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An in situ hydrothermal deposition process is being developed to apply a thin coating of zirconia onto the
structural materials used in Boiling Water Reactors as a potential method for mitigating intergranular
stress corrosion cracking. The process has successfully deposited ZrO, onto as-received interior surfaces

of 304 stainless steel and Alloy 600 tubes [Z.F. Zhou, E. Chalkova, S.N. Lvov, P. Chou, R. Pathania, Corros.
Sci. 49 (2007) 830]. This paper discusses the application of the coating on specimens with different sur-
face conditions: as-received; ground to remove the as-received surface; and ground and pre-oxidized. For
comparable deposition parameters and for a given substrate, the different surface conditions did not
influence the morphology or the thickness of the coating, but had a substantial impact on adhesion. As
in our previous study, electrochemical potentials of the coated specimens in simulated BWR environment
were not clearly lower than those of uncoated specimens [Zhou et al., 2007].

© 2008 Published by Elsevier B.V.

1. Introduction

Intergranular stress corrosion cracking (IGSCC) in nuclear reac-
tors remains a significant concern whose occurrence and conse-
quences have to be managed. Since its initial identification in the
1970s, IGSCC has been observed in a range of structural compo-
nents in vessel internals and in primary piping of boiling water
reactors (BWRs) fabricated from 304 and 316 stainless steels, and
also from the more resistant 304 L and 316 L versions. The occur-
rence of IGSCC is associated with high levels of oxidants
(O, + H,0,) produced by the radiolysis of water in the BWR core.
Several technologies have been developed to mitigate IGSCC in
BWRs, among them hydrogen water chemistry (HWC), in which
hydrogen is added to the feedwater to reduce the concentration
of oxidizing species. But none is a panacea.

HWC, for instance, has some drawbacks. The required amount
of hydrogen is expensive. The reducing environment created by
the addition of H, shifts the equilibrium of the radioactive N'¢ spe-
cies toward the production of volatile, rather than soluble species,
resulting in significantly higher radiation fields in the steam cir-
cuit. The deposition of radioactive Co®® onto the interior surfaces
of the vessel and of tubing increases, leading to higher shut-down
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doses that complicate the management of radiation exposure to
plant personnel [2].

In the mid-1990s, General Electric developed Noble Metal
Chemical Addition (NMCA), and the process has been widely
implemented. Noble metal particles, such as Pt, Pd, and Rh, are
deposited onto the surface to catalyze the recombination of oxi-
dants with hydrogen in the vicinity of the surface to form water
[3]. The catalysis is rapid, and only a stoichiometric concentration
of dissolved H,, significantly lower than the amount required for
HWC, is necessary to achieve mitigation [4,5]. Since only the envi-
ronment in the vicinity of the surface is rendered reducing, and the
bulk of the water remains oxidizing, the radiation fields in the
steam circuit do not rise.

Although noble metals are expensive, the cost of NMCA is not
the main driver for the development of alternate mitigation meth-
ods. Rather, it is the inability of hydrogen-based techniques to mit-
igate IGSCC at locations in the BWR (e.g. in the vicinity of the core
spray and top guide), where water begins to boil; H, partitions
preferentially into the steam, and a sufficient amount cannot be
maintained in solution [3].

A different approach was proposed to mitigate IGSCC using an
inhibitive protective coating (IPC) in mid-1990s [6,7]. The concept
of the new approach is based upon the belief that the application
of a dielectric coating inhibits the redox reactions on the surface
and, therefore, the dissolution of metal at the crack-tip to which
they are coupled - without the addition of hydrogen [6-9]. Some
promising results have been obtained in laboratories with zirconia
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Fig. 1. Schematic of the tubular coating system.
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Fig. 2. Surface of as-received specimens: (a) 304 SS; (b) Alloy 600. Fig. 3. Surface of ground and polished specimens: (a) 304 SS, (b) Alloy 600.
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Fig. 4. Surface of pre-oxidized specimens: (a) 304 SS, (b) Alloy 600.

Table 1
Components of the Precursor Solutions

Aqueous precursor solution

Organic precursor solution

ZrO(NOs3),; previously used ZrO(ClO4),
Ethylenediaminetetraacetic Acid (EDTA)

Zr-n-propoxide
1-propanol

Sodium dodecyl sulfate (SDS)
NaOH
H,0

or yttria stabilized zirconia (YSZ) coatings prepared by various
methods.

Kim and Andresen deposited relatively thick YSZ coatings (75-
250 pm) onto stainless steel using plasma spray and demonstrated
that the ECP of the coated stainless steel was displaced to as low as
—520 mV SHE at 200 ppb O, [7,10,11]. Zhou and Macdonald elec-
trophoretically deposited fairly thick zirconia coatings (150 pm)
onto sensitized stainless steel and showed that the ECP of a coated
specimen was 400 mV more negative relative to an uncoated spec-
imen in an air-saturated 0.0005 molar Na,SO,4 solution. The crack
growth rate of the coated specimen demonstrated a significant
reduction compared to uncoated steel [12].

Zr0, coatings deposited by other researchers and/or by using
other processes, did not always lower the ECP. When Kim and And-
resen used a simple dipping process to prepare zirconia coatings on
pre-oxidized stainless steel, confirming the presence of Zr by Auger
depth profile, the ECP of the treated specimens were only margin-
ally lower [7,10]. Stellwag and Kilian used both sol-gel dipping and
hydrothermal deposition to apply zirconia coatings onto stainless
steel substrates, in both the as-received and pre-oxidized condi-
tions [13]. The hydrothermally produced coatings, about 0.3 pm
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Fig. 5. Temperature and pH during a coating deposition onto 304 SS.
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Fig. 6. Temperature and pH during a coating deposition onto Alloy 600.

in thickness, reduced the exchange current density, but increased,
marginally, rather than decreased, the ECP. A reduced number of
stress corrosion cracks was observed on coated U-bend specimens.
Yeh and co-authors also hydrothermally deposited zirconia (and
titania) onto pre-oxidized stainless steel [14-15]. They verified
by EDS that Zr was present across the surface, but did not report
thickness. Their coatings, too, reduced the exchange current den-
sity, but had no distinct impact on the ECP. They further investi-
gated, by what are effectively slow strain-rate tests, the effect of
the coatings on IGSCC and concluded that the coatings could re-
duce IGSCC, although they may have been incomplete and discon-
tinuous. Zhou et al. developed a hydrothermal process for the in
situ deposition of zirconia and demonstrated that the interior of
stainless steel and Alloy 600 tube specimens could be uniformly
coated [1,16]. Their coatings did not significantly influence the
ECP [1].

This paper describes recent results of zirconia coatings depos-
ited hydrothermally [1,16] onto pre-oxidized 304 stainless steel
(304 SS) and Alloy 600 surfaces and of their effect on ECP.

2. Experimental system

The hydrothermal process has been used to apply zirconia coat-
ings, in situ, onto the interior surface of tubes and onto exterior sur-
faces of square and rod specimens. Fig. 1 illustrates schematically
the system used to deposit coatings onto the interior surface of tube
specimens that are used for the work described in this paper. The
reactor is a tube specimen, held at a target temperature, on whose
interior wall the zirconia coating will be deposited. The two precur-
sor solutions are stored in separate reservoirs — an organic solution
of a Zr-organometallic compound and an aqueous solution consist-
ing of a chelating agent, an oxidant, and a surfactant. The coating
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system is filled with pressurized distilled water and heated to the
target temperature before reactants are introduced. Initially
injected with high-pressure pumps into separate transport tubings,
the organic and aqueous solutions meet in a mixing region where
the Zr-organometallic reacts with water to form particles of Zr(OH),
that will be deposited as the coating and, in the process, will be
transformed into ZrO,. The duration of a typical deposition is 6-10 h.

The ZrO, coatings were examined by scanning electron micros-
copy (SEM; Hitachi S-3500 N) and Cu Ko X-ray diffraction (XRD;
Scintag X2). The coating’s adhesion to the substrate was assessed
by the tape test described in ASTM Standard D 3359-02 (Test
Method B for thin coatings). Permacel 99 tape was used, as recom-
mended by the Standard.

The tube specimens (substrates) were used in one of three sur-
face conditions: (i) as-received; (ii) ground and polished to remove
the as-received surface layer, or (iii) oxidized in simulated BWR
environment after polishing to produce a representative oxide sur-
face. The term “pre-oxidized” will be used to refer to condition (iii).
The outer diameter (OD) and inner diameter (ID) of the 304 SS
tubes were 1 in. and 7/8 in., respectively. The dimensions of the Al-
loy 600 tubes were 7/8 in. OD and 13/16 in. ID.

A ZrO,-coated tube specimen and an uncoated pre-oxidized
stainless steel tube were placed in the same autoclave; measure-
ments were obtained simultaneously from both, using an exter-
nally pressure-balanced Ag/AgCl reference electrode filled with
0.1 mol kg~ ! KCL.

3. Results
3.1. Surface preparation

The deposition of ZrO, coatings onto as-received surfaces of
tube specimens were reported in greater detail elsewhere [1,16].
This paper compares the deposition onto three different surface
conditions: (i) as-received; (ii) mechanically ground and polished
and (iii) pre-oxidized. Fig. 2 illustrates the typical appearances of
the as-received interior surfaces of 304 SS and Alloy 600 tubes
(Condition (i)). They are microscopically rough. The as-received
surface condition (e.g. surface composition) depends on details of
thermomechanical processing and of chemical surface treatment
and differs across different products and different manufacturers.
Of particular concern are possible (and ill-defined) residue/con-
taminants on the surface. The tubes were ground to remove several
microns of material (and prior surface history), polished to average
roughness number (R,) 16-32, and degreased with acetone, to
establish reproducibility (Condition (ii)). The ground and polished
surface of 304 SS appears somewhat rougher than that of Alloy 600
(Fig. 3). Twins are frequently observed on the surface of the latter.

Because deposition onto a surface is likely to be sensitive to the
character of that surface, it is important to ascertain the ability to
deposit the coating, and the quality of that coating, on oxidized
surfaces representative of those that develop in the BWR NWC
environment. Therefore some, mechanically ground and polished
tube specimens were installed in a flow loop, and their interior sur-
faces were pre-oxidized by flowing 288 °C low-conductivity water
(<0.3 uS/cm at the outlet) containing 250 ppb O, and 10 ppb Zn?*
for 500 h (Condition (iii)). Surface Condition (ii), rather than the as-
received surface, was the starting point of preoxidation, because a
previous study had indicated that variability in the as-received sur-
face condition had resulted in inconsistent oxide morphology [18].
Fig. 4 shows the pre-oxidized interior surfaces of 304 SS and Alloy
600 tube specimens, covered uniformly by fine oxide particles; the
surfaces developed the expected morphologies [18]. It has been
suggested by Macdonald that the visible oxide particles are Fe304
on stainless steel [19] and by Mintz and Devine that they are

Ni3O4 (which are often loose and non-adherent) on Alloy 600
[20]. Since the total oxide thicknesses were less than 1 pm, reflec-
tions originating from the oxides in the X-ray spectra obtained by
this study are expected to be weak. A low-intensity reflection at
~36° was observed from some substrates of 304 SS and Alloy
600 and may be the (311) reflection of both Fe;04 and Fe,O3; on
the former (Fig. 9), and may be the (111) reflection of NiO on
the latter (Fig. 12). For Alloy 600, the assignment does not appear
consonant with that of Mintz and Devine.

3.2. Coating process and conditions

The coating-formation process has been described in detail
elsewhere [1,16]. Table 1 gives the components of the aqueous
and organic precursor solutions. Figs. 5 and 6 plot process pH
and temperature, with respect to time, during typical depositions

Fig. 7. Coated surfaces of 304 SS specimens: (a) as-received, (b) ground and poli-
shed, and (c) pre-oxidized.
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onto 304 SS and Alloy 600, respectively. The temperature varia-
tion over the length of the specimen(s) is small. The pH was in
the range of 6-8, with the value at the outlet slightly higher than
at the inlet. To compare the effect of different surface conditions
on deposition, two tube segments of different surface condi-
tions were joined with a Swagelok union and coated simulta-
neously.

3.3. Microstructures of coatings
Fig. 7 exhibits SEM images of coatings deposited on as-received,

ground and polished, and pre-oxidized surfaces of 304 SS speci-
mens. The latter two were coated simultaneously, and the process

temperature and pH are shown in Fig. 5; while the first was coated
separately under the same nominal conditions. The three coatings
appear similar; all were composed of finely agglomerated particles
approximately 100 nm in diameter.

The X-ray diffraction patterns indicate that the tetragonal phase
of ZrO, was deposited, as shown in Figs. 8 and 9. The average thick-
ness of the ZrO, coating on the pre-oxidized 304 SS specimen was
1.0 um according to metallographic cross-section and 0.58 um
according to Rutherford Backscattering Spectrometry (RBS). RBS
measured area atom density (Zr atoms/cm?) that was recalculated
to obtain thickness using 6.1 gcm™> as the density of ZrO, (fully
dense); if the film were less than fully dense because of porosity,
the calculated thickness would be greater.
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Fig. 8. X-ray spectra of ZrO, coatings deposited on as-received, and ground and polished 304 SS specimens.
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Fig. 9. X-ray spectrum of a ZrO, coating deposited on a pre-oxidized 304 SS specimen.
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Fig. 10 displays SEM images of coatings deposited on as-re-
ceived, ground and polished, and pre-oxidized surfaces of Alloy
600 specimens. Again, the latter two were coated simultaneously,
and the process temperature and pH are shown in Fig. 8, while
the first was coated separately under the same nominal conditions.
The three coatings appear similar, consisting of agglomerated par-
ticles approximately 500 nm in diameter; comparison of Figs. 10
and 8 reveals that the degree of agglomeration is greater than that
observed in coatings on 304 SS.

A mixture of monoclinic and tetragonal ZrO, phases was depos-
ited according to the X-ray spectra of Figs. 11 and 12, whereas, on
304 SS, only tetragonal ZrO, was evident. This may be interpreted
as the influence of the different native surface oxides on 304 SS and
Alloy 600.

The ability to lay down a coating on three different surface con-
ditions of 304 SS and Alloy 600, each, implies that the process of
deposition is tolerant. If the deposition process is based on the
electrostatic attraction of opposite surface charges, on the surface
and on the particles, as has been proposed, [1,16] then the zeta po-
tential of the native oxides associated with the different surface
conditions are similar enough to allow deposition. The adhesion
of the coating to the substrate, however, is not as tolerant to sur-
face conditions.

3.4. Coatings adhesion

Fig. 13 summarizes the results of tape adhesion tests performed
on a large number of coatings. Coatings deposited on as-received
and pre-oxidized surfaces demonstrated very good and consistent
adhesion, while those deposited on ground and polished surfaces
gave values for rip-off that varied from 0% to 95%, for both 304
SS and Alloy 600. While data for Alloy 600 is limited, it is consistent
with the trend demonstrated more clearly by 304 SS. Because the
coatings deposited on specimens of all three surface conditions ap-
pear similar, as noted in the previous section, the adequacy of a
coating’s adhesion cannot be assessed by its appearance.

The authors speculate on three possible reasons for the poor
adhesion of coatings deposited on ground and polished surfaces,
two centered around the character of the oxide. First, a ground
and polished surface may not mechanically “anchor” the coatings
as effectively. A smoother surface may provide fewer “anchoring”
sites that interlock with the coating. In addition, the grinding and
polishing process may have left (relatively) loosely embedded (me-
tal and/or oxide) particles in the surface, since no subsequent
chemical surface treatment was applied. The apparent adhesion
of a coating that is deposited on top of these particles would be
limited by the adhesion of these defects to the surface. Second,
the environment during and following grinding and polishing
may not allow the native oxide to establish as completely, with
the same adhesion, thickness and/or quality, as the as-received
or pre-oxidized surfaces. An appropriate concentration of oxidant
in the precursor solution modifies the oxide surface to enhance
bonding between the coating and the substrate [1,16]; concentra-
tions either too low or too high can lead to poor adhesion. The
amount used in this study may be effective for the oxides on as-
received and pre-oxidized surfaces, but may be ineffective for thin-
ner oxide present on ground and polished surfaces. Third, the zeta
potential of the ground and polished surface may be sufficiently
different from the as-received and the pre-oxidized surfaces to de-
crease the strength of electrostatic interaction and reduce resultant
adhesion.

The adhesion of coatings deposited on both pre-oxidized 304
SS and Alloy 600 were very good. This is an important observa-
tion, since the goal is to deposit a thin coating of ZrO, onto the
oxidized surfaces of existing BWR structural materials to mitigate
IGSCC.

3.5. ECP measurement

Fig. 14 plots the ECP values of a (uncoated) pre-oxidized 304 SS
specimen and a ZrO,-coated pre-oxidized 304 SS specimen with
respect to dissolved O, concentration (0.45-1 ppm) in deionized
water at 265 °C. Since the measured ECP values of pre-oxidized
stainless steel reported by different laboratories span a wide range
[21], attributed to differences in flow rate (relative to surface area
capable of consuming oxygen) and to differences in sampling dis-
solved O, (e.g. whether at the inlet or the outlet), among other fac-
tors, the absolute values of the ECP are less significant than the
relative values between the two specimens.

And their ECPs are not significantly different. While not pre-
sented in this Figure, the uncoated specimen, in fact, had slightly
lower ECP than the coated specimen at some oxygen concentrations.

Fig. 10. Coated surfaces of Alloy 600 specimens: (a) as-received, (b) ground and
polished, (c) pre-oxidized.
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4. Discussion

The studies that have been conducted in different laboratories
suggest that inhibitive protective coatings (IPCs) can reduce the ex-
change current density, crack initiation, and growth; however, the
data is neither uniform (with different groups performing different
tests and/or using different conditions) nor entirely consistent. It
has been established that in the BWR environment, the propaga-

tion of SCC cracks in stainless steel is dramatically reduced when
the ECP is less than —230 mV SHE [17]. There exist uncertainties
as to whether IPCs will give rise to more negative ECPs relative
to an uncoated surface [14-15]. Indeed, Yeh et al. suggest that an
IPC need not induce a more negative ECP in order to be effective
against IGSCC.

If the coating were perfect, there is little doubt that IGSCC will
be prevented; after all, the metal is separated from the corrosive

Fig. 11. X-ray spectra of ZrO, coatings deposited on as-received, and ground and polished Alloy 600 specimens.

400
-------- tetragorlla.I ‘ “
y monoclinic
300 % 1 | |5M |
= / »
.?T 200 | (MWMWMWWMWWMW {l(
E WWW coiﬁTgfnpoHshed
substrate | | } “
100 Wu l'mhll. i ”|”FM“ y i m‘lﬁlil \‘m,\||1\\|‘l| il ‘ MHM WMMW
% 30 35 40 45 50 WS
2 Theta (degree)

2 Theta (degree)
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Fig. 14. ECP values of a (uncoated) pre-oxidized 304 SS specimen and a ZrO,-coated
pre-oxidized 304 SS specimen with respect to dissolved O, concentration in deio-
nized water at 265 °C.

environment. However, disagreement arises upon consideration of
a crack in the coating (a “coating-crack”).

Yeh et al. (and also MacDonald) believe that there is extensive
coupling between an IGSCC crack tip (and in this case, the metal
at the bottom of a coating-crack) and the external surfaces. There-
fore, Yeh uses a mixed-potential model that includes redox reac-
tions on the external surface (and that assumes the IPC coating is
not perfectly insulating) for interpretation. If the presence of the
coating decreases the (absolute) rate of reduction occurring on
the external surface, then the rate of dissolution of metal at
the crack tip, to which it is coupled, also decreases. However, the
ECP is determined by the relative decreases in the rates, on the
external surface, of reduction (e.g. that of O,) versus oxidation
(e.g. that of general corrosion of the coated metal substrate, with
species diffusing through the coating). If the rate of reduction reac-
tion is depressed significantly relative to the rate of oxidation, then
the ECP will shift lower; if the rate of oxidation is depressed signif-
icantly relative to the reduction reaction, then the ECP will shift
higher. Consequently, Yeh argues, it is possible for the coating to
mitigate IGSCC without inducing a more negative ECP.

Kim and Andresen have an alternate viewpoint. If the coating
develops a crack, as long as the coating-crack is sufficiently restric-
tive and long, it will form an artificial stagnant layer of solution
through which oxidants must diffuse; the oxidant flux that reaches
the metal will be insufficient to shift the ECP to deleteriously high
values; and certainly not as high as, say, —230 mV [10]. On the
other hand, if the coating-crack is severe, and the oxidant flux that
reaches the metal raises the ECP above —230 mV, then mitigation

is lost. In their interpretation, ECP is a clear indication of whether
the coating mitigates IGSCC.

The two descriptions differ in a potentially important and prac-
tical way. That of Yeh is, in principle, more tolerant of damage - as
long as sufficient area is covered by the coating so that the absolute
rate of reduction on the external surface is sufficiently decreased,
IGSCC will be mitigated. The description of Kim and Andresen sug-
gest that the primary benefit of the coating is the prevention of
crack initiation of the area covered by the coating, for it seems dif-
ficult to insure that cracks which develop during the processing/
deposition of the coating or during subsequent service will always
remain sufficiently geometrically restrictive with respect to the
oxidant flux that reaches the metal. One should note that the pre-
vention of crack initiation may potentially be a significant benefit,
even if there is no benefit with respect to crack propagation.

The ECP measurements from this work agree with previous
results reported by the authors, [1,16] as well as with those of
Yeh et al. [14], and Stellwag and Killian [13], but not with those
of Kim and Andresen [10] and Zhou and Macdonald [12]. Addi-
tional studies are necessary to resolve the disagreement, which
might be correlated with the very different coating thicknesses
produced by the different groups.

The coatings produced in this study (1-2 pm) were marginally
thicker than those of Stellwag and Kilian (0.3 pm), but substan-
tially thinner than those of Kim and Andresen (75-250 pum) and
Zhou and Macdonald (150 pm). Thick coatings, therefore, appear
more effective in reducing ECP and may be rationalized by the low-
er expected probability of severe defects that penetrate greater
thicknesses. For example, Figs. 7 and 10 illustrate that the ZrO,
coatings are comprised of consolidated particles. There is a distri-
bution of particle sizes, and the larger ones are significant relative
to the thickness of the coating (1-2 pm), contributing to uneven-
ness and perhaps to the formation of defects, such as the micro-
cracks and possible voids in Fig. 10. If these defects could be elim-
inated to produce a more uniform coating (e.g. by changing the
process conditions to consolidate smaller particles), it may be pos-
sible to achieve the lower ECP values observed in thicker coatings.

5. Conclusions

This study investigates the in situ hydrothermal deposition of
thin (1-2 pum) ZrO, coatings on 304 SS and Alloy 600 specimens
with different surface conditions: as-received; ground and pol-
ished; and pre-oxidized. In particular, it has been ascertained that
such coatings can be deposited onto pre-oxidized 304 SS and Alloy
600 surfaces; 304 SS and Alloy 600 are prototypical BWR structural
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alloys. The pre-oxidized surfaces, whose character may influence
deposition, simulate those that develop in the BWR NWC environ-
ment. Adherent coatings were obtained on the as-received and the
pre-oxidized surfaces of both 304 SS and Alloy 600; the adhesion of
the coatings deposited on the ground and polished surfaces was, in
general, worse, for both alloys. For all surface conditions, tetrago-
nal ZrO, was the phase deposited on 304 SS, while a mixture of
monoclinic and tetragonal phases was deposited on Alloy 600.
ECP measurements conducted on a ZrO,-coated pre-oxidized 304
SS specimen did not demonstrate significantly more negative ECPs
relative to an uncoated pre-oxidized 304 SS specimen.
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