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INTRODUCTION

The role of anionic impurities in increasing the risk of environmentally assisted cracking (EAC) of stainless
steels and Ni-base alloys in BWR environments has been discussed widely in the literature [1 2 The
mechanism of the action of such anionic impurities as sulphate ions released from ion exchange resins has not,
however, been clarified in a satisfactory manner.

Several of the proposed models for stress corrosion cracking 2] include the idea that the properties of the films
formed on the crack walls and in the crack tip region may influence or even control the rate of crack growth. Our
earlier results have suggested that the resistance of ionic transport in the oxide film fon-ned on a given material
in simulated oxygen-free crack chemistry conditions decreases with increasing sulphate content in the crack 3].
In other words, the protectiveness of the film decreases, and it may thus be interpreted to correlate with
increasing cracking susceptibility. The results have indicated that the protectiveness of the film on a given
material can be used to evaluate the cracking susceptibility of that given material in different environments. The
comparison of different materials using only this approach does, on the other hand, not seem justified on the
basis of the obtained results, because differences in the composition and properties of the substrate alloys may
also contribute to the rate of crack growth.

The previous results have given a good demonstration of the influence of chemical conditions within a crack on
the electrochemical behaviour of oxide films. A more comprehensive understanding of the influence of anions
on the oxide films requires, however, also information of the impact of anions on the composition and structure
of the films on different materials. This paper presents the results of the work in which different ex situ analytical
techniques have been used to clarify how sulphate ions affect the oxide films forming on AISI 316 L(NG)
stainless steel, Inconel alloy 182 and nconel alloy 82 in simulated crack chemistry conditions.

EXPERIMENTAL
The materials studied in this work are AISI 316 L(NG) stainless steel, Inconel alloy 182 and nconel alloy 82,
supplied by Teollisuuden Voima Oy. The chemical composition of materials is shown in Table 1. Samples for ex
situ analysis were prepared by embedding pieces of rod with a diameter of 5 mm in IPTIFE holders and exposing
them to different simulated crack chemistry conditions for ca 4 days. The samples were mechanically ground
with 4000 grade emery paper and rinsed with Milli-Q0 water before the exposure.



Table 1. Composition of the materials used in the investigations (weight-%).

Material C Cr Cu Fe Mn Ni S Si MO Others
"AISI 316L(NG) 0.015 16.5 026 remainder 173 10.5 0002 054 2.55 N2 0056
")Inconel Alloy 182 003 15.24 0.01 8.07 7.57 66.36 0.001
"7-conel Alloy 82 0.036 20.23 003 0.71 2.92 73.05* 0,001 0.05 Nb 248

'rD�eterm�ined using optical emission spectrometer (Spectrolab S)
") As reported by the supplier; *) including cobalt

The samples were exposed to water purified in a Milli-Q0 water purification system (Millipore) and to a H2SO4

solution containing 10000 ppb sulphate ions. The test temperature was 2730C, and the solution was de-
oxygenated before each experiment using N2 Of 99.999% purity. The former solution was employed to simulate
oxygen-free crack tip chemistry without anion enrichment. The latter solution was on the other hand employed
to simulate such crack chemistry conditions that correspond to a sulphate content of ca 30 ... 1 00 ppb in the bulk
coolant, taking the enrichment of sulphate ions into a crack into account 3]. The room temperature pH values of
the 10000 ppb sulphate solution was measured to be 37, while the corresponding high-temperature pH was ca
4.1. The corrosion potentials of the samples and the redox potential in the test solutions are given in Table 2 An
external pressure balanced AgCI/Ag electrode filled with 0.01 M KCI was used as a reference electrode when
measuring the open circuit potentials.

After exposing the samples to different simulated crack chemistry conditions in a Ti-cladded static autoclave, the
autoclave was cooled down, and the samples were removed and subjected first to ESCA analysis (electron
spectroscopy for chemical analysis), then to AES analysis (Auger electron spectroscopy) and finally to SEM
imaging (scanning electron microscopy).

Table 2 The corrosion potentials of the material samples and the redox potential in simulated oxygen-free
crack conditions without anion enrichment and with 1 0000 ppb sulphate ions.

no sulphate: Ec,, / myHE 1 0000ppb : Ec,, / mvHE

AISI 316 L(NG) -470 -390

Inconel alloy 182 -370 -340

Inconel alloy 182 -450 -340

Pt -380 -260

A FEI XL30 LaB6 ESEM scanning electron microscope, an AXIS 165 electron spectroscopy for chemical
analysis (ESCA) instrument and a Perkin Elmer PHI model 610 scanning Auger microprobe were used for the

ex situ analysis of the samples.

RESULTS OF SEM IMAGING
The top views of the surfaces of oxide films on AISI 316 L(NG) stainless steel, Inconel alloy 182 and Inconel
alloy 82 are shown in Figs I ... 3, respectively, for films formed in the absence of sulphate ions and in a sulphate

content of 10000 ppb.

The SEM micrographs indicate that the surface of AISI 316 L(NG) becomes covered by elongated round-edged
crystals <0.3 pm < size <1.3 pm) in the absence of sulphate ions. The layer duplicates the macroscopic
structure of the surface. Thus e.g. the grinding marks were clearly seen when using small magnification. The
presence of 10000 ppb sulphate ions in the solution leads to the formation of needle-like crystals. The size of

these crystals is typically smaller than of the ones formed in pure water, i.e. about 06 x 0.1 pm. Also this layer

duplicates the macroscopic surface topography well.
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Figure 1. SEM micrographs of the top of the oxide film formed on AISI 316 L(NG) stainless steel samples in
conditions simulating oxygen-free crack tip chemistry without anion enrichment (left) and in
conditions simulating crack tip chemistry with I 000 ppb sulphate ions (right).

Figure 2. SEM micrographs of the top of the oxide film formed on Inconel alloy 182 samples in conditions
simulating oxygen-free crack tip chemistry without anion enrichment (left) and in conditions
simulating crack tip chemistry with 1 0000 ppb sulphate ions (right).

Figure 3. SEM micrographs of the top of the oxide film formed on nconel alloy 82 samples in conditions
simulating oxygen-free crack tip chemistry without anion enrichment (left) and in conditions
simulating crack tip chemistry with 1 0000 ppb sulphate ions (right).

Also in the case of Inconel alloys 182 and 82, the SEM micrographs indicate that the sample becomes covered
by elongated round-edged crystals, when no sulphate ions are present in the solution, while the presence of
10000 ppb sulphate ions makes the crystals look needle-like.
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A possible reason for the formation of needle-like crystals in the presence of sulphate ions is the dissolution of
the round-edged crystals at the lower pH. This is assumption is supported by the existence of remnants of
round-edged crystals shown in Fig.l. The outlook of the layer is different from the typical oxide films after long
term operation in an oxygen-containing BWR environment, where more equiaxed oxide crystals are normally
observed.

To assess the thickness of the oxide films, the samples were subjected to cross-sectional SEM imaging. The
thickness of the oxide film was measured from numerous locations, and the results of the measurements are
summarised in Table 3.

After exposure to oxygen-free crack tip conditions without anion enrichment, the oxide films on all specimens
seemed to have only one clear oxide layer. On the other hand, after exposure to crack tip conditions with
sulphate ions, indications of two layers could be distinguished on the surfaces on AISI 316 L(NG) and Inconel
alloy 182, while only one layer could de distinguished on the surface of Inconel alloy 82. In the cases, where
indications of two layers were observed, the thickness of the inner layer as well as the thickness of the whole
layer were measured separately. The appearance of the inner layer on the nconel alloy 182 sample was
different from that on the AISI 316 L(NG) sample. In images obtained using back-scattered electrons it
appeared locally lighter, indicating the presence of heavier atoms on the average. The reason for this could not
be clarified. Some uncertainty in the cross-sectional images and in the thickness measurement may be
associated with the possible influence of the pre-treatment of the sample, i.e. the Ni coating, on the appearance
of the samples. It thus remains partly unclear, whether the observations of two different layers in part of the
samples describe the real situation or whether they are an artefact.

Table 3 Summary of oxide thickness measurements from cross-sections, performed using SEM and
20000 ... 40000 times magnifications.

AISI 316 L(NG), Inconel alloy 182 Inconel alloy 82
no S04'_ 10000 ppb S04'_ no S04'_ 1 0000 ppb S04 noSO42- 10000ppb
addition addition addition S04 _

whole film whole film inner layer whole film w:h::o:e flm Banner layer whole film whole film
310 nm 230nm 100nm- 450 nrn 390 nrn 1 180 nm 380 nm 190 nm

On all the investigated samples, the film formed on the sample in the simulated crack environment without
sulphate is thicker than that formed in the presence of sulphate.

RESULTS OF ESCA ANALYSIS

The ESCA measurements were recorded from the material samples exposed to simulated oxygen4ree crack
conditions with and without anion enrichment. Generally, the scatter in both wide and high-resolution results
was higher than what has been observed for homogeneous sample; yet one may well expect inhomogeneities
on steel surfaces exposed to a corrosive environment. No excessive spectral broadening due to
inhomogeneous charging was detected.

Small but detectable amounts of sulphur were found in the samples exposed to simulated crack conditions with
no sulphate ions in the solution. The surface sulphur concentrations ranged from 0.0 to 03 at-% and the
differences between the different material samples were negligible. For the samples that had been exposed to
the 10000 ppb sulphate solution, the surface sulphur content was markedly higher. The difference in surface
sulphate concentration was most pronounced on AISI 316 L(NG) i.e. about 20 times that of the sample exposed
to the 0 ppb sulphate solution, while for the Inconel samples the value was only 3-5 times that of the sample
exposed to the ppb sulphate solution. According to the high-resolution data, the sulphur on the oxide film
surfaces was always present as sulphate, which means that the experimental conditions have not been
reducing enough for the formation of sulphide species.

RESULTS OF AES ANALYSIS

The AES results indicate a clearly higher content of sulphur on the surface of the AISI 316 L(NG) sample
exposed to the 10000 ppb sulphate solution than on that exposed to pure water. This agrees well with the
results of ESCA analysis. For nconel alloy 82, the AES results also show a higher content of sulphur on the
sample that has been exposed to the 1 0000 ppb sulphate solution, but this is not the case for Inconel alloy 182.
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The latter observation is in some contrast to the ESCA results, and it may be ascribed to the different surface
sensitivity of AES and ESCA for the sulphur signal.

The thickness of the films formed on the different samples was defined to be equal to the distance from the
surface where the oxygen signal had reduced to 50% of its initial value. The estimated thicknesses are
summarised in Table 4.

Table 4. The thickness of the oxide films formed on the different samples exposed to simulated crack
chemistry conditions. Estimates based on sputtering and AES analysis.

AISI 31 L(NG) Inconel Iloy 182 Inconel Iloy 82
no S042- 1 0 000 ppb no S042- IO' 00oppb no S04 10 OOOppb
addition S04� _ addition S04 _ addition S04 .

400 nm 230 nm 540 nm 230 nm 400 nm 170 nm

In qualitative agreement with the SEM results, Auger results show that the presence of sulphate ions leads to a
considerably lower thickness of the film for all the material samples. A quantitative comparison with the SEM
results does not give an unambiguous answer to whether the two-layer structure observed in some SEM images
is a real observation or an artefact. However, a plot demonstrating the relative Cr content with respect to the
main cation constituents as a function of film depth shown in Fig. 4 suggests that the film formed on AISI 316
L(NG) in the 10000 ppb sulphate solution comprises parts with different Cr contents. This is an indication of a
two-layer structure, and it was not found for the other materials when plotting the relative Cr content as a
function of film depth. It may thus be assumed that the two-layer structure is a real phenomenon for AISI 316
L(NG) but probably not for the nconel alloy 182.

The depth profiles determined by means of AES for Fe, Cr, Ni, Mo, 0 and S in the different samples have been
collected in Figs 5 ... 7.
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Figure 4. The relative Cr content in the oxide film formed on AISI 316 L(NG) in oxygen-free crack tip conditions
in the absence of sulphate ions and with 10000 ppb sulphate ions. The thickness of the films
indicated with arrows (400 nm in the sulphate-free and 230 nm in the sulphate solution).
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Figure 5. The depth profiles of Cr, Fe, (left axis) and Ni, Mo, S (right axis) in the AISI 316 L(NG) stainless
steel sample oxidised in conditions simulating oxygen-free crack tip chemistry without anion
enrichment (above) and in the 10000 ppb sulphate solution (below).

The profiles for AISI 316 L(NG) stainless steel (Fig. 5) show that the main metal cation in the oxide films formed
both in simulated oxygen-free crack conditions with no anion enrichment and in the presence of 10000 ppb
sulphate ions is Cr. Fe has the second largest contribution, while Ni and Mo are present in smaller amounts.
Sulphur seems to be present in a higher concentration in the sample exposed to the 10000 ppb sulphate
solution. No other differences, except for the smaller thickness of the film, can be ascribed to the presence of
sulphate ions in the solution.
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Figure 6 The depth profiles of Ni, Cr, Fe, (left axis) and Mo, S (right axis) in the nconel alloy 182 sample
oxidised in conditions simulating oxygen-free crack tip chemistry without anion enrichment (above)
and in the 1 0000 ppb sulphate solution (below).

In the case of Inconel alloy 182, the Ni content in the film seems to be slightly lower after the exposure to the
environment containing sulphate ions. In addition, a weak maximum in the Cr content may be observed at the
depth of ca 100 nm for the 10000 ppb sulphate solution sample, while it cannot be recognised for the sample
exposed to pure water. Otherwise, no differences can be identified between the samples formed in the two
environments on the basis of the depth profiles.
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Figure 7. The depth profiles of Ni, Cr, 0 (left axis) and Fe, Mo, S (right axis) in the Inconel alloy 82 sample
oxidised in conditions simulating oxygen-free crack tip chemistry without anion enrichment (above)

and in the 10000 ppb sulphate solution (below).

The main difference in the results for Inconel alloy 82 is that the content of iron in the film is higher in the sample

exposed to the 1 0000 ppb sulphate solution than in the sample exposed to pure water.
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SUMMARY AND DISCUSSION OF THE MAIN OBSERVATIONS

The goal of the present work has been to clarify the influence of sulphate ions on the oxide films formed on
stainless steel and Ni-based alloys in simulated crack chemistry conditions using different ex situ analytical
techniques.

The main observations of this work can be summarised as follows:
• The thickness of the films formed in simulated oxygen-free crack chemistry conditions during an exposure of

circa 4 days varies roughly in the range 200 ... 500 nm, which corresponds to observations reported in the
literature 2].

• The presence of 10000 ppb sulphate ions in simulated crack tip conditions seems to lead to a considerably
lower thickness of the oxide films when compared to sulphate-free conditions.

• The presence of 10000 ppb sulphate ions leads also to considerable changes in the morphology of the
oxide crystals on the material samples. In the absence of sulphate the outer oxide layer contains elongated
round-edged crystals, while in the presence of sulphate ions the crystals are longish and needle-like. No
visible difference can be observed in the outlook of the crystals formed on stainless steel and Inconel alloy
surfaces.

• A small amount of sulphur in the form of sulphate can be found on the oxide surface on all the studied
materials after exposure to the 1 0000 ppb solution.

• Sulphur seems to become incorporated inside the oxide film on AISI 316 L(NG).

It is not clear at this stage, whether the observed influence of the sulphate ions can be ascribed to the lower pH,
to a possible effect on solubility or to a direct influence of the anionic species.

CONCLUSIONS AND FUTURE WORK

The main result of this study is that the presence of sulphate ions added as sulphuric acid in simulated crack
conditions leads to the formation of considerably thinner films on material surfaces than in the absence of
sulphate ions. This may be due to a lower pH or to a direct influence of the sulphate anions. The formation of a
thinner film is in agreement with our previous results on the effect of sulphate ions on the oxide film formed in
simulated crack conditions 3]. We have earlier assumed that the lower resistance for ionic transport in the films
formed in the presence of sulphate ion is due to the higher content of ionic defects in the films. The observation
of the lower thickness may however be as good an explanation to the previous results. It is possible that the film
formation efficiency in solutions containing sulphate ions is lower than in sulphate-free solutions. This leads to
the release of more soluble corrosion products at the expense of film growth.

Further experiments are needed to find out, whether the films formed in the presence of sulphate ions contain
more defects in addition to being thinner. Another important topic for further studies is to find out how the
content of dissolved hydrogen affects the thickness or the stability of the films, or the adsorption of sulphur
species on the film surface. Hydrogen may be formed within the crack in considerable amounts (see for
instance Ref 2 and references therein) and is thus a highly relevant parameter when clarifying the mechanism
of cracking and its correlations with measurable parameters.
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