 g/l LiBr solution at the four selected 
potentials. 
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Fig. 8. Current density transient in linear scale for Alloy 31 in 992 g/l LiBr solution at 0 mVAg/AgCl. 

 

 

Fig. 9. Plots of i(t) vs t in logarithmic scale obtained just after disconnecting cavitation, for Alloy 31 in 
992 g/l LiBr solution at the four chosen potentials. The linear fits used to obtain the parameters n and b 
are also shown. 
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Fig. 10. Micrographs of the damaged surfaces of Alloy 31 in 992 g/l LiBr solution at the four picked 
potentials. The micrographs were taken using the Confocal Laser Microscope. The red zones are the areas 
of maximum damage, obtained from binarized images. 
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Fig. 11. Damaged area at the different applied potential for Alloy 31 in 992 g/l LiBr solution. 
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Fig. 12. Areas of maximum depth represented with circular shape in distilled water (inner circles) and in 
the 992 g/l LiBr solution (outer circles). 


