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THE EFFECT OF DISSOLVED OZONE ON THE CORROSION BEHAVIOR OF STAINLESS
STEELS IN ARTIFICIAL SEAWATER

W.E. Wyllie II and D.J. Duquette
Rensselaer Polytechnic Institute
Materials Science & Engineering Department
Troy, New York 12180-3590

ABSTRACT

The corrosion resistance of austenitic stainless steels in artificial seawater containing 0.2 to 0.4 mg/L
dissolved ozone was investigated. According to cyclic polarization data, UNS S30400 and S31600
stainless steels are resistant to pit initiation after 8 weeks exposure to ozonated artificial seawater.
However, if crevices exist, crevice corrosion is more severe in ozonated vs. aerated artificial seawater.
Maximum crevice corrosion penetration rates of 8 and 5 mm/y were recorded for UNS S30400 and
S31600, respectively, in ozonated artificial seawater compared to only 0.4 to 0.5 mm/y under aerated
conditions. Mixed potential analysis of anodic and cathodic polarization predicts crevice corrosion
rates for UNS S31600 that are in excellent agreement with the immersion sample data. Highly alloyed
Ni, Cr, Mo, and N-bearing austenitic stainless steels are resistant to crevice corrosion in aerated and
ozonated artificial seawater. However, differential oxidation corrosion was observed between surfaces
of high and low ozone concentration, leading to local transpassive dissolution manifested as surface
etching and superficial intergranular corrosion. After 47 weeks exposure to ozonated artificial seawater,
microscopic pitting was observed in crevices of high alloyed stainless steels. Although intergranular
corrosion and microscopic pitting of highly alloyed stainless steels are not considered severe, these
modes of corrosion warrant further investigation in the interest of corrosion resistance in long term (> 1
year) service under oxidizing conditions in seawater.

Keywords: austenitic stainless steel, biofouling, bromate, bromide, chlorine, corrosion control, crevice

corrosion, cyclic polarization, intergranular corrosion, mixed potential, oxidizing biocide, ozone,
seawater, stainless steel, transpassive corrosion

INTRODUCTION

Ozone Treatment

Application. A common problem in both fresh and seawater-cooled industrial heat exchange
systems is biofouling and biofilm proliferation. Biological film growth can decrease the efficiency of
heat transfer surfaces. Microbial activity in biofilms can lead to an insidious form of corrosion known




as microbiologically induced corrosion (MIC). Conventional methods of biological control include
chlorine based chemical treatments of cooling waters. However, there is pressure by governmental
agencies to minimize the release of environmentally hazardous byproducts of chlorine. Ozone is
considered to be a safe, effective, and environmentally sound alternative to the chlorine based chemicals.
Ozone is readily produced from oxygen or air via the corona discharge method in commonly available
generation systems. Ozone eventually decomposes back to oxygen, so ozone treatment does not
produce environmentally hazardous chlorinated organic byproducts. An industrial application of ozone
treatment of fresh water is in cooling towers of power plants. The conversion from chlorine-based
biocides to ozone treatment also is a consideration for seawater-cooled heat exchange systems of coastal

power plants and naval vessels.

Biocidic action. The biocide action of ozone results from the oxidation of organic molecules in
macro- and microbiological organisms. Videla and co-workers noted that 0.2 to 0.5 mg/L ozone for 10
to 15 minutes was effective to control aerobic biofilms.! However sessile bacteria were not completely
removed by 0.15 mg/L ozone,? believed to be the result of the oxidation products of ozone with
organics impeding the penetration of ozone into the underlying layers of the biofilm. It is possible that
increased ozone concentrations, for instance 0.5 mg/L, combined with periodic flushing would remove
the oxidation products and effectively control the biofilming. It should be noted that the treatment
values cited above are for reference only. One must consider the degree of establishment of films (age,
thickness) the ozone demand of the system, and the cooling water chemistry in specifying ozone
treatment. Additionally, routine biological analysis should be performed in order to monitor the biocidal

effectiveness of the treatment.

Ozone in Seawater

Ozone is one of the strongest oxidizers used in water treatment. Table I compares the reduction
potentials in the standard state and at nominal conditions of seawater with the oxidant present.?
Hypochlorous acid (HOCI) and hypobromous acid (HOBr) are the active biocidal chemicals in
chlorinated and brominated water, respectively.

Bromide reactions. Ozone chemistry in seawater is complex, with the presence of oxidizable
inorganic species such as bromide providing the greatest demand on ozone in artificial seawater.
Research on ozonated seawater chemistry has shown that bromide is oxidized by ozone (eqn. 1) to
hypobromite (OBr”), in a manner similar to the oxidation of bromide by hypochlorite (C10) to BrO" in
chlorinated waters.*” Once formed by ozonation, the BrO™ can react again with ozone along a path
that returns to Br", (eqn. 2) effectively creating a catalytic decomposition loop for molecular ozone.?

O, +Br  —— 0, + BrO~ k; = 160 M-1s1 (1)°

0, +BrO"——20, +Br~ k, =330 M-1s1 (2)°
The hypobromite ion associates with H* ion and forms HOBr which is a very effective disinfectant.1%-
12- Ozone also oxidizes BrO™ to form bromate (BrO3’):7%13
20, + BrO”——20, + BrO; ky =100 M1s1 (3)°
As the pH increases or as bromide concentration decreases in ozonated solutions, it has been shown
that the oxidation of BrO- to BrO5" is predominant;!'4!5 and all Br™ in seawater is effectively converted

to BrO;” through exhaustive ozonation.” This is not surprising, as bromate is the stable bromine
species at the oxidizing redox potential of ozone at alkaline pH ranges of the Pourbaix diagram. !¢




Monitoring ozone in seawater requires the use of techniques that are ozone-specific in the
presence of other oxidants (e.g. HOCl and HOBr) and should be supplemented by the analysis of

bromine species (Br’, HOBr, BrO5).17

Corrosivity. The corrosivity of ozone-bearing waters is not fully understood!® due to
contradicting results in fresh water research and limited work in saline solutions.'®20 There is concern
as to the effect of ozone on the corrosion behavior of alloys such as stainless steels used in the
construction of seawater heat exchangers. The alloys included in the study are commonly available
iron-chromium-nickel alloys, Type 304 stainless steel (UNS() S30400) and Type 316 stainless steel
(UNS S31600), as well as higher chromium, nickel, molybdenum, and nitrogen-bearing austenitic
stainless steels that are alloyed for seawater corrosion resistance. The higher alloyed grades are
AL6XN®@2) (UNS N08367), 654SMO®3) (UNS S32654), and Remanit 45655®@) (alloy 45658).

Alloying Effects on Localized Corrosion Resistance

In order for stainless steels to resist localized corrosion in seawater, the alloy must resist pit
initiation and also must maintain passivity in the reducing acidic environment that develops in a crevice.
Increasing chromium tends to lower the critical current density (i), passive current density (ipsss), and
the primary passivation potential (Epp)21 while increasing the breakdown potential (E;), with the
greatest increases in Ey, seen in the 20 - 35 % Cr range in binary Fe-Cr alloys.?? Nickel increases Ey? in
Fe-Cr alloys and greatly improves the general corrosion resistance of Fe-Cr alloys.?

Adding molybdenum to Fe-Cr-Ni provides a marked increase in resistance to localized
corrosion. In 25 wt.% Cr steels with 0 to 5 wt.% Mo, i.; was reduced in 1 N H,SO,+ 1 N HCI and
3.5 and 5 % Mo alloys were resistant to pitting in HCI and FeCl, solutions.?* In Fe-18Cr alloys, 2 to 8
% Mo resulted in marked decreases in i and also shifted E,,; in the active direction.?* It has been
proposed that Mo confers resistance to dissolution in crevice solutions by forming a protective salt
film.26 Substantial chromium is required for the enhancement of crevice corrosion resistance by
molybdenum to be realized.?’ Streicher's analysis?® of multiple crevice assembly data from filtered

-seawater showed that alloys with high chromium contents (= 25 wt.% Cr) and at least 3.5 wt.%
molybdenum were virtually immune. Factors that increased the crevice corrosion susceptibility were
low chromium (< 20 wt.% Cr), substantial nickel (= 20 wt.% Ni) and copper.

Nitrogen has a very beneficial effect on the crevice corrosion behavior of austenitic stainless
steels that already contain substantial Cr and Mo. Early studies showed that low carbon, high N, Mo,
and Si were beneficial to pitting resistance.?’ Alloying with 0.07 to 0.35 % N increased breakdown
potential in 18Cr-5Ni-10Mn steels.’® The beneficial effects of N were reported to be even greater with
Mo present.3! It is interesting to note that, although Mn alone has a negative effect on localized
corrosion resistance,3 substantial Mn is required to dissolve N to concentrations above 0.35 wt.%.
The resulting beneficial effects of high N with Mo tend to offset the negative effect of manganese.?’” A
20Cr-24Ni-6Mo with 0.4 wt.% N alloy was reported to be as resistant as nickel base alloy C-276 in
acidified NaCl.32 At 0.1 to 0.25 wt.%, nitrogen was shown to improve the resistance of 20Cr-24Ni-
6Mo stainless steel to oxidizing chloride and reducing acid environments.3?

(1) UNS numbers are listed in Metals and Alloys in the Unified Numbering System, published by the Society of
Automotive Engineers (SAE) and co-sponsored by ASTM.

@ Registered trademark of Allegheny Ludlum Steel.

(3) Registered trademark of Avesta Sheffield AB.

@ Registered trademark of Thyssen Edelstahlwerke AG.




Corrosion Test Methods

The cyclic potentiodynamic polarization (CPP) technique, or simply "cyclic polarization" is a
well documented test>* used to study the susceptibility of a passive metal or alloy to localized
corrosion in a specific environment. The typical parameters identified are the breakdown potential (Ey,)
where stable pitting occurs, and repassivation potential (E,,) where the pitting ceases due to
repassivation. changes resulting in active shifts in E, and E,;, relative to E,, increase the risk of pitting
corrosion and crevice corrosion, respectively, while noble shifts in E}, and E, have the opposite effect.
Large hysteresis is an indicator of high localized corrosion susceptibility.

Crevice corrosion can be studied by galvanic corrosion methods. Kain and Lee? studied crevice
corrosion of UNS S31600 with crevice solutions similar to those of Oldfield and Sutton,?® in which one
test utilized a compartmentalized cell where the cathode and anode members are physically separated
but galvanically coupled through a zero resistance ammeter. Kain and Lee showed that with pH of less
than 1.1 the stainless steel behaved in an active manner. Above pH 1.1 the anodes became passivated in
the anolyte, being polarized into a small passive range.

The anodic polarization in the simulated crevice solution, such as the deaerated 6 M chloride,
pH 0.8 seawater solution used by Kain and Lee,* can be used to determine crevice corrosion rates -
through mixed potential analysis. A separate cathodic polarization curve measured in the bulk
environment (e.g. aerated seawater) is superimposed on the anodic curve measured on a crevice-free
sample in the simulated crevice solution. The intersection represents the crevice corrosion current for
the theoretical galvanic couple. This technique has been used for corrosion resistant alloys in aerated
and chlorinated seawater.3-3® For complete assessment of the data, crevice corrosion rates calculated
from the mixed potential analysis should be compared to crevice corrosion rates from of actual

immersion tests.

Seawater Corrosion Behavior

Aerated seawater crevice corrosion rates. Lee and Money studied crevice corrosion multiple
crevice assemblies in synthetic and natural seawater.3® After 30 days at 25°C in synthetic seawater,
UNS S30400 and S31600 exhibited maximum depths of attack of 0.11 and 0.08 mm, respectively, while
in natural seawater, the maximum depths were 2.91 and 1.12 mm, respectively. At 50°C in synthetic
seawater, the maximum depths of attack were only slightly higher than the 25°C results, and the
differences between synthetic and natural seawater were very small. The presence of organics and
biological activity were cited to explain the higher rates at 25°C in natural versus synthetic seawater,
while the lower rate at 50°C is explained by the pasteurizing effect on the biological factors that
enhanced crevice corrosion in natural seawater at 25°C.

In immersion tests using polymethylmethacrylate (PMMA) crevice washers, Kain reported a
depth of penetration in UNS S31600 of 1.55 mm after 60 days in natural seawater, while UNS N08367
and S$32654 were unattacked.®® UNS S31600 assemblies with PMMA crevice washers corroded to
depth ranges of 0.01 - 0.79 mm after 30 days in natural seawater while corrosion of N08367 assemblies
were < 0.01 mm. Tube samples of N08367 exhibited an intergranular appearance, with maximum
depths of < 0.01 mm, at the crevice formed between a rubber gland seal after 90 days in flowing natural
seawater.*! In two year exposure to natural and chlorinated seawater, UNS S32654 did not exhibit
crevice attack under PMMA crevice formers, with and without soft polyvinyl chloride inserts,*?
however nickel base alloys 625 and C276 did show signs of crevice corrosion.

Effect of oxidizing biocides. Tests on 304L stainless steel (UNS S30403) in 0.5 N NaCl have
shown more noble corrosion potentials with ozonation.!® Cyclic polarization tests on UNS S30403




also indicated an increase in Ey, with ozonation, indicating stabilization of the passive film and increased
pitting resistance. However, at 0.2-0.4 mg/L ozone, the corrosion potential was equal or slightly noble
to the repassivation potential (E,y), indicating possible crevice corrosion susceptibility.!® Cyclic
polarization studies of $30403 in chlorinated 0.5 N NaCl (20 and 60 mg/L HOCI) showed noble shifts
in B, and Ey, with E,, active to E,r. Cyclic polarization samples showed a lower number of pits but
greater mean pit diameter for chlorinated compared to non-chlorinated conditions. Further work!® on
S30400 in artificial seawater found similar behavior, with E . and E}, shifting in the noble direction
while E,, was active to E,,, after 17 hours exposure to ozonated artificial seawater. In a 30 day test, a
UNS $30400 sample with a PTFE®) crevice washer showed lower pit density but deeper pit depth in
ozonated versus aerated seawater.

In the literature described above, the passive film appeared to be stabilized during ozonation
or chlorination®? due to the more oxidizing potential of the oxidizing biocide, and it is believed that the
more noble cathodic regions coupled to the smaller anodic pit area resulted in a high driving force and a
greater propagation rate. To supplement these conclusions, the kinetics of the oxidant reduction can
also be considered. Ozone or HOCI reduction current densities that are higher than oxygen reduction
current density would enhance the growth of the passive film, but at the same time would tend to drive
higher localized dissolution rates at pits to which the oxidant reduction is coupled.
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EXPERIMENTAL PROCEDURE

Samples

Table II shows the composition of the different alloys used in the test program. The weight
loss and small cathode area crevice samples were 1.0x2.0 in. (2.5x5.1 cm) coupons cut from plate, in
which a 0.38 in. (0.95 cm) diameter hole was machined. Three samples were used as weight loss
samples, and the rest were used as crevice samples. Large cathode area crevice samples, measuring
1.5x3.0 in. (3.8x7.6 cm), were cut from sheet or plate stock, with a 0.38 in. (0.95 cm) diameter hole in
the center. Plate samples were lapped with 9um diamond abrasive to get a uniform flat surface. Wire
samples were obtained as weld wire of various diameters. Only alloys UNS S30400, S31600, and
NO08367 were available for testing as wire electrochemical samples. Eight samples of each of the wire
alloys were prepared for testing. Wire samples were annealed prior to testing; each wire was cut into
12 in. (30 cm) lengths for surface preparation. Both plate and wire were ground through 600 grit
abrasive, rinsed with distilled water, ultrasonically cleaned in ultrasonic cleaning detergent solution made
in distilled water, and finally rinsed twice with distilled water. All samples were dried with filtered
compressed air immediately after cleaning. All samples were measured and weighed before attaching to
the test fixtures.

Sample fixturing. A glass suspension rack was used in each 20 gallon (76 L) tank, consisting
of removable 0.25 in. (0.63 cm) glass rods situated on a glass rack. The glass rack was custom
fabricated from 0.4 in. (1 cm) diameter glass rod.

Three crevice-free weight loss samples of each alloy were supported through their holes on a
glass rod, using PTFE tubing as spacers between the samples. Crevice samples were assembled
between two PTFE multiple crevice washers. Each multiple crevice washer was 0.625 in. (1.59 cm)
outer diameter x 0.25 in. (0.64 cm) inner diameter, with 12 crevice sites per washer, resulting a total of
24 sites per crevice sample. The sample and PTFE washers were clamped between Grade-2 titanium

() polytetrafluoroethylene




washers and secured with a 1/4-20 (0.25 in. diameter, 20 threads per inch) Grade-2 titanium bolt and
nut. The portion of the multiple crevice PTFE washer which was in contact with the surface of the
sample to form the tight crevice is designated the plateau. The region between the plateaus is termed
the slot. The effective contact dimensions of a typical plateau were 0.15x0.32 cm. A PTFE thread was
tied on one end to one of the PTFE multiple crevice washers used for each sample; the other end of the
thread was tied to a PTFE O-ring to suspend from the glass support rod. To electrically insulate the
sample from the titanium bolt, the bolt was initially wrapped with PTFE tape. The crevice samples
were assembled while submerged in aerated artificial seawater, in order to minimize air pockets and to
initiate wetting in the PTFE multiple crevice washers. The crevice assemblies were tightened with one
and a quarter turns from finger tight. The resistance between the sample and the bolt was checked with
a multimeter to ensure that there was no electrical contact between the sample and fixture. The small
cathode area samples had an effective cathode/anode area ratio of 20/1; large area samples had an
effective ratio of 48/1.

Wire samples were bent at approximately a 1.3 cm radius into a "J" such that a straight end
extended out of the solution, while being supported on the other end by the glass rod. This "J" shape
allowed corrosion potential data to be collected directly in the tank without removing the wire. The
ends of the wire were not exposed to the solution to avoid preferential corrosion on the transverse wire

sections.

Solutions

Ten tanks of artificial seawater were prepared by adding 1946 g of Forty Fathoms Bio-
Crystals™(6) (Marinemix) to 56L of distilled water in each tank. Marinemix is formulated to produce
artificial seawater that contains all of the inorganic components of natural seawater, in accordance with
ASTM D 1141-90*. The tanks were used to conduct corrosion tests on five different alloy groups in a
larger research program;*’ 2 tanks were used exclusively for stainless steels. The initial bromide
concentrations were measured in accordance with a procedure described in a earlier report.!”43 The
exposure tanks were ozonated at a rate 1 SCFH [standard cubic feet per hour] (0.03 m’/hr) of 03/0,
gas using fritted glass bubblers; aerated seawater control tanks were aerated at a rate of 1 SCFH (0.03
m>/hr).

The ozonated artificial seawater tanks were pre-ozonated before samples were immersed. After
sample immersion, residual ozone and bromine species concentrations were measured at the same
intervals ( 2, 4, 8, 16, 26, and 47 weeks) at which samples were removed for testing. The residual
ozone was measured using the Indigo Trisulfonate Method.*54” Bromide, hypohalite, and bromate
concentrations were measured using the titration procedures described elsewhere.!”*3 In order to
compensate for evaporation and to prevent build-up of byproducts in both the aerated and ozonated
tanks, 6L of artificial seawater were changed out weekly and replaced with fresh solution.

Ozone Generation and Delivery

Ozone was produced using oxygen gas (95 wt.% O,) in a corona discharge tube generator,
resulting in a ozone/oxygen gas stream of approximately 3.5 wt.% O3 in 90 -95 % O, (based on the
generator manufacturer's specifications). Details of the ozone delivery system are found in an previous
report.’ Stainless steel, PTFE, glass, and Norprene®(7) tubing were used in the delivery system; only

(6) Trademark of Marine Enterprises, Inc.
(7) Registered trademark of Norton Performance Plastics Corp.
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PTFE and glass tubing were used inside the tanks. Glass tube flowmeters were used to control the flow
rate of ozonated gas to the tank.

Testing

Immersion samples. Tests were performed at 2, 4, 8, 16, 26, and 47 week intervals. Before
any samples were removed from or tested in the tanks, the water chemistry was tested in accordance
with the methods described at the beginning of this section. At each time interval, weight loss samples
were removed, rinsed in distilled water and allowed to air dry before weighing. After weighing, the
samples were photographed, replaced on the glass rod(s) and returned to the tank.

One large cathode area crevice sample and, at 4, 8, and 16 weeks, one small crevice area sample
of each alloy was removed and rinsed in distilled water. The resistance between sample and crevice
clamping fasteners was checked with a multimeter. The samples were then rinsed in distilled water
again and allowed to air dry. The samples were then weighed, photographed, and stored in a dessicator.

After the weight loss and crevice samples were removed, one wire of each alloy was used to
monitor corrosion potential and linear polarization resistance in the tank. One wire of each alloy was
carefully removed from the tank for testing in a one-liter cell. The wire remained submerged while
removing both the wire and tank solution in the one-liter cell. A coarse fritted glass bubbler was placed
in the cell, bubbling either air or ozonated gas at a rate of 0.02 - 0.05 SCFH (0.0006 - 0.0015 m3/h).
This low flow rate was selected to approximate the ozone delivery rate per volume of solution as
applied to the 56L tank volumes.

Electrochemistry. Steady state corrosion potential, linear polarization resistance, and cyclic
polarization were then performed on the wire in the one-liter cell. Afterwards, the wire was removed
from the cell and the submerged length of the wire recorded in order to calculate area for later
calculations. The electrical instrumentation consisted of one EG&G PAR®) Model 273 potentiostat
and two EG&G PAR Model 173 potentiostats with Model 276 computer interface modules. The
potentiostats were controlled with EG&G PAR software running on a personal computer.

Cyclic polarization (CPP) tests were conducted using ASTM G61-76°* as a guide, with
modifications. The cells were aerated or ozonated during the test. Scans of all wires were performed at
a rate of 1V/hr. The scan rate was chosen based on a series of preliminary cyclic polarization tests at
different scan rates in deaerated seawater. One V/hr was the upper limit at which slower rates did not
cause significant changes in the critical parameters of breakdown potential or repassivation potential.

The parameters of the CPP began with the initial and final potential at -0.250 V versus the open
circuit corrosion potential (OCP). The point at which the CPP curve reversed direction was controlled
with a threshold current of 6 mA in order to maintain consistent test parameters for all tests.
Preliminary testing showed that the potential range of interest for cyclic polarization varied greatly
between aerated and ozonated conditions and between different alloys. This variability precluded the
use of a vertex potential as the single variable controlling the potential scan reversal.

Compartmentalized cell tests. Compartmentalized cell tests were designed according to the
procedure used by Kain35 The basic setup consisted of a UNS S31600 anode in a simulated crevice
environment cell coupled to a large area flag cathode of N08367 in an artificial seawater bulk solution
cell. The N08367 alloy was chosen because it is resistant to waterline corrosion attack. Based on
preliminary data, cathodic reduction on austenitic stainless steels is not strongly composition-
dependent and the use of UNS N08367 in place of UNS S31600 for a cathode is warranted. The

(8) EG&G Princeton Applied Research




samples were prepared with a 600 grit finish according to the sample procedure described previously.
The cathode/anode area ratios ranged from 16.6/1 to 20.7/1.

The cathode cell contained artificial seawater under either aerated, ozonated, or oxygenated
conditions. Ozonated cathode cells were ozonated for 1 week beforehand to achieve a steady state
ozonated seawater chemistry close to the chemistry in the ozonated seawater exposure tanks. The one-
liter cells were physically separated but ionically connected through an ionic cell bridge with fine fritted
ceramic discs on each end. The ionic cell bridge was filled with the non-acidified anolyte solution. The
samples were galvanically coupled through a zero resistance ammeter (ZRA) circuit in the potentiostat.
A schematic diagram of the compartmentalized cell apparatus is shown in Figure 1.

A reference electrode and salt bridge combination was used to monitor the continuous couple
potential. An uncoupled UNS N08367 electrode, a high impedance potentiometer, and a second
reference electrode were used for periodic measurement during the 8-10 day test of the open circuit
potential in the cathode cell. The pH of the anode and cathode cell solutions was measured before and

after the test.

Simulated crevice solution (anolyte). The anolyte was prepared by adding 5.5 moles of

sodium chloride (NaCl) to each liter of artificial seawater. Considering the chloride in the artificial
seawater, the effective CI- concentration was 6M. The anolyte was acidified to pH 0.5 with
hydrochloric acid (HCI). The pH of the anolyte was 0.42 measured one week after the solution was
made. The anolyte composition was made based on the crevice solution CI- concentration and pH
considered by Oldfield and Sutton?%*® and which was used in later compartmentalized cell tests by Kain
and Lee?’ in aerated seawater tests. The anolyte was chosen because it is at the saturation limit for
chloride with the pH adjusted to be in the range of experimentally measured values for UNS S31600
stainless steel.36:4%-50 The anolyte was deaerated with high purity argon (99.99%) at a rate of 0.1 SCFH
(0.003 m?/hr) into the exhaust gas trap. One fritted glass bubbler and one 0.6 cm diameter glass tube

were used to purge the cell with argon.
Mixed Potential Analysis

Potentiodynamic polarization. Potentiodynamic scans (PDS) data were generated in one-liter
cells using ASTM G5-87 3! as a guide. A scan rate of 0.6 V/hr was used, to be consistent with similar

anodic polarization studies 3%3¢ for UNS S31600 stainless steel in aerated seawater. The initial
potential was -0.100 V versus OCP for anodic polarization. Wire and plate samples of S31600 were
used as the working electrode in separate anodic polarization curves, carried out in the simulated
anolyte described above, deaerated with argon for 3 hours prior to the polarization. Cathodic
polarization scans were performed on UNS N08367 wire electrodes in aerated, oxygenated, and
ozonated seawater. The cathodic scan in ozonated seawater was conducted in the test cell using a wire
sample that was exposed for 8 days at open circuit conditions. Preliminary cathodic scans were tested
on wires that were exposed to aerated seawater for 3 hours and 26 weeks; aside from minor E
variations, there was no significant effect of time of exposure on the cathodic reduction curves.
Oxygenated cathodic scans were performed using the 90-95% oxygen feed gas for the ozone generator,
after exposure for 3 hours in the gas-saturated solution.

The current measured in the polarization tests was normalized to current density. The current
density of the cathodic and anodic scans was then multiplied by the cathode/anode area ratio of 20/1
and displayed as current on the mixed potential diagram. The data was presented in this manner, rather
than plotting the raw current values directly, because the cathode areas and anode areas varied from test

to test.




Sample Analysis

Pit depths were measured using a light focusing, micrometer-equipped microscope. For each
sample the deepest crevice pit of all crevice sites attacked is reported for the maximum depth of attack.
Area of crevice attack was measured using an image analysis program on a computer.

RESULTS

Solutions

The initial bromide concentration of all tanks was in the range of 820-880 uM/L (65-70 mg/L).
After 4 weeks exposure to ozone, the concentration of bromide and its byproducts reached stable
values, with 93-95 % as BrO;, 3-5 % as free Br’, and 1-3 % as HOBr and BrO (% of total Br). The
pH stabilized to approximately 8.2 in ozonated tanks for the duration of the experiment, once samples
were immersed. The predominance of BrO; is expected to occur as it is the stable brominated species
at the potential range for ozonated seawater. The ozone concentration was maintained within 0.2 to 0.4
mg/L for the duration or the tests. Aerated artificial seawater tank pH values remained between 8.2 and
8.3 for the duration of the test.

General Corrosion

Although the effect of ozonation was to increase general corrosion rates by an order of
magnitude over aerated artificial seawater rates, the absolute rates in ozonated seawater are not
considered to be technologically significant. For example, the highest rate recorded for UNS $30400, is
only 20 pum/y (0.8 mpy). General corrosion is not the damaging corrosion mechanism in seawater,
rather crevice corrosion is the concern, as illustrated by the localization of corrosion of the weight loss
samples at the support holes. In contrast to UNS $30400 and S31600, all of the highly alloyed
stainless steels exhibited general corrosion rates of no more than 0.1 pm/y. :

Open Circuit Corrosion Potential

Figure 2 displays the results of open circuit corrosion potential testing of stainless steel wires in
the aerated and ozonated artificial seawater exposure tanks Figure 2 shows that the corrosion potential
of the 3 stainless steel electrochemical samples exposed to ozonated artificial seawater was shifted in
the noble direction with respect to the aerated corrosion potential. By 4 weeks exposure, the ozonated
corrosion potential was 0.8 to 0.9 V higher than the aerated corrosion potential. Beyond 4 weeks, a
steady corrosion potential of approximately 0.82 Vgcp was reached for all 3 alloys in ozonated
seawater. The aerated potential varied between from -0.2 to 0.1 Vgcg for $30400 and S31600, while
N08367 showed generally more active aerated potentials, between 0.0 and -0.4 Vgcg.

Cyclic Polarization

UNS S30400. Cyclic potentiodynamic polarization (CPP) experiments were performed on
UNS S$30400 wire samples at each test interval. The CPP test was conducted in one-liter test volumes,
as described in the experimental section. Results for the 4 and 8 week test interval are shown in Figure
3 and 4, respectively.




The aerated artificial seawater CPP for both time intervals shows a large hysteresis loop, with a
breakdown potential (Ep) and a repassivation potential (E,;) of approximately 0.4 and 0.0 Vgcp,
respectively. CPP scans in aerated artificial seawater caused large, subsurface, cavernous pits, 0.2 - 0.3
mm in diameter, to develop on the wire surfaces. The large hysteresis area and degree of pitting after 4
and 8 weeks in aerated artificial seawater was typical of the cyclic polarization data for UNS S30400 at
all time intervals. The areas of the wire not subjected to the CPP, but exposed to the aerated open
circuit potential conditions in the tank (due to a shallower depth of submersion in the one liter cell
compared to the tank), were not pitted. This observation indicates that polarization of the wires noble
to the breakdown potential initiated stable pits, but as expected, pitting does not occur at open circuit
corrosion potential conditions active to the breakdown potential. However, the open circuit E . was
noble to E.,, indicating that any existing pits would have a tendency to grow.

The CPP results for UNS S30400 exposed to ozonated artificial seawater at 1, 2, and 4 weeks
resulted in large hysteresis areas and large subsurface, undercutting pits, similar to the aerated
counterparts. By 4 weeks exposure, the effects of the stronger oxidant were apparent, as seen by the
0.4 V noble shift in zero-current potential. A large hysteresis loop is evident, with the Erp active to the
zero current potential by greater than 0.1 V. Deep, narrow pits grew at and below the waterline during
CPP testing. After 8 weeks, the polarization curve for UNS S30400 in ozonated seawater is much
different from that at 4 weeks. The zero current potential is positioned at a noble potential in the
oxygen evolution range. A small passive range is recorded from 1.00- 1.04 V.. There is no hysteresis

in the ozonated CPP at 8 weeks, with the forward and reverse curves tracking the same path. Pitting
was not observed from the cyclic polarization. This cyclic polarization behavior was noted at all
subsequent time intervals as well. However, at the original waterline from open circuit potential
conditions in ozonated seawater, hemispherical pits were observed under the corrosion product.

UNS S31600. The results of CPP tests on UNS S31600 are shown in Figure 5, after 8 weeks
exposure to aerated and ozonated seawater. These data are representative of the data from other time
intervals as well. The wire sample tested in aerated seawater shows a primary passive region, a
transpassive range at 0.5 to 0.7 V., and a narrow secondary passive range from 0.7 to 0.8 Vgop. An
anodic spike at 0.9 V indicates intermittent breakdown. Evidence of the breakdown process is noted in
the hysteresis once the scan reverses. Partial repassivation "steps" are noted in the reverse curve before
reaching the final repassivation potential at 0.3 V. Visual examination revealed that the breakdown

occurred as large, hemispherical pits of approximately 0.6 mm in diameter at the waterline of the CPP
test. This type of pitting was observed at other time periods as well. The repassivation behavior is
unusual and is believed to be due to the waterline pit being partially repassivated in the course of the
reverse scan. The area of the sample not subject to the CPP test, but exposed to the open circuit
conditions in the aerated seawater tank, was not pitted. This shows that stable pits did not initiate at
open circuit potentials active to the breakdown potential.

In contrast to the behavior of the aerated CPP test, the sample tested after 8 weeks in ozonated
seawater did not show breakdown at the waterline or anywhere on the submerged surface. The CPP
curve shown in Figure 5 shows no hysteresis and follows reversible gas electrode behavior similar to
UNS S30400 stainless steel after 8 weeks exposure to ozonated artificial seawater. This cyclic
polarization behavior has been observed in ozonated conditions at all other time intervals as well. The
surfaces exposed to ozonated seawater appear to be passivated to the degree where waterline pitting
cannot initiate. However, during open circuit exposure in ozonated seawater, small hemispherical pits
were observed at the original waterline where green/black scale was attached.

The CPP waterline pitting in aerated seawater was observed at 1, 8, 16, and 47 weeks but it was
not seen at 4 weeks, 26 weeks, or during any preliminary CPP tests in aerated seawater. There is a
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variation of the difference potential (E;, - E)) in the aerated condition with time. However, based on
visual examination of the samples, there is no correlation between the difference potential or hysteresis
and the occurrence of waterline pitting. Additionally, identifying a clear E, was difficult.

UNS N08367. Cyclic potentiodynamic polarization (CPP) experiments performed on UNS
NO08367 exposed for the test periods show distinct differences between aerated and ozonated seawater.
The curves recorded in aerated and ozonated solution after 4 weeks in the respective solutions are
presented in Figure 6.

The CPP curves for UNS NO08367 in aerated artificial seawater at other time periods are
essentially the same as that at 4 weeks exposure. As seen in Figure 6, the curve contains a primary
passive range, a transpassive range (0.35 - 0.6 Vgp), a secondary passive range (0.6 -0.9 V1), and
slight hysteresis evident at 1.1 Vg. The reverse curve follows the oxygen evolution curve back to a
final zero-current potential at 0.7 V¢, in the secondary passive range. The lack of significant hysteresis
and the position of the breakdown and repassivation potentials indicates resistance to localized
corrosion. Visual observation of the aerated CPP sample revealed no pitting on the free surfaces or at
the waterline.

After 4 weeks in ozonated artificial seawater, the zero-current potential is shifted to 0.8 Vg,
which is within the secondary passive range as defined on the aerated CPP curve. The forward scan
intersects a narrow tertiary passive range, possibly due to the formation of NiO,. A breakdown
potential is noted at 1.12 V.. and a hysteresis loop develops upon reversal of the scan. Visual
examination of all CPP samples from ozonated seawater revealed small, hemispherical pits of
approximately 100 um in diameter on free surfaces. No pitting was noted on the surfaces of the sample
exposed to the open circuit conditions in the ozonated seawater tank.

Pitting at highly oxidizing potentials- UNS N08367. In the aerated CPP tests conducted at

1 - 47 week time intervals, the cyclic polarization reversal was controlled by threshold current, as
explained in the Experimental section. As such, the resulting CPP data under aerated conditions did not
exceed 1.3 V while the ozonated tests consistently reached at least 1.35 V, due to the differences in the
anodic curve path between aerated and ozonated tests. Although there is negligible hysteresis was
noted, cyclic polarization to 1.4 Vg in one aerated artificial seawater test resulted in the formation of

the small hemispherical pits.
Crevice Corrosion Damage

UNS S30400 and S31600 immersion samples. Figure 7, shown for UNS S31600, is
illustrative of the type of the crevice attack that occurred on S30400 and S31600 samples exposed to

aerated versus ozonated seawater. The incidence of crevice corrosion attack as a function of exposure
time for both alloys is presented in Figure 8. Large volumes of red corrosion product were associated
with the crevice corrosion in ozonated seawater and later identified as iron(II) oxide using energy
dipersive spectroscopy (EDS) during scanning electron microscope (SEM) analysis.

The incidence of crevice corrosion as a function of exposure time is presented in Figure 8 for
aerated and ozonated artificial seawater. Note that these data are from single samples where there are
24 possible sites for crevice corrosion per sample. The data in Figure 8 show that the number of sites
initiated increased with time. The number of sites initiated for 4, 8, and 16 weeks exposure in ozonated
artificial seawater did not show a strong direct dependence on the sample size.

The 4, 8, and 16 week crevice samples were analyzed for the true crevice area. Samples from
later time periods (26, 47 weeks) were not subject to the analysis in order to keep the samples in the as-
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corroded condition. The crevice sample weight loss was normalized to the crevice damage area and
time. The crevice corrosion rates for the large cathode area samples were generally larger than rates for
the small cathode area samples due to the larger cathodic current available to drive the crevice corrosion
rate. The maximum crevice corrosion rates for aerated conditions were 156 pm/y for both UNS S30400
and S31600. The maximum rates for ozonated artificial seawater were 5700 and 2910 um/y for UNS
S30400 and S31600, respectively.

Table III lists the number of sites attacked and the maximum depth of attack at each time
interval. The number of sites attacked does not generally increase with an increase in sample size
(cathode/anode area ratio), however the maximum depth of attack is dependent on the sample size.

Compartmentalized cell tests. The results of compartmentalized cell zero resistance ammeter
(ZRA) testing are presented in Figures 9 and 10. The uncoupled, open circuit anode potential of UNS
S31600 for each of the three tests was between -0.37 and -0.40 Vg prior to the galvanic coupling.
Upon coupling to the respective cathodes, the couple potentials increased only slightly to more noble
potentials. Over the course of the test the couple potentials did not change by more than 30 mV from
the open circuit potential of the uncoupled anode. The open circuit potential in artificial seawater is
presented in Figure 9. These data were collected on an uncoupled electrode (N08367) in the cathode
compartment while the flag cathode was galvanically coupled to the anode via the compartmentalized
cell apparatus. The data indicate that the couple is under cathodic polarization control; the cathode of
the couple is polarized very close to the open circuit potential of the anode.

The couple current expressed is normalized to current density at the anode is shown in Figure
10 for nominal cathode/anode area ratio of 20/1 using approximately 3.3 cm? anodes. The actual areas
were measured to normalize the data to current density. The oxygenated test was expected to have a
higher corrosion current because of a higher limiting current density associated with higher oxygen
concentration. However, Figure 10 shows approximately the same current density for the oxygenated
test compared to the aerated test. It is possible that the galvanic couple between anodic dissolution and
oxygen reduction did not intersect the diffusion-limited concentration polarization region of the cathodic
reduction curve for oxygen. In this case the effects of 4 times greater oxygen concentration would not
be observed.

It should be noted that a tightly adherent brown surface film was present on the anodes after
removal from the compartmentalized cell test. This film was darker for the ozonated cathode test
compared to the aerated or oxygenated tests. The presence of the film may limit the couple current
based on IR drops through the film layer.

The important difference between aerated and ozonated curves is the order of magnitude greater
current at steady state conditions. The higher current translates directly to the higher kinetic driving
force for crevice corrosion under ozonated compared to aerated conditions. The anode current densities
are 5.4x10°6 and 4.2x10°5 A/cm? for aerated and ozonated cathode conditions, respectively.

Mixed potential analysis. Figure 11 presents the mixed potential analysis diagram for crevice
corrosion of UNS S31600. The anodic polarization of UNS S31600 wire and plate in the simulated
crevice solution is superimposed on the cathodic polarization of UNS N08367 stainless steel in aerated
and ozonated artificial seawater. The anodic scan of the wire electrode (19 wt.% Cr) exhibited a large
active-passive loop with a passive range that extends to approximately 0.3 Vgcg. The anodic scan for
the plate electrode (16 wt.% Cr) had a higher i, in the active-passive loop, as is expected for the lower
chromium content. The polarization scan for the plate electrode was terminated before pitting could
occur at the edges in contact with the epoxy mount. The resulting scan shows a very limited passive
range with a higher passive current density than the wire. The cathodic reduction in oxygenated
seawater is virtually the same as the aerated curve; the only difference is observed as the 3 to 4 times
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higher limiting current. The data is displayed as total current for a hypothetical, 20/1 cathode/anode
area ratio galvanic couple to predict the galvanic current. The ozone reduction curve intersects the
anodic curve in the active dissolution range at a current approximately ten times greater than that for the
aerated or oxygenated cases. The mixed potential analysis in Figure 11 indicates that order of magnitude
greater crevice corrosion rates will be expected for an active crevice on UNS S31600 stainless steel in
ozonated artificial seawater compared to aerated artificial seawater. Using the effective 1 cm? of anode
area, the corrosion current densities from Figure 11 are 4.85%1075 and 5.25x10™* A/cm?, corresponding
to rates of 512 and 5540 pum/y for aerated and ozonated conditions, respectively.

Comparison of crevice corrosion rates. The maximum rate of crevice corrosion for UNS
S30400 and S31600 stainless steels from the different methods is presented in Table IV. The column
for maximum crevice depth is based on the deepest crevice cavity and shortest time combination taken
from Table III.

Highly Alloyed Stainless Steels

Sample appearance. Figures 12 shows representative crevice samples of UNS N08367 after
exposure to aerated and ozonated artificial seawater. Note that UNS S32654 and alloy 45658 were
nearly identical in appearance. These nitrogen alloyed, high chromium, molybdenum and nickel alloys
all resisted the degree of crevice corrosion attack that occurred on the less resistant UNS S30400 and
S31600 stainless steels under ozonated conditions, based on visual examination with a low power stereo
microscope.

Coloration from oxide build up is visible in the slot regions between crevice plateaus on the
ozonated samples; the aerated samples show virtually no effect of the crevice. The appearance of the
crevice areas for these higher alloyed stainless steels is a green/red oxide surrounding the plateaus of the
crevice, with a buildup of darker, thicker oxide in the center of the slot. Increased exposure to ozonated
seawater results in increased corrosion, manifested as thickening and cracking of the oxide in the center
of the slots. Samples from 4, 8, and 16 week exposure were stripped of the corrosion product and
analyzed for localized attack, while samples from 47 weeks exposure were analyzed in the SEM with
the corrosion product intact.

Black corrosion product/precipitate was found at the mouth of the slots. The black precipitate
is similar in nature to that found in ozonated seawater exposure tanks containing other nickel-bearing
alloys. Preliminary studies* revealed that calcium oxide and nickel chlorate hydrate were present in the
precipitate collected from the tank which contained nickel-base alloy samples.

Microscopic analysis. The samples taken out of ozonated artificial seawater after 47 weeks
exposure were analyzed in the SEM in the as-corroded condition. A rust red colored oxide/salt layer
was analyzed, similar to that seen on all samples after 16 weeks exposure in ozonated artificial
seawater. According to EDS data, this layer was found to be primarily sodium and chlorine with iron.
The oxide/salt layer at the plateau/slot transition was found to be the same composition as the layer in
the center of the slot. The oxide at the center of the slot of $32654 was found to be high in is
molybdenum, iron and oxygen with lesser amounts of sodium, chlorine and potassium.

Microscopic pits were found in the plateau of UNS N08367, a greater number found close to
the plateau/slot transition (crevice mouth). A typical pit is shown in Figure 13a. The pits are angular
rather than round and are approximately 40 pm across the mouth. Figure 13b shows a similar small
plateau pit found on the 47 week sample on UNS S32654 underneath a potassium-rich precipitate.
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Microscopic_Analysis - Intergranular Corrosion. As small pits and signs of intergranular
corrosion were noted on SEM analysis of the 47 week ozonated samples of UNS N08367, UNS
S32654, and Alloy 45658, investigation into the corrosion under the oxide/salt films in slot regions was
conducted. The slot region corrosion product was stripped off of the 16 week samples and the samples
were examined under a light stereo microscope. Figure 14 a -c shows the intergranular corrosion typical
of UNS S32654, UNS N08367, and 45658 after removal of oxide/salt films. Intergranular corrosion was
typically surrounded by areas of etching.

Incidence of etching/intergranular corrosion. The incidence of etching and intergranular

corrosion in slots for samples from 4, 8, and 16 week exposure to ozonated artificial seawater was
tabulated in Table V. In general, etching in the slot regions was present on most samples. Intergranular
corrosion was only associated with slot regions that also had been etched.

DISCUSSION

General Corrosion

The low general corrosion rates in ozonated seawater indicate that, at highly oxidizing
potentials, the stainless steels are exhibiting secondary passivity. Using UNS N08367 as an example,
the steady state corrosion potential in ozonated artificial seawater, 0.8 Vgcg, is in the range of
secondary passivity, 0.6 to 0.9 Vg, as shown in Figure 6 in aerated artificial seawater.

The UNS N08367 alloy achieves the steady state ozonated potential more readily than UNS
S31600 or S30400 by responding to the stronger oxidant as an inert electrode. The reduction of ozone
readily polarizes UNS N08367 from the initial, non-ozonated condition to a mixed potential E,, that
corresponds to the secondary passive range. In contrast, under aerated conditions, Figure 5 shows
instability for S31600 in the secondary passive range (0.5 to 0.9 V) and according to Figure 3, UNS
S30400 is prone to breakdown noble to 0.5 V. Upon exposure to ozonated seawater, stable surface
films on UNS S30400 and S31600 must develop over a long time as the electrodes are polarized from
non-ozonated conditions to more noble potentials. Once stable secondary passivity is achieved on each
alloy, E.,; is stable at 0.8 Vgcg.

The potential shift observed in Figure 2 on the stainless steels (+0.8 to +0.9 V) is approximately
the same as the difference between the calculated half-cell redox potentials for ozonated vs. aerated
seawater, Ae = 1.55 - 0.73 = +0.82 V. This correlation shows that the corrosion potential of the alloys
in ozonated seawater is influenced strongly by the presence of ozone rather than oxygen. At the
oxygen content in the feed gas (Po, = 0.90-0.95 atm), the calculated half-cell redox potential for
oxygenated seawater is 0.75 Vg, only 0.02 V noble to the aerated seawater value. Accordingly, higher
oxygen concentrations in ozonated seawater are not the cause of the corrosion potential shifts.

Pitting Corrosion

UNS S30400 and S31600 in aerated conditions. In contrast to the behavior of UNS S30400
in aerated conditions, a breakdown potential of UNS S31600 is not clearly identifiable. Although a
single waterline pit grew in tests where significant hysteresis was observed, breakdown did not occur
with a marked change in slope of the polarization curve. Rather, the polarization curve recorded only
intermittent anodic spikes while continuing to record gradual increases in oxygen evolution and
transpassive corrosion current.
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The nature of pitting on UNS S31600 during CPP testing demonstrates that the alloy is not
immune to localized corrosion in aerated seawater, although it is more resistant to pitting on free
surfaces than UNS S30400, which pitted severely during every aerated CPP test. The pitting resistance
is attributed to the presence of 2.4 wt.% molybdenum. However, a minimum of 3.5 wt.% Mo for
crevice corrosion resistance found in the literature?® is not met and UNS S31600 is susceptible to
crevice corrosion. The susceptibility to crevice corrosion is clearly evident from the immersion
samples; the waterline in CPP confirms this. The waterline is like a crevice. The meniscus formed by
the variation in surface tension between the gas, liquid, and metal surface is a restricted volume which
inhibits transfer of dissolved species to and from the waterline region. Evaporation at the meniscus
leads to a salt deposit, under which crevice conditions prevail. During anodic polarization, localized
passivity breakdown occurs in the aggressive environment. Metal dissolution (oxidation reaction) is
accelerated by the anodic polarization which removes electrons from the waterline area.

Ozone passivation. After 4 and 8 weeks exposure in ozonated artificial secawater for UNS
S31600 and S30400 stainless steel, respectively, the alloys were passivated sufficiently to resist pit
initiation. No breakdown potential was observed, no pitting developed, and the surfaces acted as
reversible gas electrodes. The pre exposure to ozone in artificial seawater passivated the surfaces of
UNS S$30400 and S31600. In the literature, pre-exposure to oxidizing biocide, or aging, was cited as a
beneficial effect on a high chromium + molybdenum austenitic stainless steel. Bardal et al.’2 mentioned
that previous exposure to chlorinated seawater enhanced the resistance of 254SMO®®) (UNS S32254)
to crevice initiation of compared to a freshly exposed sample. Compere et al.>* attributed the aging,
represented by noble potential shifts of the pitting potential, of S31603 in aerated natural seawater to

_enrichment of chromium in the passive film, based on surface analyses. It is possible that enrichment

of chromium occurred in ozonated seawater to increase resistance to pit initiation of S30400 and
S31600 after an initial exposure period of 4 to 8 weeks. However, surface composition profiles from
the literature! do not show significant differences in the surface composition of UNS S30403 exposed
to ozonated versus non-ozonated 0.5 N NaCl. Without additional surface analyses of the ozonated
samples, the general conclusion is limited to stating that the surfaces were passivated by ozone in
artificial seawater.

These data suggest that, for actively exposed surfaces, ozone stabilizes the passive film against
pit initiation. The absence of hysteresis may be interpreted as resistance of the ozone-passivated
surface to localized corrosion in general. Yet where a crevice exists from the outset, such as in the
crevice samples, localized corrosion is clearly more severe in ozonated artificial seawater. On the
stainless steel electrodes that were exposed to ozonated seawater, large hemispherical pits were
observed at the original waterline that formed during open circuit potential (OCP) conditions. This
pitting is not predictable from the cyclic polarization data in ozonated seawater. As described above
for UNS S31600 in aerated cyclic polarization, the waterline behaves like a crevice, where crevice
conditions exist in the restricted volume of the meniscus and under the salt layer that forms via
evaporation. The oxidizing potentials (0.8 Vgcg) in the bulk ozonated seawater polarize the surface in
the waterline above the local breakdown potential, causing pitting. This observation is in accord with
the crevice sample results which show serious crevice corrosion after only 2 weeks exposure.

UNS N08367. The pitting observed in the CPP testing in ozonated artificial seawater is not
believed to be indicative of pitting in the open circuit condition. This conclusion is supported by the
absence of pitting on samples after exposure to ozonated seawater at open circuit conditions. The
pitting potential was found in an oxidizing potential range, 1.3 - 1.4 Vg, which is 0.5 to 0.6 V noble to

(®) Registered trademark of Avesta Sheffield AB
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the open circuit potential in ozonated artificial seawater. The occurrence of pitting may be due to local
dissolution of molybdenum.>* Molybdenum is an active metal that does not form a passive film with a
wide range of stability and is likely to dissolve at the highly oxidizing potentials achieved during the
cyclic polarization.

The occurrence pitting of UNS N08367 is independent of aeration or ozonation, but the
hysteresis associated with the pitting in CPP tests was greater in ozonated than in aerated seawater.
This indicates that the presence of ozone hindered the repassivation of pits that were initiated.
However, as pitting was only observed at potentials 0.5 - 0.6 V noble to E,,, pitting is not considered

significant for open circuit exposures in ozonated seawater.

Crevice Corrosion - UNS S30400 and S31600

If the data in Table III and Figure 8 are considered, the number of sites attacked does not
generally increase with an increase in sample size (cathode/anode area ratio), however the maximum
depth of attack is dependent on the sample size. These data suggest that the driving force for initiation
is not linked to the cathodic current available per crevice area,, but the crevice corrosion propagation
rate is controlled by the cathodic reduction rate to which it is galvanically coupled.

The data in Figure 8 indicate that crevice initiation continues with time independent of prior
initiation and growth. The data indicate that the crevice initiation is a stochastic process, independent
of a prior occurrence. If the initiation process was dependent upon the available cathodic reduction
current, existing crevice corrosion would tend to bias against initiation and there would not be increasing
numbers of sites attacked with increasing exposure time.

Crevice corrosion electrochemical tests. The compartmentalized cell results in Figure 10
reflect the order of magnitude greater corrosion rates under ozonated conditions. However, the
compartmentalized cell ZRA test absolute current densities are lower than those predicted by the mixed
potential analysis. It is possible that the anode became passive in the anolyte prior to and during the
test. Kain and Lee3%% noted that in anolytes more aggressive than the critical crevice solution, (i.e.
lower pH and higher [CI]) the anode in a compartmentalized cell test could be anodically protected
through polarization into the small passive range. Additionally, a tightly adherent brown surface film
was present on the anodes as a result of the ZRA tests. This film could have acted as a barrier to
dissolution; the IR drop through the film would limit the dissolution current to lower current densities.

When the mixed potential analysis electrochemical tests are considered, two results are
apparent. The anodic polarization curve of UNS S31600 in the simulated crevice solution is in
agreement with literature data.’> The mixed potential analysis in Figure 11 indicates that order of
magnitude greater crevice corrosion rates will be expected for an active crevice on UNS S31600 stainless
steel in ozonated artificial seawater compared to aerated artificial seawater. The higher rates are due to
ozone rather than oxygen (at 90 - 95 wt.%) in ozonated artificial seawater; aerated and oxygenated
conditions are shown to drive virtually identical crevice corrosion rates. At a 20/1 cathode/anode area
ratio, the predicted corrosion rates are 0.5 and 6 mm/y for aerated and ozonated artificial seawater,
respectively. These values are in very good agreement with the maximum crevice depth of attack

values, presented in Table I'V.

Comparison of crevice corrosion rates. The maximum rate of crevice corrosion for S30400
and S31600 stainless steels from the different methods is presented in Table IV. As expected, UNS
S31600 is somewhat more resistant to crevice dissolution than S30400 due to the presence of 2.5 wt.%
Mo. However, the crevice corrosion rates are very high for both alloys and would prohibit their
application in ozonated seawater where crevices exist. Utilizing mixed potential analysis as a method
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for predicting crevice corrosion, rates calculated from this technique for UNS S31600 are in excellent
agreement with crevice weight loss- and maximum depth of attack-based values.

Artificial vs. natural seawater crevice corrosion rates. Lee and Money* reported crevice
corrosion rates of 1.35 and 0.97 mm/y for S30400 and S31600, respectively, in aerated artificial
seawater. These data are comparable to the aerated crevice corrosion rates in the present work.
However, natural seawater crevice corrosion rates are typically higher than those in artificial seawater.
The 14 to 26 times increase in crevice corrosion rate from artificial to natural seawater reported by Lee
and Money was attributed in a general sense to the "organic and biological components in natural
seawater."® The maximum depth-based crevice corrosion rates for ozonated artificial seawater in the
present study, 5 -8 mm/y, are on the order of those in aerated natural seawater found in the literature (in
mm/y calculated from maximum depth of attack) for $30400 - 6.5, %6 9,7 36* and for $31600 - 4.1,%6
13.6,3° 9.4,09.7.41 The cited literature data are scattered, apparently due to variables such as seawater
flow, chemistry, temperature, sample cathode/anode area ratio, surface finish of metal and crevice
former, and term of exposure. According to the literature data, the biological factors in aerated natural
seawater drive crevice corrosion rates at least an order of magnitude higher than those observed in
artificial seawater. The literature data also indicate that the driving force for crevice corrosion in natural
seawater is on the order of the driving force in ozonated artificial seawater. An interesting area for
future work would compare the effect of ozonation and aeration in natural seawater on the crevice
corrosion behavior.

High Alloyed Stainless Steels

Incidence of slot corrosion - N08367, S32654, alloy 4565S. Slot etching and intergranular
corrosion were observed at the mouth of the crevice former facing the slot, in the center of the slot, and

also on UNS N08367 electrochemical samples at the waterline which formed from open circuit
exposure. Etching is the most prevalent result of differential oxidation corrosion, while intergranular
corrosion appears to be a more aggressive form of etching corrosion.

The tendency for etching to occur is not strongly dependent on the alloy or the duration of
exposure in ozonated artificial seawater, although etching and intergranular corrosion occurred to the
greatest degree for UNS $32654, followed by UNS N08367 and Alloy 4565S. This trend is in
decreasing order of Cr and Mo content, suggesting that the etching and intergranular corrosion is related
to the amount of these elements present.

Differential oxidation/transpassive dissolution mechanism. Because of the geometric size
of the slot, the migration of dissolved species into and out of the slot is expected to be limited, resulting
in low ozone concentration in the slot relative to the bulk solution. The differential oxidation cell
operates by ozone reduction on free surfaces in the bulk solution coupled to an anodic oxygen evolution
and transpassive dissolution in the slot. Oxygen evolution and transpassive corrosion lowers the pH in
the slot, and chloride ions migrate into the slot to maintain the charge neutrality. The coupling between
ozonated, secondary passive free surfaces and the ozone-depleted, transpassive slots can be
represented by mixed potential curves, shown in Figure 15. The cathodic curve is taken from the
reverse curve of a CPP diagram for UNS N08367 after 4 weeks in ozonated artificial seawater, while the
anodic curve is from the parallel test under acrated seawater conditions. A 10/1 cathode/anode ratio is
used to illustrate the galvanic couple. The cathodic curve for ozone reduction intersects the non-
ozonated (aerated) curve in the transpassive region.

It has been shown for nickel alloys in non-aggressive nitrate and chlorate solutions at potentials
noble to the oxygen evolution potential, the passive film breaks down gradually. Oxygen evolution
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occurs concurrently with transpassive metal dissolution, by a proposed mechanism where surface sites
alternate between oxygen evolution and metal dissolution. After prolonged exposure to these
conditions, a uniformly etched surface texture results.’® Transpassive dissolution of nickel occurs as
Ni3* in the oxygen evolution range.? Transpassive corrosion of chromium is well-known,236° with the
dissolution of chromate ion (CrO4%"). Molybdenum also dissolves in a similar manner to form the
molybdate ion (M00,27).!1® Because Cr and Mo are readily dissolved transpassively, alloys of the
highest Cr and Mo content would be expected to exhibit transpassive corrosion.

For the high Ni, Cr, Mo alloys in the present study, the concurrent transpassive dissolution and
oxygen evolution occurs in the slots, resulting in the etched surface appearance. The intergranular
corrosion indicates that the grain boundaries are preferred sites for dissolution as opposed to oxygen

evolution.

Grain boundary corrosion. Literature regarding the intergranular corrosion by chromate in
non-sensitized stainless steels indicates that silicon or phosphorus segregated to the grain boundaries is
a promoting factor.®! However, electron microprobe line scans across grain boundaries®? indicated no
increases in silicon or phosphorus nor any depletion of any of the major alloying element at the grain
boundary of UNS N08367. Alternatively, monolayer segregation of Si and/or P may have occurred so
that the compositional variation across the grain boundary was below the resolution of the electron
microprobe. The cause of intergranular corrosion could be the result of thermal grain boundary
sensitization, however this is unlikely. All highly alloyed steels in the present study contain less than
0.03 wt.% carbon and have been developed to resist the sensitization reaction in fabrication. The grain
boundary corrosion observed in the slot regions of crevice samples exposed to ozonated seawater may
be explained by grain boundary etching.

On surfaces undergoing transpassive corrosion, grain boundaries were attacked in addition to the
general etching. The grain boundaries are corroded preferentially due to their increased energy
compared to the grain faces. Orientation mismatch between adjacent grains in a polycrystalline solid
results in an array of dislocations situated in the boundary. The strain energy of each dislocation
contributes to the overall grain boundary energy.%> The higher energy state of the grain boundary
lowers the activation energy for metal ion dissolution and the grain boundary preferentially corrodes
while oxygen evolution occurs on the grain face. Moreover, the discontinuity in surface energy at the
grain boundary can create local variations in the passive film integrity, resulting in lesser resistance to

dissolution.

Waterline corrosion in cyclic polarization. Many of the UNS NO08367 wires tested in

ozonated seawater exhibited light intergranular corrosion and etching at the waterline that formed during
open circuit conditions. The intergranular corrosion of wires at the waterline from open circuit
conditions occurs in accordance with the differential oxidation and transpassive dissolution mechanism
described above. The meniscus volume, depleted of ozone, becomes the anode to the cathodic free
surface of the submerged wire. Corrosion progresses in the meniscus analogous to the slot regions of
crevice samples. In the case of waterline corrosion resulting from cyclic polarization, the mechanism is
the same, with an accelerating effect of the anodic polarization which draws electrons away from the

anode.

Microscopic pitting in crevice plateaus. Microscopic pitting was observed in SEM images in
the crevice plateau near the crevice mouth in high alloyed stainless steels after 47 weeks exposure to
ozonated artificial seawater. Based on observations of the 47 week samples only, the data suggest that
the propensity of microscopic pitting in the crevice is higher with high Ni, low Cr, higher Cu, and low
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N. The microscopic pitting, although not a severe form of corrosion for the highly alloyed stainless
steels, should be investigated for the long-term effects in an ozonated system.

CONCLUSIONS

 The corrosion resistance of austenitic stainless steels in artificial seawater containing 0.2 to 0.4 mg/L
dissolved ozone was investigated. In continuously ozonated artificial seawater the oxidizing power
of the solution is controlled by ozone rather than oxygen in the feed gas.

» Based on electrochemical measurements, exposure to ozonated artificial seawater results in
secondary passive behavior for austenitic stainless steels. In this condition UNS S30400 and
S31600 stainless steels are more resistant to pit initiation than after exposure to aerated artificial
seawater for the same time duration. However, if crevices exist, crevice corrosion is more severe on
UNS S30400 and S31600 in ozonated compared to aerated artificial seawater.

» Crevice corrosion rates are an order of magnitude higher in ozonated compared to aerated artificial
seawater. Maximum rates of attack of 8 and 5 mm/y were recorded for UNS S30400 and S31600,
respectively, in ozonated artificial seawater. In comparison, rates of 0.4 to 0.5 mm/y were
measured in aerated artificial seawater.

» Mixed potential analysis predicts crevice corrosion rates for UNS S31600 that are in excellent
agreement with the immersion sample data, using cathodic polarization curves measured in aerated
and ozonated artificial seawater and anodic polarization curves recorded in a simulated crevice
anolyte.

« Highly alloyed nickel, chromium, molybdenum and nitrogen-bearing austenitic stainless steels are
resistant to crevice corrosion in aerated and ozonated artificial seawater. Differential oxidation cell
corrosion was noted under ozonated conditions between free surfaces (high ozone concentration)
and slots between crevice plateaus (low ozone concentration) where solution access is limited.
Differential oxidation leads to surface etching and in the most aggressive instances, superficial
intergranular corrosion. The etching and intergranular corrosion appear to be the result of
transpassive dissolution in the slot region.

« After 47 weeks exposure to ozonated artificial seawater, microscopic pitting was observed in
crevice plateau near the crevice mouth in high alloyed stainless steels. Visual observations suggest
that microscopic pitting susceptibility is greatest in alloys with high Ni, high Cu, low Cr, and low
N. Although differential oxidation corrosion and microscopic pitting of highly alloyed stainless
steels is not considered to be severe in the current study, these modes of corrosion warrant further
investigation in the interest of corrosion resistance in extended service under oxidizing seawater
conditions.
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Table 1. Reduction potentials of oxidants present in ozonated seawater.

Redox Couple ¢’ (Vsgr) | Nominal conditions in artificial | € (Vgyg) at nominal
seawater, pH 8.2 conditions
03/0, 2.08 Ozonated, p(O3) = 0.024 atm 1.55
HOCI/CI' 1.48 Chlorinated, [HOCI] = 25 mg/l 1.15
HOBr/Br 1.33 Brominated, [HOBr] =25 mg/1 1.08
0,/0H" 1.23 Oxygenated, p(O3) = 0.95 atm 0.75
0,/0OH" 1.23 Aerated, p(O;) = 0.2 atm 0.73
Table II. Chemical composition (wt.%) based on mill analyses of stainless steel samples used

for seawater immersion tests. S and L refer to small, 1.0x2.0 in. (2.5x5.1 cm) large,
1.5x3.0 in. (3.8x7.6 cm) plate samples, respectively.

C Cr Fe | Mn | Mo | Ni P S Si Other

S30400 0.06 | 18.1 | bal. | 1.83 - 8.03 | 0.034] 0.004 | 0.46
(S, L)
$30400 0.05 | 18.51} bal. 1.7 - 8.1 | 0.03 0.02 0.05
(wire)
816 SS ]0.057| 16.56| bal. | 1.67 | 2.44 | 11.84} 0.033 | 0.015 | 0.66

(S)
S31600 ]0.045]16.42| bal. | 1.77 | 2.09 | 10.21]0.028| 0.011 | 0.46 | 0.31 Cu, 0.038

) N, 0.15 Co
$31600 0.05 | 19.51| bal. | 1.80 | 2.11 | 11.23] 0.013| 0.01 0.35 0.032 N
(wire)
N()(fé?;(ﬁ 0.02 {20.30| bal. | 0.52 | 6.25 | 23.93]0.026 | 0.000 | 0.39 | 0.27 Cu, 0.24 N
N(zifi)(ﬂ 0.015] 20.48| bal. | 0.34 | 6.23 | 23.90] 0.021 | 0.000 | 0.38 | 0.24 Cu, 0.24 N
NO08367 10.020]20.45| bal. | 0.30 | 6.19 | 23.68] 0.015| 0.001 | 0.34 | 0.09 Cu, 0.21 N
(wire) '
NO08367 }0.012|20.87| bal. | 0.38 | 6.24 | 24.01{0.025 ]| 0.001 | 0.55 | 0.23 Cu, 0.22 N
(sheet)
$32654 0.016| 24.40| bal. | 3.65 | 7.26 | 21.9 | 0.017 ] 0.000 | 0.26 | 0.44 Cu, 0.528
(S, L) N
EIS'&(iiS) 0.022]23.57| bal. § 557 | 4.2 |17.65]0.018 | <0.003 | 0.19 | 0.48 N, 0.04 Nb
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Table III. Incidence of crevice attack and maximum depth of attack in multiple crevice samples
for S30400 and S31600 stainless steels as a function of exposure time in aerated and
ozonated seawater, from single sample data.

4 WEEKS 8 WEEKS 16 WEEKS
A 0] A o A (0]
S30400 0 3 0 4 0 8
® 0.0 | 0460 | 0.0 | 0343 | 0.0 | 0.513
S30400 1 3 0 2 0 11
L) 0.030 | 0.595 | 0.0 | 0.508 | 0.0 | 0.816
S31600 1 3 0 8 2 12
S 0.037 | 0.185 | 0.0 | 0.266 | 0.044 | 0.421
S31600 0 3 1 6 0 6
L) 0.0 | 0.361 [ 0.039 | 0693 | 0.0 | 0.970
A - Aerated, O - Ozonated S - small cathode area; L - large cathode area
Top value - # sites attacked (24 possible) :
Lower Value - Max. depth of attack (mm), £ 0.005 mm (A), + 0.020 mm (O)
Table IV. Maximum crevice corrosion rates (Lm/y) of stainless steels in aerated and ozonated

artificial seawater predicted from different test methods.
(Uncertainty values are listed as * below each value)

Alloy/ Crevice Maximum Mixed
environment samples crevice depth potential
(weight loss) analysis
S30400 156 390 -
aerated
+70 +65
S30400 5720 7740 -
ozonated
+2570 +260
$31600 156 481 512
aerated
+51 +65 +230
S31600 2910 4500 5540
ozonated
+1310 +260 +2490
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Table V. Incidence of etching and intergranular corrosion in slots of multiple crevice samples
for high-alloyed stainless steels as a function of exposure time in ozonated seawater.
Aerated samples were unaffected.
(single sample data at each time period)

4 WEEKS 8 WEEKS 16 WEEKS

A o A o A 0

N08367 | — 0 — 0 - 3
) 0 0 0
N08367| — 4 — 4 - 9
(@) 2 0 2
S32654 | — 5 — 6 — 8
(S) 0 1 1
S32654 | — 7 — 8 — 11
(L) 0 0 4
4565S — 5 — 4 — 5
S) 0 0 0
45658 — 11 — 1 — 6
@) 1 0 0

A - Aerated, O - Ozonated; S - small cathode area; L - large cathode area
Top value - # Slots etched (24 possible)
Lower Value - # of etched slots with intergranular corrosion

Personal computer &
data acquisition
software

. Potentiostat
Ozone or air in

Potentiometer = N~

I \ '/ argon \
Salt

Couple bridge

Uncoupled
electrode

Artificial
seawater

Figure 1. Schematic illustration of compartmentalized cell apparatus, where the potentiostat is
used as a zero resistance ammeter (ZRA).
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Figure 2. Open circuit corrosion potential of stainless steels in artificial seawater under aerated
and ozonated conditions as a function of exposure time
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Figure 3. Cyclic polarization curves for UNS S30400 stainless steel after exposure to aerated

and ozonated artificial seawater for 4 weeks. (Scan rate = 1 V/hr)
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Figure 4. Cyclic polarization curves for UNS S30400 stainless steel after exposure to aerated
and ozonated artificial seawater for 8 weeks. (Scan rate = 1 V/hr)
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Figure 5. Cyclic polarization curves for UNS S31600 stainless steel after exposure to aerated
and ozonated artificial seawater for 8 weeks. (Scan rate =1 V/hr)

1.5 DRLLRLLY T IHIIIII T lllllll' T lIllIIlI T T T |””lll T TTH T Ill”!]l T 11T T T TT17T

Aerated p -y
1 — — - QOzonated -4

=
=)
|

T

Potential (V SCE )
o
[ |

] ] ! l 1 I 1 ! I 1 1 | 1 I 1 ] I 1

T T T T [ T T T T | T

0.0
_0 5 || IIIIIII IJlIlIIlI 1 I!IIIIII 1 IIIIHI' I Illllll, 1 IllIIIII L lll]llll 1 lllllll' | Illllhl L1 IIIHI' I Ill||ll| 1 l]l“;
10 10"  10°  10°  10™ 10~ 10°
Current Density (Alem?)
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Figure

7.

Small UNS S31600 samples, 1.0x2.0 in. (2.5x5.1 cm) exposed for 16 weeks: (a)

aerated artificial seawater, (b) ozonated artificial seawater. Appearance of UNS
S30400 was similar in nature.
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Figure 10.
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(a) ®
Figure 12. Small UNS N08367 stainless steel samples, 1.0x2.0 in. (2.5x5.1 cm), exposed for 16
weeks: (a) aerated artificial seawater, (b) ozonated artificial seawater. Representative

of the appearance of UNS $32654 and alloy 45658 as well.

Figure 13. Small pits found at the plateau/slot transition of crevice samples exposed for 47
weeks in ozonated seawater. a) UNS N98367 b) UNS S32654
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Figure 14. Light micrographs of intergranular corrosion on highly alloyed stainless steels after
exposure to ozonated artificial seawater for 16 weeks, corrosion product removed.;
a) UNS $32654 in slot and plateau/slot transition. b) High magnification of a)
showing intergranular corrosion. ¢) Intergranular corrosion on UNS N08367 in the
center of the slot region.
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Figure 15. Mixed potential diagram illustrating the couple between the ozonated free surface

and the non-ozonated slot region, for UNS N08367. (Scan rate =1 V/hr)
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THE EFFECT OF DISSOLVED OZONE ON THE CORROSION BEHAVIOR
OF Ni-Cr-Mo ALLOYS IN ARTIFICIAL SEAWATER

B.E. Brown and D.J. Duquette
Rensselaer Polytechnic Institute
Materials Science & Engineering Department
Troy, New York 12180-3590

ABSTRACT

The effects of ozonated seawater on the corrosion behavior of nickel-chromium-molybdenum
alloys C-276, C-22, 625 and 59 (UNS N10276, N06022, N06625, and N06059) were studied and the
results were compared with those obtained for aerated solutions. Corrosion rates and crevice corrosion
information obtained from plate samples at intervals of 2, 4, 8, 16, 26, and 47 weeks were compared
with electrochemical measurements of corrosion potential, linear polarization resistance (LPR), and
cyclic polarization curves from concurrently immersed wire samples. It was observed that samples in
ozonated seawater, in general, exhibited higher corrosion rates (5-34 pm/yr), as measured by both LPR
and weight change measurements, than those exposed to aerated seawater. These relatively low
corrosion rates were accompanied by the precipitation of voluminous amounts of black flocculent
corrosion product in the ozonated solution, identified as hydrated nickel chlorates formed from
dissolved nickel ions in solution. The only adherent corrosion product observed on samples in ozonated
solutions is characterized by the presence of a thin oxide film exhibiting interference coloration, which
varied from alloy to alloy, and with time of exposure. Creviced samples of alloy C-276 in ozonated
seawater showed preferential corrosion at the interface between creviced and uncreviced surfaces, with
the creviced surface being completely protected, in contrast to slight pitting damage observed in the
crevice region of samples exposed to aerated seawater. Cyclic polarization curves of alloys C-276 and
C-22 also suggest increased crevice corrosion susceptibility in ozonated seawater, as indicated by the
presence of a hysteresis loop and an increase in the passive current density compared to those observed
in aerated seawater. Alloy 690 (UNS N06690) showed severe crevice corrosion in ozonated artificial
seawater, indicating the importance of molybdenum as an alloying addition under ozonated conditions.

Keywords: ozone, bromide, hypobromous acid, chlorine, corrosion control, biofouling control,
oxidizing biocide, seawater, nickel, nickel-base alloys, molybdenum, transpassivity.
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INTRODUCTION

In the early 1900s, ozone was first used to disinfect municipal drinking water in Nice, France.'
Since then, water treatment by ozonation has been favored over chlorination in Europe because of
improved taste, odor control and disinfection. Today, due to the environmental hazards of chlorination
byproducts, ozone is currently being used in many fresh water treatment applications in the United
States, where only chlorine has been used in the past. These applications include the sterilization of
drinking water, treatment of sewage and waste water, algae control in swimming pools, and biofouling

control in cooling tower waters.

Although most applications of ozone are in fresh waters, there is a growing number of
applications for the use of ozone in seawater. Ozone has already been used successfully in several large
aquaria for the treatment of biotoxins in recirculating seawater systems.? It is also being investigated for
use in preventing biofouling in desalination processes as well as in heat exchangers which use marine

waters for cooling.3

Ozone is one of the strongest oxidizers used in water treatment. An earlier paper by Wyllie,
Brown, and Dugquette covers the details of the chemical reactions that occur in ozonated seawater.*>
The reaction of ozone with the components of artificial seawater results in the formation of
hypobromous acid and bromate ion (Figure 1). Table I shows the redox potentials calculated for
different oxidizing conditions, indicating that ozone indeed has a very strong oxidizing effect.

This study focuses on the corrosion behavior of Ni-Cr-Mo alloys in ozonated artificial
seawater. The following alloys were studied: C-276, C-22, 625, and 59 (UNS N10276, N06022,
N06625, N06059).(D  Alloy 690 (UNS N06690) was included in order to study the effects of

molybdenum as an alloying addition.

The Corrosion of Nickel Alloys
Nickel is resistant to general corrosion in seawater, with corrosion rates typically less than 25

um/y (1 mpy).5 However, its passive film is not resistant to breakdown by pitting in the presence of
chloride ions. Chromium imparts general corrosion resistance to oxidizing environments, and increases
the resistance to tarnishing and pitting, but Ni-Cr alloys are still susceptible to localized corrosion.
Crevice corrosion resistance is greatly enhanced by molybdenum additions by increasing the resistance
to breakdown in the reducing environment created within crevices.” For example, corrosion of alloy
625, a Ni-Cr-Mo alloy, was reported to have a corrosion rate of 0.4 pm/y in seawater with no pitting
or crevice attack.? In the analysis by Streicher,? nickel based alloys C-276 and 625 were shown to be

immune to crevice corrosion in filtered seawater.

Literature on the effects of water chlorination on Ni-Cr-Mo alloys in artificial seawater show
that the crevice corrosion resistance of these alloys increases with increasing molybdenum content: C-
276 > 625 > G3 (UNS N06985).19 In near neutral pH chlorine dioxide bleaching solutions, Ni-Cr-Mo
alloys exhibit transpassive general corrosion dissolution but resist crevice corrosion attack.!! The
relative corrosion rates of this transpassive dissolution are such that C-276 (56Ni-16Cr-16Mo-6F¢e) <
625 (62Ni-22Cr-9Mo-4Fe) < C-22 (59Ni-21Cr-14Mo-3Fe) < 59 (61Ni-23Cr-16Mo-0.3Fe).!! From
this relationship, it appears that the rates of general corrosion via transpassive dissolution may be

(1) UNS numbers are listed in Metals and Alloys in the Unified Numbering System, published by the Society of
Automotive Engineers (SAE) and co-sponsored by ASTM.
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inversely proportional to iron content of the alloy, or directly proportional to chromium content. It
was also found that Ni-Cr-Fe-Mo alloys were susceptible to crevice corrosion, but resistant to

transpassive dissolution.!!

EXPERIMENTAL PROCEDURE

Solutions

Artificial seawater solutions were prepared by adding 1946 g of Forty Fathoms Bio-Crystals
Marinemix(?) to 56L of distilled water in a 76-liter tank. This mix is a brand of artificial seawater that
contains all of the components of natural seawater, in accordance with ASTM D 1141-90.12

Since the bromide ion is the main ion oxidized by ozone in artificial seawater, the initial bromide
concentration of each tank was measured using a titration procedure!? and adjusted by the addition of
artificial seawater mix or distilled water, until the bromide concentration was in the range of 800-860
mM/L (63-69 mg/L).

Using a fritted glass bubbler, ozone was bubbled into a tank in combination with oxygen as a
carrier gas, at a rate of 0.03 m>/hr [1 SCFH (standard cubic feet per hour)], while another tank, used as a
control, was aerated at the same rate.

The solution in the ozonated tank was measured for changes in pH, as well as concentrations of
apparent residual ozone, bromide, hypohalite, and bromate, after 1 day and 1 week of ozonation before
samples were immersed. After sample immersion, these values were measured upon removal of test
samples. The residual ozone was measured using the Indigo Trisulfonate Method.!*!> Bromide,
hypohalite, and bromate concentrations were measured using a titration procedure.!16 The aerated
control tank was aerated for 4 days before immersion of samples; the free bromide concentration and
pH of this solution were tested prior to sample immersion.

In order to compensate for evaporation and to prevent adverse build-up of byproducts, 6 liters
of artificial seawater, in both the aerated and ozonated tank, were extracted weekly and replaced with
fresh solution, throughout the course of the experiments.

Ozone Generation and Delivery

Ozone was generated using a combination of an AirSep(3) AS-12 oxygen generator and American
Ozone® GS2-14 ozone generator. The oxygen generator was set to operate at a pressure of 69 kPa (10
psig) and 55% of maximum output, delivering 90-95% oxygen (nitrogen balance) to the ozone generator
at a flow rate of 0.28 m3/hr (10 SCFH). With the ozone generator operating at a pressure of 21 kPa (3
psig) and at 85% power setting, this produced an ozone concentration of approximately 47 g 03/m3

(3.35 wt.% O3 in 90-95% O,).

The oxygen/ozone gas mixture was supplied to a stainless steel ball flow meter (0-2 SCFH
range), set at 0.03 m3/hr (1 SCFH), giving a rate of ozone input into the tank of 1.3 g O,/hr with an

(2) Registered Trademark of Marine Enterprises Intl. Inc.
(3) Registered Trademark of Airsep Corporation
(4) Registered Trademark of American Ozone Systems, Inc.
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oxygen input rate of 39 g O,/hr. From the flow meters, ozone was delivered to each tank via PTFE®)
and Norprene®) tubing. Only PTFE tubing was used inside the tanks.

Samples
The alloys tested in these experiments, and their chemical compositions, are shown in Table II.

Alloy 690 was included in order to study the effects of molybdenum as an alloying addition.

Four basic types of samples were used in these experiments:

1.) Weight Change (plate)

2.) Crevice (plate)

3.) Large Cathode Crevice (plate)

4.) Electrochemical Characterization (wires)

Three weight change and three crevice samples were cut from 0.158 cm (0.063 in) to 0.318 cm (0.125
in) plate into 2.5x5.1 cm (1.0x2.0 in) coupons, in which a 0.95 cm (0.38 in) hole was drilled. In order to
determine the affect of different anode/cathode area ratios, seven "large" cathode area crevice samples,
measuring 3.8x7.6 cm (1.5x3.0 in), were also cut and a 0.95 cm (0.38 in) hole drilled in the center. The
wire sample diameters are listed in Table III. Eight samples of each of the wire alloys were prepared for
testing. All samples were ground through 600 grit abrasive, rinsed with distilled water, ultrasonically
cleaned in distilled water, and then rinsed again with distilled water.

Sample Fixturing

Three weight change samples of each alloy were suspended in the solution by inserting a glass
rod through the holes, using PTFE tubing as spacers between the samples. Crevice samples were
assembled between two PTFE crenelated washers, surrounding the hole. The sample and PTFE
washers were clamped between Grade-2 titanium washers and secured with a Grade-2 titanium bolt and
nut (Figure 2). For purposes of this discussion, the portion of the crenelated PTFE washer which was
in contact with the surface of the sample to form the crevice is called the "plateau," while the region
separating the plateaus is referred to as the "slot." A PTFE thread was tied to one of the PTFE
washers used for each sample; the other end of the thread was tied to a PTFE O-ring for later fixturing.
In order to prevent any contact between the sample and the bolt, the bolt was wrapped with PTFE
tape prior to assembly. The crevice samples were assembled while submerged in aerated artificial
seawater, in order to minimize air pockets and to initiate wetting under the PTFE crenelated washers.
After crevice samples were tightened with one and a quarter turns from finger tight, the electrical
resistance was checked between the sample and the bolt with a voltmeter. Each sample was re-checked
after final removal from the tanks to verify that there had been no electrical contact between the sample

and fixture.

Wire samples were bent so that only the cylindrical surfaces of the wires were immersed, in
order to eliminate the effects arising from the cut ends of the wires (Figure 3).

Testing
Tests were performed at 1, 2, 4, 8, 16, 26, and 47 weeks following initial immersion. Before any

samples were removed or tested in the tanks, the water chemistry was checked.

() polytetrafluroethylene
(6) Registered Trademark of Norton Performance Plastics Corp.

38




At each time interval, weight change samples were removed, rinsed in distilled water and allowed
to air dry before weighing. After weighing, the samples were photographed, replaced on the glass rods
and returned to the tank. :

One large cathode area crevice sample of each alloy was removed at each time interval and rinsed
in distilled water. The smaller crevice samples were removed at intervals after initial immersion of 4, 8,
and 16 weeks. The assembly was then carefully taken apart, and the crenelated washer and fixture
archived, if corrosion product was present. The samples were then rinsed in distilled water again and
allowed to air dry. The samples were then weighed, photographed, and stored in a dessicator.

At each interval, one wire sample of each alloy was removed from the tank for electrochemical
characterization, along with approximately one liter of solution. Care was taken to keep the wire
submerged while moving both the wire and tank solution into a one liter cell. A bubbler was placed in
the cell, bubbling either air or ozone at a rate of approximately 0.003 m>/h (0.1 SCFH). Electrochemical
measurements of steady state corrosion potential, linear polarization resistance (LPR) and cyclic
polarization were performed on the wires. Afterwards, the wires were removed from the cell and the
submerged area of the wire surfaces measured.

One wire of each alloy was left in the tank over the course of the entire experiment. At each
interval, the steady state corrosion potential and linear polarization resistance of these wires were
measured while they remained in the tank.

Linear polarization resistance measurements were collected at a scan rate of 0.6 V/hr for all wire
samples. Corrosion rates for all alloys were then calculated from the LPR data based on the assumption
that $,=B,=0.12. Cyclic potentiodynamic polarization scans of all wires were performed at a rate of 10
V/hr.

RESULTS

Solution Chemistry

In ozonated seawater, voluminous amounts of black flocculent corrosion product precipitated in
the tank within 24 hours of the immersion of the samples, and plated onto the glass sides of the tanks.
However, fully immersed samples remained free of this corrosion product. The portions of the wire
samples below the water line remained free of precipitate, while the sections above the waterline were
covered with the precipitate. The precipitate was collected from the ozonated tank, filtered and dried.
Examination using energy dispersive spectroscopy (EDS) in the scanning electron microscope (SEM)
revealed the presence of primarily calcium, oxygen, chloride, and nickel. Further analysis by x-ray
diffraction indicated the presence of calcium oxide, sodium chloride, and identified the precipitate as
hydrated nickel chlorate.

Figures 4 and 5 show the typical changes in pH, residual ozone, free bromide, hypohalite, and
bromate as a function of time. Values for brominated species are given as percentages of total bromide,

which was in the range of 820-880 uM (65-70 mg/L).

After one week of ozonation, the solution chemistry of the artificial seawater reached sTable
values. The pH decreased slightly to a value between 8.1-8.2. The residual ozone concentration
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stabilized at 0.40 mg/L, and 82% of the total bromide in solution was oxidized to bromate. The amount
of free Br” was 16% of the total bromide in solution, while HOBr and OBr™ were between 0-3%.

After the samples were immersed, a reduction in the amount of residual ozone was observed,
occurring over a period of 2 to 8 weeks. This decrease is believed to be due to an increase in 0zone
demand created by metallic corrosion of the samples, as well as to subsequent oxidation of metal ions
by ozone. After the initial decrease, the residual ozone concentration in the tanks recovered to a value
of 0.33 mg/L by 16 weeks of sample exposure. These values were lower than the initial concentration
prior to sample immersion, reflecting the ozone demand associated with ongoing metallic corrosion. It
is important to note that, in the absence of metal corrosion, the ozone concentration would be expected
to rise above initial values, due to decreased chemical demand associated with decreasing concentration

of unreacted Br™ ion.

After 4 weeks, the concentration of bromide and its byproducts stabilized. In general, the
sTable values for each tank were 86% as BrO;, 10% as free Br™ and 2% each as HOBr and OBr".

Steady State Corrosion Potential
Electrochemical testing of alloys C-276, C-22, and 625 wires in the tanks showed that the

corrosion potential of wires exposed to ozonated artificial seawater is shifted to a sTable value of 0.6-
0.8 V noble to the corrosion potential of wires in aerated seawater after 8 to 16 weeks of exposure.
Figure 6 shows a typical plot for alloy C-276 representing this behavior. Table IV represents values of
steady state corrosion potential measured on wire samples after 47 weeks of exposure.

Corrosion Rates
Figure 7 shows data for the change in corrosion rate with time of alloy C-276, measured from

weight change samples, as well as linear polarization resistance measurements. Similar behavior was
observed for each of the nickel alloys after exposure to either aerated or ozonated artificial seawater.

Weight Change Samples. Aerated samples showed no visible corrosion damage, with the surface
appearing much as when the samples were first immersed. In contrast, the surface of the ozonated
samples, with the exception of alloy 690, exhibited colorful thin oxide films which varied in coloration
with the alloy type and time of exposure. Preferential corrosion of the weight change samples was
observed in ozonated solutions at locations where the samples were in contact with the glass rod and
PTFE spacers, indicating that the slight crevice set up by these conditions was sufficient to induce
crevice corrosion. After as little as 1 week of exposure, several large nodules of corrosion product were
observed on both the longitudinal and transverse edges of the alloy 690 weight change samples.

Samples exposed to aerated conditions gained weight. The corrosion rates for these samples
were calculated using the weight change of the sample and a mass balance of oxygen reacting with nickel
to form nickel oxide to calculate the amount of nickel in the nickel oxide. In contrast to the aerated
condition, the ozonated samples lost weight. This weight loss was used to calculate corrosion rates
assuming that the weight of the oxide film on the surface is negligible (due to it showing only
interference coloration).

The samples exposed to both ozonated and aerated seawater show a steady decrease in
corrosion rate with time, with samples exposed to ozonated solutions having consistently higher
corrosion rates after 8 weeks of exposure. Alloys 625 and C-22 exhibited approximately the same
general corrosion rates measured from weight change samples as alloy C-276. The corrosion rates of
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alloys 690 and 59 in ozonated solutions were initially higher, at 8 pm/y after 1 week of exposure, and
decreased only to 3 and 6 um/y, respectively, at 47 weeks.

Linear Polarization Resistance Measurements. As with the weight change samples, the
corrosion rates calculated from LPR measurements on C-276, C-22, and 625 wires were consistently
higher in ozonated vs. aerated seawater. The corrosion rates calculated in aerated solutions are negligible

for all alloys (<0.5 wm/y) over the entire time period. Corrosion rates calculated from LPR
measurements in ozonated artificial seawater were initially 7 um/y for alloy C-276, 9 um/y for alloy C-
22, and 34 um/y for alloy 625, decreasing to 1.4, 2.1, and 10 pm/y, respectively, after 47 weeks.

Crevice Samples

For all of the alloys and test conditions there were no significant differences between the results
for the "small" crevice samples, 2.5x5.1 cm (1.0x2.0 in), and the "large" crevice samples 3.8x7.6 cm
(1.5x3.0 in).

For all of the alloys examined, the creviced samples exposed to aerated artificial seawater
exhibited a few small pits that initiated after approximately 4 weeks of exposure. Those initiated pits
stabilized with no further growth. No other corrosion damage was observed on alloys exposed to
aerated artificial seawater.

In ozonated artificial seawater, the exposed surfaces of alloys C-276, C-22, 625, and 59, were
covered by a thin oxide which refracted different colorations depending on the alloy and the time
immersed. The coloration ranged from yellow-gold-bronze for C-276, 625 and 59 alloys to blue-green
for C-22. The slot regions, for the most part, varied from a rainbow effect of oxidized corrosion
product to a light brown corrosion product. The exception to this appearance was alloy C-276 which
displayed a semi-adherent dark brown corrosion product, and bright metal regions where the corrosion
product had spalled, leaving the base metal exposed (Figure 8). The plateaus of the Ni-Cr-Mo alloys,
which were in contact with the crenelated washer to form crevices, were uncorroded.

From examinations by SEM and EDS, the dark brown corrosion prodﬁbt in and around alloy C-
276 slots was shown to exhibit significant amounts of iron, oxygen, and silicon. The origin of this
phenomenon is not understood at this time.

In contrast to the behavior of the Ni-Cr-Mo alloys, alloy 690 exhibited no discoloration of
uncreviced surfaces when exposed to ozonated artificial seawater. The slot regions of the ozonated
samples exhibited a light blue oxide with some evidence of brown corrosion product. In aerated
solutions, a few small pits were observed in some of the crevices. In ozonated solutions, a significant
number of crevices exhibited extreme, deep pitting.

From examination by SEM and EDS, the brown corrosion product in the slot region of alloy 690
exposed to the ozonated solution was found to be a semi-adherent film showing high iron and oxygen
concentrations. Probing one of the massive pits on an actively corroding plateau (Figure 9), showed
pure titanium crystallites, as well as high chromium and silicon concentrations, and a decreased amount
of iron compared to the bulk alloy concentration. Trace amounts of niobium were also observed.
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Cyclic Potentiodynamic Polarization
Figures 10-12 show 47 week cyclic potentiodynamic polarization (CPP) curves measured after

47 weeks of exposure. These data are representative of all of the time intervals for the alloys after
exposure to aerated and ozonated artificial seawater.

Figure 10 shows that the aerated CPP curve of alloy C-276 exhibits both primary and secondary
passivity. At a potential of 0.32 V¢ the aerated curve shifts to transpassive behavior, showing very
little hysteresis on the return portion of the curve. After 47 weeks, the steady state corrosion potential
of the ozonated alloy C-276 was 0.73 Ve, correlating with the transpassive transition in aerated
solutions, indicating that the ozonated wires are in the transpassive region under steady state
conditions. The curve for the ozonated condition also shows a very distinct hysteresis loop upon
reversal, indicating susceptibility to pitting and crevice corrosion. The formation of a hysteresis loop
for the ozonated condition was evident only after 2 weeks of exposure. Examination of the wires after
polarization showed that significant amounts of pitting had occurred on the polarized portions of both
aerated and ozonated wires below the waterline. Enhanced corrosion was observed at the polarization
waterline of the ozonated sample. The appearance of this waterline corrosion was similar to the crevice
corrosion observed on ozonated C-276 crevice samples, with the formation of a dark brown corrosion

product which spalled away to reveal shiny metallic base metal.

Figure 11 shows that the CPP curves of alloy C-22 exhibit both primary and secondary
passivity under aerated conditions, with a transpassive potential of 0.28 Vgcp. After 47 weeks, the
steady state potential of the ozonated alloy C-22 was 0.73 Vgcg. This potential is also noble to the
transpassive transition observed in aerated solutions, indicating that the ozonated wires are in the
transpassive region under steady state conditions. The polarization curve of the ozonated sample also
exhibits a hysteresis loop upon reversal, which was not observed for curves measured before 4 weeks
of exposure, or in the aerated solution. After polarization, neither of the wires showed evidence of
pitting. However, the ozonated wire did show evidence of corrosion similar to that seen on the crevice

samples and wires of alloy C-276.

Alloy 625 (Figure 12) also exhibits a transpassive shift, similar to the other alloys, at a potential
of 0.30 Vgcp. At 47 weeks, the steady state potential of the ozonated alloy 625 was 0.33 Vgcg, just
noble to the transpassive transition observed in aerated solutions, indicating that the ozonated wires are
in the transpassive region under steady state conditions. Unlike the two other nickel alloy wires,
however, alloy 625 shows no evidence of a hysteresis loop in the polarization curves of samples in
ozonated solutions at any time period. Examination of the wires after polarization confirmed that there
was no evidence of pitting corrosion, or the type corrosion observed on the alloy C-276 or C-22 wires.

DISCUSSION

Solution Chemistry
After the samples were immersed, a decrease in the amount of residual ozone was observed.

This decrease is due to an increase in ozone demand created by metallic corrosion of the samples. The
ozone is cathodically reduced on the surfaces of the metal samples in order to support the anodic
dissolution of the alloys and to establish the passive films. With the onset of sTable passivity the
ozone demand was reduced, reflecting the decrease in corrosion rates. The solution pH remained
constant, indicating that a continuous supply of ozone did not interfere with the buffering capacity of

the solution.
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The voluminous, flocculent, black corrosion product observed in the ozonated tank is due to
nickel dissolution as Ni*" in combination with the reaction products of ozone with the components of
the seawater. Based on analyses using energy dispersive spectroscopy (EDS) and x-ray diffraction, the
product consists of calcium oxide, sodium chloride, and hydrated nickel chlorate. The chlorate ion in
ozonated seawater forms by oxidation of CI" -> ClIO™ -> CIO;" by ozone. Nickel dissolves ionically,

reacts with ozone and precipitates as a mixed compound with CaO and NaCl. It is also suspected that
the precipitated reaction product contains amorphous NiO,*2H,0, as predicted by the potential-pH
diagram!7 at pH 8 - 9 under the oxidizing conditions of ozonated seawater. In the amorphous state, the
compound would not be identifiable by x-ray diffraction.

Corrosion Rates

Despite the appearance of the voluminous black product, the corrosion rates calculated from
weight change samples and from LPR curves of nickel alloys in ozonated seawater are still very low (<
8 um/yr and <34 um/yr, respectively). Comparing the behavior of nickel alloys in ozonated vs. aerated
seawater, ozone causes an oxide layer to grow with time. This is based on the observation that, in
ozonated solutions, the only adherent corrosion product on nickel alloys is characterized by the
presence of thin oxide films exhibiting interference type coloration. This oxide varies in apparent
thickness from alloy to alloy and with time of exposure to ozonated solutions based on its changes in
coloration. Additionally, dissolution is evident in ozonated artificial seawater, based on the green

coloration of the solution, indicating dissolution of nickel as Ni*™.17

Corrosion rates calculated from weight change and LPR measurements showed the same trends
of decreasing corrosion rates with time. After 8 weeks of exposure, higher corrosion rates were
observed in ozonated vs. aerated solutions for all of the alloys examined. Corrosion rates in ozonated
solutions calculated from weight change measurements were found to be similar for alloys C-276, C-22
and 6235, although values calculated from LPR measurements were found to be slightly higher for alloys
C-22 and 625. Although the corrosion rates of nickel alloys in ozonated seawater are slightly higher
compared with rates in aerated artificial seawater, and with corrosion rates reported in natural seawater,
they are still relatively low.

Potential Shifts
For ozonated solutions, the cathodic reaction is ozone reduction, with the half-cell potential (¢)
= 1.55 Vg, while in aerated seawater, the half-cell potential for oxygen reduction at pH 8.2 is 0.73

Vgye- The potential shift observed on the passive alloys is approximately the same (+0.8 to +0.9 V) as

the difference between the calculated reduction potentials for ozonated vs. aerated seawater, Ae = 1.55
-0.73 = +0.82 V from Table I. This correlation indicates that the corrosion potential of the alloys in
ozonated seawater is influenced strongly by the presence of ozone rather than by the oxygen carrier gas.
At the oxygen content in the feed gas (Po, = 0.90-0.95 atm), the calculated reduction potential for
oxygenated seawater is 0.75 Vg, only 0.02 V noble to the aerated seawater value. Accordingly, higher
oxygen concentrations in ozonated seawater, alone, are not the cause of the corrosion potential shifts.

Crevice Corrosion

Cyclic potentiodynamic polarization testing of alloy C-276, C-22, and 625, show that these
alloys are transpassive in ozonated seawater. The open circuit corrosion potentials in ozonated
seawater are in a transpassive region of the polarization curves when superimposed on the aerated CPP
data, after as little as 4 weeks exposure to ozonated seawater. In aerated seawater, CPP testing
indicates that these alloys are resistant to crevice corrosion; the CPP curves do not show breakdown or
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hysteresis. However, pitting is observed on the surface of alloy C-276 wires after polarizing in aerated
artificial seawater.

After 8 weeks of exposure to ozonated seawater, significant differences are observed in the CPP
curves of alloy C-276 and C-22 when compared to the aerated data. The secondary passive regions are
more pronounced and a defined transpassive potential as well as hysteresis are clearly evident upon
reversal of the scan. The CPP data for alloy 625 is the exception to this; there is no hysteresis observed
under ozonated vs. aerated conditions. Examination of the alloy C-276 and C-22 wire samples exposed
to ozonated solutions after they had been polarized showed the appearance of corrosion similar to the
crevice corrosion observed on ozonated alloy C-276 crevice samples, with the formation of a dark
brown corrosion product which spalled away to reveal shiny metallic base metal. The alloy C-22 wires
exhibited only very small regions of this type of corrosion over the surface of the wire, with no
evidence of pitting. In the case of alloy C-276 wires, this corrosion occurred at the waterline, in
addition to extensive pitting on the wire surface that was submerged. The results obtained from CPP
curves of these alloys were supported by the observation of enhanced corrosion of alloys C-276 and C-
22 weight change samples in the slight crevice area formed by contact with the glass rod and PTFE

spacers, after 8 weeks of exposure to ozonated seawater.

In both aerated and ozonated seawater, the nickel alloys containing molybdenum show
resistance to classical crevice corrosion. The exception to this is the case of alloy 690 in ozonated
seawater, which does exhibit classical crevice corrosion; the initially passive surface actively corrodes
under the tight crevice plateaus. In aerated seawater, crevice corrosion was also noted for alloy 690,
although to much lower extent. Alloy 690 does not contain molybdenum, which is necessary for
resistance of nickel alloys to the reducing acidified chloride environment that develops in tight crevices.’
It may be noted that the Ni-Cr-Fe alloys which do not contain molybdenum, such as alloy 690, are
usually selected for resistance to oxidizing conditions rather than for resistance to crevice corrosion in

seawater.

The significance of molybdenum as an alloying element for reducing crevice corrosion
susceptibility is clearly demonstrated by the results for alloy 690. Although the molybdenum-bearing
nickel alloys in this test program show resistance to classical crevice corrosion, they do exhibit a
different form of localized corrosion behavior. The plateau creviced regions of the samples exposed to
ozonated seawater are uncorroded, exhibiting resistance to reducing environments characteristic of
molybdenum containing alloys. However, the corrosion morphology of the slot regions exhibit the
formation of a dark brown corrosion product. This behavior indicates that a differential oxidation cell
develops between the high ozone activity at the bulk surfaces and the low ozone activity in the slot

regions of the creviced washers.
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CONCLUSIONS

1.) In the case of nickel alloys, ozonation polarizes the alloys into the transpassive region of the
polarization curves.

2.) For all the non-creviced alloys, the material loss that occurs in ozonated artificial seawater
appears to be sufficiently low such that general corrosion is not considered to be a problem.

3) Creviced nickel alloys containing molybdenum did not exhibit classical crevice corrosion
behavior. Preferential corrosion occurred at the interfacial regions, leaving the actual crevice (plateau)
protected due to differential oxidation. This crevice corrosion, however, is not severe.

4.) The absence of molybdenum in a nickel alloy, as in the case of alloy 690, however, displays
normal crevice corrosion behavior which was on the order of severity of that seen with the low
molybdenum stainless steels.
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Table I. Reduction potentials for various oxidizing reactions.

Redox Couple ? (Verr) Nominal conditions in artificial | e (V) at nominal
SHE "
seawater, pH 8.2 conditions
03/0, 2.08 Ozonated, p(O3) = 0.024 atm 1.55
HOC]/CI' 1.48 Chlorlnated, [HOCI] =25 mg/l 1.15
HOBr/Br 1.33 Brominated, [HOBr] = 25 mg/1 1.08
0,/0OH" 1.23 Oxygenated, p(O,) = 0.95 atm 0.75
0,/0H" 1.23 Aerated, p(O;) = 0.2 atm 0.73
Table II. Chemical composition (wt.%) based on mill analyses of nickel-base alloy plate
samples used for seawater immersion tests.
C Cr Fe Mn Mo Ni P S Si Other
Alloy 625 0.02 | 21.71 | 397 | 0.08 | 8.82 bal. | 0.007 0.001 0.09 |0.27 Ti,
(UNS N06625) 3.41 (Ta+Nb)
Alloy 276 0.003 ] 16.02) 627 | 045 | 15.89| bal. | 0.011 | <0.002 | 0.04 | 1.83 Co,
(UNS N10276) 0.16 V,351 W
Alloy 22 0.004 | 20.65| 2.61 | 0.21 | 14.08 | bal. | 0.004 | <0.001 | 0.03 | 0.06 Cu,
(UNS N06022) 0.11 Co,
0.02V,329 W
Alloy 59 0.0051 2265} 029 | 0.15 15.6 bal. { 0.002 | 0.002 0.03 ]0.03 Co,
(UNS N06059) 0.14 V, 0.08 W
Alloy 690 0.01 | 29.10 | 10.26 | 0.42 - bal. - 0.003 0.30 }0.29 Ti,
(UNS N06690) A 0.22 Al
Table III. Diameters of wire alloys tested.
Alloy Wire Diameter
(cm) (in)
C-276 0.159 0.0625
C-22 0.239 0.0940
625 0.159 0.0625
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Table IV. Steady state corrosion potentials of wire samples after 47 weeks of exposure.

Steady State Corrosion Potential
Alloy Voup)
Aerated Ozonated
C-276 0.014 0.731
C-22 0.054 0.730
625 0.171 0.327
= 160 M S

q BrO,
"""ZMHWS

+
‘\\H‘ ot
HOBr @
k 2 — 3 3 0 M_ S_
NH,
NH 2Br
Figure 1. Reaction cycle caused by the ozonation of bromide in seawater.!®
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Figure 2. Crevice assembly.

48




Glass Rod

Figure 3. Wire schematic.
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Figure 4. Change in pH and measured residual ozone concentration with time, for ozonated

artificial seawater containing nickel alloys.
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Figure 5. Change in concentration of bromide, hypohalites, and bromate with time, for ozonated

artificial seawater containing nickel alloys.

~ 1.5———— 77— 7 T T
3 —e— Aerated
— o- -Ozonated

3 I ]
> : ]
E 1.0 N . 7
- : pm T T T T T T T e o |
Q I / i
~
0.5 - .
5 e J ]
o [y ! ]
Sooet—— ]
g OOO i \ I . _—
& -4 -
Q - ]
O _0.5 [ PR T NS S NS TR SR Y T U S T [ AN TR SN S SN U S SR N |
0 10 20 30 40 50
Time (Weeks) |
Figure 6. The steady state corrosion potential of alloy C-276 wire representing typical behavior

of Ni-Cr alloys in ozonated and aerated artificial seawater.
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Figure 7. Corrosion rate as a function of time calculated from both weight change samples and

linear polarization resistance measurements of alloy C-276 exposed to aerated and
ozonated artificial seawater.
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Figure 8.

7.6x 26x
() ©)

(a) Small alloy C-276 crevice sample, 2.5x5.1 cm (1.0x2.0 in), after 8 weeks of exposure

to ozonated artificial seawater.

(b) Creviced surface of the sample at 7.6x. Shiny metallic regions are observed where
dark brown corrosion product had spalled away in the slot region.

(c) Magnified view of the boxed area at 26x, showing shiny metallic regions on either side

of plateau.
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Figure 9. Small alloy 690 crevice sample, 2.5x5.1 cm (1.0x2.0 in), after 4 weeks of exposure to
ozonated artificial seawater. SEM photograph on the right depicts an active pit on a
plateau. EDS spot analysis of area (1) showed a pure titanium crystallite, while area (2)
showed high amounts of titanium, chrome, silicon, and a trace of niobium.
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Figure 10. A comparison of the polarization curves of alloy C-276 wires exposed to aerated and

ozonated artificial seawater for 47 weeks.
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Figure 11. A comparison of the polarization curves of alloy C-22 wires exposed to aerated and
ozonated artificial seawater for 47 weeks.
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Figure 12. A comparison of the polarization curves of alloy 625 wires exposed to aerated and

ozonated artificial seawater for 47 weeks.




