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Whereas the initiation and advance of localized corrosion often limits a prolonged application of
stainless steel in seawater, the particular conditions that trigger this type of corrosion are not fully
understood due to high variability of water parameters and diversity of the biological component. In
this study, coupons of AISI 304 and 316L were tested in fresh natural seawater of South East Pacific
(coast of central Chile) employing two flow-through exposition racks: one keeping the coupons at full
immersion and one allowing the simulation of tides through variable level of water effecting dry-wet
cycles. Loss of weight and electrochemical characterization after 1, 5, 15 and 30 weeks of exposition
revealed that for both materials the intermittent immersion results in considerably less corrosion, both
general and localized. After 15 weeks, all samples showed a negative shift of OCP, i.e. the opposite of
ennoblement, which is explained by the activity of microorganisms associated with change of season.
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1. INTRODUCTION

From the perspective of materials engineering, seawater is a medium that compromises
functionality of most materials by weakening structures and components of machines exposed to it
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through the processes of corrosion. With time, the structure or machine becomes unreliable and
eventually ceases functioning. Hence, predicting the effect of seawater over materials in a long run is
important to any structure designed to work in contact with seawater; these include off-shore oil and
gas stations, docks, bridges, wharfs, pipelines as well as equipment processing seawater [1].

The specific damage experienced by the material as well as kinetics of its progression depends
not only on the type of material but also on the mode of exposition to seawater, which might be fully
immersed, partially immersed or intermittent. The most severe damage is typically found in the splash
zone, where the spray of seawater is repeatedly spread over the material, wetting a surface otherwise
exposed to the marine atmosphere [2,3]. Early studies have also shown that electrically isolated
coupons, exposed at various relative heights with respect to the mean tide, concentrate most damage in
the middle of the tidal zone. In continuous steel strips and electrically connected coupons the most
severe damage was observed in the zone above mean-tide level, associated with the effect of splash [4-
6]. A common explanation to this phenomenon is the differential aeration associated with higher
oxygen content at the very surface of seawater producing galvanic action between the different
locations at the same strip. The differential aeration has been shown to be associated with differential
distribution of electrochemical potential and also differences in the composition of the resulting
corrosion products [7].

Another key aspect of natural seawater relevant to corrosion is the presence of microorganisms,
which colonize and grow on metallic surfaces producing non-uniform and variable biofilms that
interfere with the native electrochemical processes. Microorganisms normally accelerate corrosion of
metals, although the opposite, i.e. corrosion inhibition, might also take place, e.g. [8,9]. In case of
stainless steels, the most common observation is that the presence of a biofilm is associated with a shift
in open circuit potential (OCP) from its native (initial) value towards positive values; a process often
referred to as ennoblement [10]. When OCP approaches the value of pitting potential the probability of
developing localized corrosion increases dramatically.

One of the mechanisms proposed for explaining ennoblement is that of increased cathodic
current [11]; however, the process or processes that produce the this enhancement are not fully
explained. Dickinson et al. [12] have suggested that the effect is produced by manganese-depositing
bacteria. The manganese oxides deposited over the steel surface would act as a permanent cathode
increasing the intensity of the cathodic reaction; however the potential increase could not be related to
the number of manganese-depositing bacteria [11]. Another possibility is that lowering of pH
associated with bacterial activity, typically taking place under the biofilm, would promote the
hydrogen evolution but the lower pH alone is insufficient for explaining the effect [13]. Other studies
have suggested that ennoblement might be associated with the production of biopolymer metal
complexes that increase the rate of oxygen reduction [14]. It is also possible that microorganisms
interfere with the rate-determining step of the electrochemical reaction chain; for instance by
accelerating the rate of H,O, production [13]. Further studies have shown that the extent of
ennoblement is determined by geographical location of the exposition site [15], which might be
explained by the variable contribution of particular microorganisms to the OCP shift [16], which, in
turn, is determined by the environmental conditions [17]. Also, interactions between microorganisms
can further modulate the effect of biofilm over the process of corrosion [18].
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Although a negative shift in the OCP is much less common it can also occur in association with
the presence of microorganisms [19]. This opposite effect can also be explained by biofilm activity if
appearance and disappearance of particular species associated with modification of environmental
conditions are taken into account. The same author also suggests that the negative shift in OCP might
produce crevices.

Due to the high number of parameters controlling the corrosion process in natural seawater,
there are few standardized methods of testing. In particular, temperature, flow velocity, pH, amount of
dissolved oxygen, salinity, presence of pollution, as well as microbial activity vary from location to
location and also in time, making difficult the projection of corrosion mechanisms and the rate of
material deterioration [20]. Most of the testing procedures proposed so far point at relative materials
performance or verify the performance of a particular material at conditions defined a priori. For
instance, Jeffrey and Melchers [3] tested the effect of vertical length of mild steel by attaching them
with nylon bolts and washers to non-metallic support strips and those attached to a wooden jetty. Farro
et al. [2] used a larger PVC structure with metal coupons attached to it, to study the effect of different
tide zones on copper corrosion. The European Federation of Corrosion (EFC) supervised a corrosion
study of several stainless steel grades using tanks of 200-300 L with continuous flow of fresh seawater
in different geographical locations in Europe. The study was conducted with the purpose of verifying
how the different conditions associated with the distinct locations may affect the corrosion process
[10].

Although the above described approaches may provide the most resemblance to the natural
environment, interpretation of the data is difficult because there are several parameters that cannot be
controlled. The risk of losing samples due to storm surge is also a problem. Therefore, systems with
control over the relevant corrosion parameters have also been explored. For instance, Mu et al. [21]
studied the effect of simulated tide on mild steel by using tanks filled and emptied by pumps; however,
this experiment employed artificial seawater and no microorganisms, hence it was not fully
representing the natural condition. Corroborating the methodology for studying corrosion in marine
water, there is no ideal solution and a trade-off between reproducing the natural conditions of
exposition and control over these conditions is necessary in order to understand the underlying
corrosion mechanisms [20].

In this work, we present a method for studying corrosion of stainless steel in fresh natural
seawater at controlled conditions of exposition, permitting discrimination between continuous and
intermitted immersion. Because South East Pacific at the coast of Chile is a poorly studied location for
corrosion performance of materials, the alloys chosen for this study are the two most common stainless
steels: AIS1 304 and AISI 316L.

2. MATERIALS AND METHODS

2.1 Sample preparation

The materials used in this study are two commercial stainless steels differing in nominal
content of main alloying elements: AISI 304 (X5CrNil189, material number 1.4301) and AISI 316L
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(X2CrNiMo17-12-2, material number 1.4404). Cold rolled steel sheet of 3 mm thickness was cut into
coupons of 100x20 mm using a slow cutting diamond blade so that the rolling direction corresponds
with the longest dimension of the coupon. At the shortest edge two holes were drilled to enable
mounting the sample in the exposition racks by the means of cable ties. Prior exposition each coupon
was polished using emery paper (grit 240), rinsed with distilled water, degreased with acetone and
finally dried by blowing hot air. For each sample retrieval, six duplicates were used.

2.2 Experimental set-up

The exposition experiments were conducted using natural fresh seawater in the facilities of the
Estacion Costera de Investigaciones Marinas (ECIM) of the Pontificia Universidad Catolica de Chile,
located at Pacific Ocean, 33°30°16”S; 71°38°23”0. The water quality parameters were measured using
a HQ40d multi meter (HACH Company, Loveland, CO) and are described on Table 1.

Table 1. Water quality parameters at the beginning and the end of the experiment.

Time 1 Week 30 Weeks
pH 8.1 7.8
Conductivity (mS/cm) 54 57
O, (mg/l) 9.8 7.4
Temperature (°C) 12.5 17

Two types of experimental set-up were used, one simulating continuous exposition under full
immersion and one simulating the effect of tide. The first system, hereafter referred to as continuous
flow system (CFS), consisted in acrylic racks of 53x29x16.5 cm, through which a constant flow of
natural seawater was established. The homogeneity of the flow was assured by introducing a barrier
with a pattern of holes as shown in Fig. 1A. The second system, hereafter referred to as simulated tide
system (STS), consisted of a tank of 258x62x53 cm which was filled and emptied twice a day with
natural seawater as seen on (Fig. 1B). The hourly schedule water level in the tank is shown in Fig. 1C.
Both systems were operated in an opened mode, i.e. fed with seawater pumped directly from the
Pacific Ocean. After flowing through the racks, the water was returned to the ocean at a slightly
different location. Samples were retrieved for analysis after the following exposition times: 1 day, 1
week, 5 weeks, 15 weeks and finally 30 weeks.
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Figure 1. Structure and function of the exposition system: a) schematic view of the flow-through rack,
b) position of water level in function of time; 100% - full immersion, 0% - samples entirely
dry.

2.3 Sample characterization

Upon retrieval, the six-fold duplicate of each sample was visually inspected. Each sample was
then cut off the sample holder without removing any of the possibly accumulated biomass and
immediately transferred into a 50 ml Falcon tube filled with natural filtered seawater. Three duplicates
were cleaned and weighted, and then visually inspected again to assess the corrosion damage at each
side of the coupon. The remaining samples were used as follows: one for electrochemical
characterization, one for electron microscope characterization, and one spared for complementary
analysis.

Samples for microscopic examination were cut to the size of 10x15 mm using low speed
diamond saw, and then fixed in a 2% solution of glutaraldehyde and stored at 4°C. Prior the
microscopic observation each coupon was critical point dried and coated with a thin film of gold to
render the surface conducting. Observations were completed using scanning electron microscope
(SEM), LEO 1420VP (LEO Electron Microscopy Ltd., UK).

2.4 Corrosion testing

Visual appearance of each sample was evaluated and documented photographically
immediately after retrieving from the exposition rack. Samples used for weight control (triplicate),
after collecting from the exposition rack were sonicated in 50 mL of sterile water for 5 minutes
(Elmasonic S 30H, Elma Schmidbauer GmbH, Alemania), washed using water and soap, degreased
with acetone, and dried with hot air. Analytical balance was then used for determine the actual weight.
Samples used for electrochemical analysis were carried to Santiago, Chile, in 50 ml falcon tubes filled
with filtered (0.2 um) fresh natural seawater. The electrochemical measurements were performed using
CH-instrument 750-D in a conventional three electrode cell using Ag/AgCl as reference and a graphite
rod as counter electrode. After determine open circuit potential (OCP), the polarization curve was
measured starting at -0.5 V vs. OCP until the current density of 1 mA/cm? was reached, at the scanning
rate of 0.005 V/s.
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3. RESULTS

3.1 Visual inspection

In general, all samples collected after given exposition time for given exposition conditions
were affected in a similar way and to a similar degree. After 1 week of exposition sparse corrosion
products, distributed homogeneously were observed at the edges of the coupons. With increasing
exposition time more corrosion products (red rust) appear at the sample surface, mostly close to and at
the edges as well as at some of the surface irregularities. In general, for the same exposition time, the
coupons exposed to the simulated tide appear to have accumulated less corrosion products as
compared with the continuous flow exposition indicating to be less affected by corrosion.

After 30 weeks of exposition two of the AISI 304 samples in the continuous flow system
produced crevices of considerable size at on the cut edge. An example of the crevice is shown in
Figure 2.

Figure 2. Visual appearance of the cut edge of AISI 304 after 30 weeks of exposition in the continuous
flow system. The image has been digitally processed (adjustment of contrast) for better
visualization of the crevice.

3.2 Microscopic characterization

CFS+ . ) STS
15 weeks ‘ Yor B s 15 weeks

Figure 3. Representative SEM micrographs of AISI 304 after 1 and 15 weeks of exposition to fresh
seawater in either continuous flow (CFS) or simulated tide (STS) system.
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Figure 3 shows the SEM micrographs of AISI 304 retrieved after 1 week and 15 weeks,
respectively, exposed at either of the systems. Analogous micrographs for the AISI 316L are shown in
Figure 4. Initially, all samples were affected to a similar degree with the surface irregularities that may
be attributed to the initial condition of the alloy plate. At prolonged exposition time, biomass has
grown, including various types of bacteria and eukaryotes. In the case of CFS, the coupons were fully
covered with bacteria and eukaryotes, whereas the biomass of coupons exposed in STS was formed
mainly by bacteria and EPS (extracellular polymeric substances).

AISI 304 and 316L samples looked similar to their respective analogues along the experiment;
however, there seems to be less biomass growing on the surface of AISI 316L as compared with AISI
304. This is especially true in the case of CFS.

CFS 2 STS
15 weeks : 15 weeks

Figure 4. Representative SEM micrographs of AISI 316L after 1 and 15 weeks of exposition to fresh
seawater in either continuous flow (CFS) or simulated tide (STS) system.

3.3 Weight loss

Table 3 shows the mass loss registered along the experiment. CFS samples suffered mass loss
around two orders of magnitude higher than the STS samples on both metals. Differences in mass loss
are produced mainly by the system instead of the alloy, although the average mass loss of AISI 304 is
higher than AISIS316L samples. The CFS mass loss had a large variability on every sampling week on
both metals, and on every set of triplicates one out of the samples had almost zero mass loss. On STS
samples variability was low possibly because mass loss were too low and close to the limit of detection
of the analytical balance.
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Table 2. Weight loss expressed in mpy.

Exposition AISI 304 AISI 316L
CFS STS CFS STS

1 Week -0.025+£0.014 -0.024 +£0.009 -0.004 +£0.017 -0.044 +0.055

5 Weeks -0.283 £0.400 -0.009+0.016 -0.181+0.146 -0.136+ 0.163
15 Weeks -0.766 £ 0.542 -0.012+0.017 -0.567 +0.425 -0.021 +0.029
30 Weeks -0.792+£0.735 -0.006 +0.003 -0.442+0.132 0.000 + 0.001

3.4 Electrochemical characterization

The evolution of OCP is shown in Figure 5. During the initial 5 weeks almost all samples have
undergone ennoblement increasing their OCP by a variable percentage. This trend then reverted for
AISI 304 exposed at continuous flow system and after 15 to 30 weeks all the samples decreased their
OCP; in some cases even below the value registered at the beginning of the experiment.
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Figure 5. Open circuit potential registered in filtered fresh seawater for samples retrieved after
different exposition times. Curve description: AISI 304 exposed in CFS ( ), AISI 304
exposed in STS ( ——), AlISI 316L exposed in CFS ( —®—), AISI 316L exposed in STS ( ).

Figure 6 summarizes all the polarization curves measured on retrieved samples. For almost all
samples the corrosion potential is different from the previously measured open circuit potential
suggesting the sample surface was modified during cathodic polarization. On the other hand, pitting
potential was only observed after first week of exposition. And its value is slightly higher on the AISI
316L samples (around 0.6 V) as compared with AISI 304 (around 0.54 V), suggesting the increased
pitting resistance of AISI 316L. After longer exposition times, no current increase that could be
associated with pitting is observed at the anodic branch of the polarization curves.
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Figure 6. Polarization curves registered in filtered fresh seawater after exposition. Curve description:
AISI 304 exposed in CFS (——), AISI 304 exposed in STS (----- ), AISI 316L exposed in
CFS ( ), AISI 316L exposed in STS ( )..

Notably, all samples retrieved after 30 weeks produced polarization curves with multiple
equilibrium potentials. With the exception of AISI 316L exposed in STS these were two equilibrium
potentials while all other samples produced three. These multiple equilibria can be explained by the
active-passive behavior of stainless steel as presented graphically in Figure 7 and explained with detail
in section 4.

4. DISCUSSION

The weight loss of both stainless materials obtained in our experiment is consistent with results
reported in literature for similar exposition times. In the case of CFS corrosion rate from weight loss
after 210 days corresponds with 0.79 mpy and 0.44 mpy for the AISI 304 and AISI 316L, respectively.
These values are between the low values found for Arabian Gulf sweater by Al-Fozan et al. [22]
reporting after 199 days on fully submerged samples the equivalent of 0.014 mpy and 0.01 mpy for the
AISI 304 and AISI 316L, respectively; and the high values found by Al-Muhanna et al. [23] reporting
after 180 days of fully submerged samples also for Arabian Gulf, presumably different location, the
equivalent of 1.2 mpy and 1.18 mpy for AISI 304 and AISI 316L, respectively. Weight losses reported
for water quality similar to South East Pacific at Pint Mugu, California, by Reinhart and Jenkins [24]
after 1 year of exposition amounted to around 0.63 mpy and 0.25 mpy for AISI 304 and AISI 316,
respectively.
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The lower mass losses obtained for samples exposed in the simulated tide system are two
orders of magnitude lower than their analogues exposed in the continuous flow system. It might be
related with the shorter effective time of submersion in water and thus shorter time of wetness.
However, the magnitude of the difference can hardly be explained by this effect, especially that the
tidal zone is normally associated with increased corrosion damage [2,3]. However, contrary to the
natural tide, in our system the splash effect was not included in the exposition, hence the effective time
of wetness is shorter than that in a real system. On the other hand, the longer exposition to air allows
for consolidation of the passive layer. This could be expected because a slightly thicker native passive
layer have been shown to growth on AISI 316L in air as compared with layers grown in water [25].
However, the effect of drying on the activity of the biofilm has to be also taken into account. The SEM
micrographs showed that samples exposed in the STS developed less biomass that would remain
attached to the surface. The lower amount of biomass in this case suggests less microbiologically
influenced corrosion as compared with the samples exposed in the CFS. These differences show how
the distinct exposition conditions can result in selection of the microorganisms growing on the metal
surface. Nevertheless, to provide a full explanation, more research would be necessary to determine
how exactly the selection of microorganisms is affected by the position of water line and how does it
affect the corrosion process. Another explanation to the lower mass loss observed in the STS is that the
coupons were not sufficiently long (vertical direction) to produce considerable galvanic effect
associated with differential aeration. In longer samples, one end is always in contact with water
permitting the buildup of a cathodic zone at the immersed surface and an anodic zone at the splash
zone [26]. It is not the case in our system. Also, subsurface content of oxygen in our case can only be
attributed to the equilibrium of oxygen dissolution with no mechanical enhancement by waving or
other surface mixing.

The OCP results indicate ennoblement for all samples at early weeks followed by a shift
towards negative values in the later weeks (Figure 5). This drop of OCP was possibly induced by the
increase of water temperature associated with seasonal variation, around 5°C throughout the
experiment (Table 1). Warmer water, containing less oxygen would produce less intensive cathodic
current; however, the change in water temperature can also promote or inhibit growth of diverse
microorganisms as suggested by Fera et al. [27] that possibly modify the value of OCP too.

The observed shift of OCP towards negative potential values is uncommon. The study by
European Federation of Corrosion (EFC) conducted for multiple location has reported consistent
increase of OCP for all the conditions [10]. Although, other less extensive studies with natural
seawater, have shown that although ennoblement is the typical case, negative shifts in the corrosion
potential might also occur, e.g. [28,29]. A possible explanation was provided by Yuan et al. [30,31]
who showed that Pseudomona NCIMB 2021 and Desulfovibrio desulfuricans in simulated seawater
can produce a negative shift of OCP. They also proposed that this potential drop was accomplished
through the detrimental action of the bacteria over the passive layer. Hence, it is possible that the
seasonal variation of our exposition condition have induced the growth of a microorganism that
resulted in negative shift of OCP.

On the other hand, negative shift in OCP seawaters might also be associated with the formation
of crevices and the resulting depassivation of steel surface as suggested by the EFC’s study [10]. In our
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study, there were no intentional crevice formers included in the design of sample holding system, yet,
two of the AISI 304 exposed in CFS have developed visible crevices at the cut-edge of respective
coupons after 30 weeks (Figure 2). These defects might have resulted from OCP drop produced by the
biofilms as suggested by Urquidi-Macdonald [19], possibly due to the season change. The OCP drop in
such a case can be completed by enhancing the anodic current and/or by inhibiting the cathodic
reaction [19]. The activity of the biofilm can produce differential aeration cells due to heterogeneity of
oxygen consumption. Under such a modified zone, a local OCP drop may occur producing local active
zones that in turn lead to the formation of crevices and the resulting material deterioration.

Polarization curves recorded after 30 weeks of exposition show multiple equilibrium potentials.
These multiple potentials have been previously reported in literature, for instance for iron in alkaline
solution [32]; however to our knowledge there is no such report for stainless steel in natural seawater.
A possible explanation of this phenomenon is the interaction between multiple cathodic and anodic
reactions, which can be visualized as intersection of cathodic and anodic branches of the polarization
curve [33]. Figure 7 provides our explanation of the polarization curves reported in Figure 6, where
anodic current of a passive metal is considered and the cathodic branches include hydrogen and
oxygen half-reactions. For voltages higher than equilibrium of the oxygen reaction, anodic branch of
the oxygen reaction is also taken into account. In this representation, each equilibrium potential
corresponds with zero-sum of currents, a condition met at multiple potentials. It should be noted that
this situation is only possible when the cathodic reaction of oxygen is slower than the anodic reaction
of the metal in the range of potentials associated with the active zone of the metal (shoulder in the
polarization curve). This circumstance might arise when low oxygen content, possibly localized,
produces cathodic reaction of low slope. Another possibility is depassivation of the metallic surface,
possibly localized, due to bacterial activity.

In the case of triple equilibria, the value of OCP recorded prior polarization is similar to the
value of the middle equilibrium, i.e. intersection of the anodic shoulder of the metal reaction with the
cathodic branch of the oxygen reaction near the Flade potential. In case of potential drop, the shifting
OCP would imply higher anodic current and thus higher corrosion rates. This process may occur
locally induced by the activity of the biofilm.

>
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Figure 7. Schematic explanation of the shape of experimental polarization curves: A) Polarization
curve with three equilibrium potentials and low current values at both cathodic and anodic
extremes of the curve. B) Polarization curve with three equilibrium potentials and increase of
current at both cathodic and anodic extremes of the curve. Curve description: total current
(——), anodic branch of metal oxidation (——), anodic branch of oxygen reduction (---.),
cathodic branch oxygen reduction (——), cathodic branch of hydrogen reduction (----).
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The crevices reported for AISI 304 after 30 weeks of exposure (Figure 2) can be explained by
the drop of OCP [19]. Similar observations were reported by Melchers and Jeffrey [34] explaining that
the vertical pattern could be associated with gravitational sliding of ferritic chloride down the sample,
which would depassivate along the path [35]. Since AISI 304 has lower chromium content and no
molybdenum alloyed it is more susceptible to such damage and therefore no crevice formation was
observed for AISI 316L in which the potential drop was of larger value. The relative strength of the
passive layer would also explain why there is no crevice formation in the STS exposure.

5. CONCLUSIONS

The analysis of AISI 304 and AISI 316L alloys exposed for 30 weeks to fresh natural seawater
of South East Pacific at the coast of Chile allows for the following conclusions:

1. In both materials, an uncommon shift of open circuit potential toward cathodic values was
observed and it is possibly related to seasonal changes of microorganisms’ activity. This drop of
potential might also be associated with the formation of lateral crevices.

2. Samples exposed in a simulated tide system, with the effect of splash excluded, experienced
considerably less corrosion by weight loss, which was found to be associated with less pronounced
evolution of biomass. This result might not be representative for a natural tide due to possible drying
of biomass in the absence of aerosol or the lack of partial submersion preventing creation of
differential aeration.
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