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Abstract: Study of oxide film formed inside the pre crack in a CT specimens during a rising displacement test in high
temperature water (288°C), under environments used in Boiling Water Reactor (BWR): Normal Water Condition (NWC -
200 ppb O,) and Hydrogen Water Chemistry (HWC — 125 ppb H,), was realized by scanning electron microscopy (SEM),
and X-ray diffraction (XRD). In both cases the oxide film consisted of two layers and was identify as magnetite. In the
case of HWC this results are agree with previous reports that mentioned to magnetite as stable phase in reducing condi-
tions; however the presence of magnetite crystals in NWC has not been reported due to the stable phase in oxidant condi-
tions is hematite. This situation permit infer that inside the pre crack of CT specimens the environmental conditions was
different with the oxidant bulk, and probably a poor oxygen access and stagnant conditions within the narrow crack, pro-
moted a localized reducing environment that permitted the magnetite formation. Is evident that the crack growth studies
should be considered the conditions inside crack because is significantly different.

1. INTRODUCTION

Stress Corrosion Cracking (SCC) in a general term de-
scribing stressed alloy fracture that occur by the propagation
of cracks in corrosive environments, SCC has the appearance
of brittle fracture, yet it can occurred in highly ductile mate-
rials like AISI 304L used in internals components of boiling
water reactors (BWR). The high levels of oxygen and hydro-
gen peroxide generated under a operational Normal Water
Condition (NWC) in a BWR, promote a Electrochemical
Corrosion Potential (ECP) that is enough to initiate and
propagate SCC in susceptible materials (+200 mV vs SHE)
[1]. Changed water chemistry has been the principal solution
for mitigate this cracking, and the change included a more
reducing environment by application of Hydrogen Water
Chemistry (HWC) by injection of gaseous hydrogen to the
feedwater (-230 mV vs SHE).

One of the most important models to understand the
mechanism of SCC in sensitized stainless steels, has been the
theory of the slip-dissolution model that is based on me-
chanic oxide film rupture and localized dissolution along an
active path [2]; the oxide film should permit an active disso-
lution in the crack tip, but an adequate coated protection in
the rest of the crack surfaces avoiding a general corrosion
process.

It is evident that the properties of passive film playing a
key role in the SCC of austenitic stainless steels and by this
reason some authors [3-5] have worked in the study of its
chemical and physical properties. For NWC hematite has
been the typical structure in the film, because is the stable

*Address correspondence to this author at the Centro de Fisica Aplicada y
Tecnologia Avanzada, Universidad Nacional Autébnoma de México, A.P. 1-
1010, Santiago de Querétaro, Querétaro 76000, México;

E-mail: castano@fata.unam.mx

1876-5033/09

phase in oxygen condition; while in HWC or reducing envi-
ronment the oxide film has been reported how magnetite. In
almost all the cases, the analysis has been done in flat and
polish specimens immerses in high temperature water, so in
this paper (and try to collaborate with more information to
understand the phenomenon) we present the characterization
by Scanning Electron Microscopy (SEM) and by X Ray Dif-
fraction (XRD), of oxide film formed in a narrow surface of
the pre-cracked CT specimen of AISI 304L during a rising
displacement test in normal and hydrogen water conditions
to BWR.

2. MATERIALS AND SPECIMEN PREPARATION

CT specimens were machined; using 25.4 mm thick
plates of stainless steel 304L with the chemical composition
summarised in the Table 1, and welded by Shielded Metal
Arc Welding (SMAW) with E308L-16, according with a
Nuclear Welding Procedure Specification of a real shroud.
The Heat affected zone of the specimens agreed with the
notch of the specimens.

Table 1. Chemical Composition
C(%) | Cr(%) | Ni(%) | Mo(%) | Mn (%) | P(%) | S (%)
0.035 18.23 8.72 0.134 153 0.01 | <0.001

The CT specimens were fatigue pre-cracked in air with a
maximum K, = 25 MPaVm and the Rising Displacement
Technique (RDT) was carried out in a refreshed autoclave
loop which was attached to a servo-hydraulic tensile test
machine that loaded the specimens at very low stroke rates
under displacement control (1x10° m*seg? and 1x10™°
m*seg™). Similarly to the BWR environment, the tempera-
ture of the experiments was 288 + 1 °C, at a pressure of 8
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MPa; and the demineralised water with a conductivity ap-
proximately of 0.1 uS/cm was equilibrated with appropriate
mixtures of argon, oxygen and hydrogen to establish the de-
sired water chemistry: NWC with 200 ppb O, and HWC
with 125 ppb H,.

Silver-silver chloride reference electrode were used (Ag,
AgCl/0.01 M KCI); all specimens were tested under open
circuit condition, and potential measures were registered.

According to ESIS P4-92 D when the experiment fin-
ished, the CT specimens were again fatigued in air until they
were broken open, chemical and morphology analysis of the
oxide film formed in the pre-crack zone (See Fig. 1), was
carried out by Scanning Electron Microscopy, and by X-ray
Diffraction.

Pre crack zone

Fig. (1). Oxide film formed in the pre-crack of CT specimen.
3. RESULTS AND DISCUSSION

The experimental conditions of corrosion test performed
on the specimens are summarized in Table 2, included the
Electrochemical Corrosion Potential (ECP) that was a typical
value in each environment.

Table2. Experimental Conditions Summary
Displacement | O,or H, Ecorr
Specimen Rate (ppb) vs SHE COAnSé 'EL aS/ecm
m/seg Average | Average 9
RD24 1x10° 343(0,) | 140mV 0.08
RD8 6.6x10%° 270 (0,) | 200mV 0.14
RD20 1x10° 125 (Hy) | -240mV 0.08

SEM and EDS Analysis

Figs. (2, 3), show scanning electron microscopy micro-
graphs of isometric and well defined particles, that was iden-
tify as magnetite. This particles were formed in the pre crack
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surface during the Rising Displacement Test under NWC
with 200 ppb O, and similar that other works [3] the Fig. (4),
show that the oxide film consisted of two layers: the outer
oxide layer with different particle sizes and the inner fine
grained layer.
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Fig. (2). SEM micrographs showing well defined particles of mag-
netite.
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Fig. (3). Particles formed in the pre-crack of the specimens during
RDT in NWC.

Fig. (4). Picture showing the inner layer formed in NWC.
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The average chemical composition on the outer oxide
particle and the inner oxide layer was get by punctual EDS
and are listed in Table 3. This results permit to infer that Cr
and Ni tends to go into solution and the outer oxide film is
poor in this elements; however how has been reported yet,
the EDS results on the inner layer show that the level of Cr
an Ni is concentrated in this region.

Table3. Average Chemical Composition on the Outer an
Inner Oxide Layers Formed in NWC
Cr Fe Ni
Outer oxide particles 1.17 30.96 0.52
Inner oxide film 17.44 27.97 4.95

In the HWC experimental conditions the outer oxide film
formed has smaller particles with a similar shape that the
particles formed during NWC (See Figs. 5, 6). And in any
case can see flat particles that for morphology could be asso-
ciates with hematite.

Fig. (7) shows that under HWC condition there are also
two layers and their chemical composition are listed in Table
4,

Table4. Chemical Composition on the Outer an Inner Oxide
Layers Under HWC
Cr Fe Ni
Outer oxide film 2.44 27.74 2.03
Inner oxide film 14.54 32.34 6.40

Fig. (5). Picture that show smaller particles formed in HWC.

In the same way that the films formed in NWC, the outer
layer formed in HWC is poor in Cr and Ni, but tend to con-
centrates in the inner layer.

X-Ray Diffractometry

Figs. (8, 9) show the X-ray difractograma of the oxide
film formed in NWC (200 ppb O;) and HWC (125 ppb H,).
In both cases and according with the SEM photomicrography
evidence, the analyses show the magnetite (Fe3O,) presence.

Diaz-Sanchez and Castafio

Fig. (6). Particles with a shape associate to magnetite and some of
theme with the characteristic shape of hematite.

T '.‘ a ’ { |
Fig. (7). SEM photomicrography showing the two layers in the pre
crack surface formed during HWC conditions.

This results differed from previous reports in which
Fe O3 (o-hematite) is the stable form of the film oxide in
oxidant environment (200 ppb O,.) However, considered this
crystalline identification and the characteristic shape show in
the micrographs can establish that the oxide film formed in
the pre crack of the specimen tested in 200 ppb O, is mag-
netite. This situation can explain if we consider that the pre-
vious works have been done with flat specimens immerses in
the typical environment; however the environmental condi-
tion is only controlled in the bulk of the system, and the con-
ditions within a crack can be very different [6]; in fact, is a
very well known that in narrow fissures the oxygen access is
poor and a stagnant electrolyte solution is present [7]; so this
study confirm that the level of oxygen inside the crack is less
than the rest of the system.

Fig. (10) shows a potential-pH diagrams for iron in su-
percritical water [6], in which we can see that at potentials
above the equilibrium line for Fe;04/Fe,03, both Fe30,4 and
Fe,O3 could exist as metaestable surface phases. And it was
likely that the passive film on iron possessed a bilayer struc-
ture. However at potentials below this line, but above that for
Fe/Fe;0, the passive layer was expected to consist of a sin-
gle Fe304 layer. Based on above is not difficult to think in a
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Fig. (8). XRD patterns of Fe;0, formed in the crack under NWC (200 ppb O,).
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Fig. (9). XRD patterns of FesO,4 formed inside the crack under HWC (125 ppb H,).
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potential reduction inside the crack in which is feasible the
magnetite formation or well the existence of the two phases.

E (V)

pHatT

Fig. (10). Potential-pH diagrams obtained by Towsend and Krik-
sunov (bold lines) at 200°C [6].

4. CONCLUSIONS

The oxide film formed in NWC and HWC consisted of
two layers: the outer oxide layer with different particle sizes
and the inner fine grained layer.

In both cases (NWC and HWC), the outer oxide film is
poor in Cr and Ni but the inner layer show that the level of
Cr and Ni is concentrated in this region.

Diaz-Sanchez and Castafio

The surface morphology formed on AISI 304L under
NWC and HWC conditions, is typical to magnetite.

By morphology particles of magnetite were presents in
the CT surface tested in both conditions.

In both cases (NWC and HWC) the X-ray diffractografy
analysis confirm the presence of magnetite (FesO4) on the
outer layer.

This results confirm that the level of oxygen inside the
pre crack is less than the rest of the system and under this
poor oxygen conditions is feasible the magnetite formation,
even though the bulk has and oxidant condition.
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