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Abstract

In 1994 and 1996, tubes removed from the Oconee Nuclear Station once through steam generators (OTSG)
confirmed the presence of intergranular stress corrosion cracking (IGSCC) in the freespan region. The IGSCC
is occurring in the superheated region of the steam generators, which is an area with no crevices and very light
surface deposits. The tubes were subjected to a variety of routine examination techniques such as
metallography, scanning electron microscopy (SEM), and Auger electron spectroscopy (AES). These analyses
provided considerable information, but were inconclusive in determining the specific damage mechanism
involved. Consequently, the tubes were analyzed by secondary ion mass spectroscopy (SIMS), high-resolution
X-ray photoelectron spectroscopy (XIPS), and analytical transmission electron microscopy (ATEM). The results
of these analyses revealed features, morphologies and chemical contaminants, which included lead, that were
not apparent by the more traditional analyses.

Background

Oconee Nuclear Station is a three-unit site located near Clemson, South Carolina SA. Each unit is a two
looppressurizedwaterreactorwithtwooncethroughsteamgenerators. Thenuclearsteamsupplysystems
were designed and manufactured by Babcock Wilcox and are rated for 886 MW(e) or 2568 MW(thermal).
Oconee Unit One began commercial operation in 1973 and Units Two and Three began commercial operation
in 1974.

Each unit is equipped with two, model FA-177 once through steam generators. Each generator has more than
15,000 straight tubes approximately 17 m long made of sensitized Alloy 600 with a 159 cm nominal outside
diameter and a 094 mm nominal wall thickness. The tubes were hard rolled into low alloy steel tube sheets that
are approximately 61 cm thick and welded to the cladding on the primary side of the tube sheets. Only the
bottom (cold leg) and top (hot leg) 25 cm of the tubes were rolled into the tube sheets, a process that left
crevices of approximately 58.5 cm deep between the tubes and tube sheets. Each tube passes through fifteen
tri-foil broached tube support plates (TSP) of 38 cm thick carbon steel, Reactor coolant water enters the inside
of the tubes at the top of the steam generator with a hot leg temperature of 3160C.

The units generate about 310C of superheated steam at a flow rate of 1348 kg/sec. Divergence from nucleate
boiling begins at about the 8th TSIP 6.7 m) with 1 00% steam quality occurring by the 9th TSP 7.3 m) at 1 00%
power.

Secondary water chemistry has always been all volatile treatment with the current treatment being comprised
of hydrazine, ethanolamine (ETA) and dimethylamine (DIVIA).

Initial Examination Results
Typically, the tubes removed from the steam generators had long scratches, probably caused by the insertion

of the tubes during manufacturing'. Shallow intergranular attack ([GA) was found in the freespan region,
generally above the 1 01h TSIP. Outside the scratches, the depth of the IGA was typically 1-5% through wall
(TW). Inside the insertion scratches, the IGA/IGSCC was found to be as high as 74% TW, with an average of
about 50% Tw. Typical chemical contaminants of aluminum, silicon, calcium, potassium, and magnesium were
observed 2,3,4 on the OD surface. The silicon was consistently incorporated as O2 in the corrosion films. AES
results from the fracture surface indicated that the environment was probably slightly alkaline.
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Summary
While the traditional metallography, SEM and AES examinations were beneficial and informative, they did not

provide definitive answers to the cause of the degradation. To obtain additional information to help answer this
question, samples were submitted for Secondary Ion Mass Spectrometry (SIMS), high-resolution X-ray
photoelectron spectroscopy (XPS) and Analytical Transmission Electron Microscopy (ATEM).

SIMS Results

Samples of tube sections were analyzed in the laboratories at Atomic Energy Canada Limited in Chalk River,
Ontario'5. The samples had all been previously identified with GSCC and investigated by SEM and AES
techniques. The inside of the tube sections were mechanically decontaminated and metallographic
examinations performed to locate the cracking.

Three radial-transverse sections were examined by SIMS. SIMS ion images were obtained from the following
locations, (i) entrance to IGA including tube surface, (ii) part way down IGA, (iii) inner tip of [GA, (iv) anon-
degraded' region just beyond or adjacent to the IGA, and (v a montage of three to five images of 'major' species
along the surface showing the IGA. Secondary ion images and mass spectra of both positive and negative
secondary ions were collected.

Figure 2: Montage of optical microscope images from Unit 2.

Figure 3: Secondary ion images for 160- and 12 C2- from Spot 1 (top pair of images) and Spot 2 (bottom pair of
images).
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Figure 4 Secondary ion images for "'0- and 12C 2- from Spot 3 (top pair of images), and a non-degraded region
(bottom pair of images).

As can be seen from Figures 2 - 4 the degradation is most severe at the tube surface with decreasing
degradation toward the inside of the tube. Note how the oxygen images decrease in intensity while the carbide
images increase in brightness. There are some differences in the SIMS gain settings, which accounts for a less
dramatic intensity difference. Similar results were obtained from cracks from all the units.

SIMS images are valuable in detecting the presence of sodium. Sodium was found to be present to the full
extent of the IGA. However, it was not possible to quantify the amount of sodium present in the cracks, but the
images indicate that it is present only in trace quantities, which would suggest a less than caustic environment.
The significance of this is not to suggest caustic cracking, but to show that the degraded grain boundaries were
,.open" to solution.

XPS Results
A special preparation was employed to obtain samples for XPS analysis. A ring -5 mm wide was cut from
sections of tubes from the three units. An electronically conductive, double-sided tape was applied around the
full circumference of each ring prior to placing them in an anaerobic chamber. Each ring was placed under
stress by being forced onto a mandrel in a press. After the rings had been moderately strained, the tape was
removed and attached to a sample-transfer mount (with the side in contact with the SG tube facing up). This
technique allowed the tube surface, sans oxide layer, and the oxide layer adjacent to the tube surface to be
investigated.

Figure 5 shows a series of secondary electron images from the Unit 2 sample. These show a distinct band of
IGA near the tube exterior surface, which runs the full length of the sample. The depth of penetration varies
from a few grains to over half the wall thickness.
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Figure 5: SEM images collected from a Unit 2 sample. The tube exterior surface (secondary side) is near the
top of each picture.

Figure 6 shows the XPS spectra from the IGA and ductile regions. Note the strong lead signal from the IGA
portion of the sample. The binding energy indicates that the lead is not in the metallic state. Several oxides,
notably Pb(OH)2 and Pb3O4, as well as organic lead compounds have been reported to be close to the binding
energy determined for this peak. Additionally, the chromium and iron peaks indicate a significant shift in surface
chemistry between the ductile and IGA regions. The shape and location of these peaks indicate less
contribution from oxides than from the metallic state in the former, whereas both elements appear to be largely
but not completely oxidized in the latter.
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Figure 6: Comparison of high-resolution XPS spectra from the IGA and ductile regions of Unit 2 sample.
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Figure 7 shows XPS spectra taken from the oxide scale removed from the tube surface from Unit 2 The
original surface of the oxide is embedded into the conductive tape so this spectrum is from the interface of the
oxide with the underlying alloy. The same elements that were identified in the oxide-stripped alloy surface were
again detected; however, there are some significant differences in peak intensities and binding energies. Most
interestingly, the lead spin orbit double is considerably weaker. Quantitatively, this corresponds to a lead
concentration of 1.3 - 20 atomic % in the IGA region compared to 0.01 - 014 at.% in the oxide grains on the
tape. This was the first time that lead had been conclusively identified in concentrations significantly above its
detection limit.
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Figure 7: XPS Sprectra of Oxide Scale from Unit 2.

ATEM Evaluation

Samples from the superheated region from all units were sent to Battelle PNL for ana IYSiS6. Preparation of
cross section samples with suitable electron transparent areas for high-resolution ATEM analysis was critical.
The preparation of samples for ATEM characterization is a painstaking process, which requires a series of
cutting, mechanical polishing, and resins back-filling steps before final ion milling for TEM examination.

To examine the tube surface without disturbing it during sample preparation, a slightly different technique was
required. After the initial resin impregnation, two tube sections were "nested" together with facing ID and OD
surfaces. These sections were then embedded in a 3-mm stainless steel tube and thinned to give electron
transparent material in the near-surface layers. The ATEM examinations were performed in a field-emission-
gun TEM equipped with a light-element detector, a parallel electron energy loss spectrometer (PEELS) and a
digital camera. The following ATEM methods were used:
• Conventional brightfield and darkfield imaging
• Crystal lattice imaging (high-resolution)
• Nanoprobe EDS analysis with a 0.7 nm diameter electron beam
• Selected-area electron diffraction
• Parallel nanoprobe diffraction
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A TEM Results
TEM examination of the outer surface layer on the Unit 2 sample showed a structure consisting of equiaxed,

0.2-0.5 pm metal, and oxide "grains" with open boundaries. Except for a few very thin <1 0 nm) patches of
oxide, the outer surface consisted of iron-chromium-depleted nickel metal. Apart from local traces of lead and
magnesium, the surface was free of impurities. The 02-0.5 pm oxide particles consisted of very fine-grained
(10-20 nm grain sizes) material surrounding cores of Cr7C3. Thus, the oxide particles in the layer appeared to
form by alteration of pre-existing carbides.

Just below the altered surface layer, the grain boundaries were attacked and IG carbide particles were
converted to chromium-rich spinel oxide containing high lead concentrations, Lead also concentrated in porous
areas along the precipitate-free sections of the attacked grain boundaries, as shown in Figure 8. Table shows
the lead concentration for the different points in Figure 8. Similar results were obtained from the Unit 3 samples.

Figure 8: Attacked grain boundary at edge of surface alteration layer, -2 pm from OD surface in Unit 2.

% % Cr % Fe % Nil % Impurities
0 % 01% Sil % S Ca I Pb

49 26.5 1 0.3 1 0.3 0.0 4�'l 12�:l 'ZO Cr-Ni-O with Fib
_30 2.3 1 0.6 1 0.2 0.0 11.4 7 , metal matrix
51 0.7 0.0 0.1 0.0 3.6 21 91.5 2.8 Fe-Cr-depleted boundary -with

Po
52 1.6 0.0 0.0 2.6 23 94.2 0.4 Fe-Cr-depleted boundary -minor

Plb
_5031 Cr-M-0 with Pb

45 21.1 0.4 1 17 1 0.1 123.8t�3 37.2 7.5 high Pb, S in degraded GB
Particle

46 26.8 0.7 r2.7 0.0 30.1 5.8 29.2 4.6 high Fib, S in degraded GB
Particle25.3 0.4 .0 '0 1 .8�266 high Plb in degraded GB particle0.2 ,4 �O 13 �12

Table 1: EDS Analysis Results from the Region Shown in Figure 8.
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Figure 9 Leading edge of IGSCC in Oconee 3 sample

Degraded boundary characteristics give important information as to the processes controlling the IG attack and
SCC, Generally, these characteristics include penetrative attack of sensitized grain boundaries and precipitate
interfaces with the formation of chromium-rich oxides, transformation of IG Cr7C3 carbides to Cr2O3, and the
presence of impurities such as lead and calcium. Lead appears to be the most important impurity identified.
Based on current examinations, the most likely mechanism of the degradation is active-path dissolution of Cr-

6
depleted grain boundaries with lead potentially assisting in promoting attack 

Possible Sources of Lead

Primarily because of the freespan axial corrosion, the steam generators at Oconee will be replaced. Alloy 690
will be used in the replacement steam generators, which has been shown by several investigators to be
particularly susceptible to corrosion by lead. especially in caustic environments. While it is not known
definitively, a threshold for a "safe" concentration of lead in secondary water has not been identified. High lead
concentrations are known to be harmful, but little work has been done in environments containing very low
levels of lead (less than 1 00 ppb, for example). Therefore, it was important to determine whether the lead
identified at Oconee was caused by a single one-time event or was the result of chronic or periodic intrusions of
lead. Three scenarios were considered possible.
1. Lead was present in the feedwater in the late 1980's and early 1990's just prior to the first indications of

freespan axial corrosion.
2. Lead in being introduced into the feedwater by the routine addition of chemicals used to control the

secondary water chemistry.
3. Lead is introduced by maintenance activities during refueling outages.
To address the possible scenarios, an investigation into the possible sources of lead was conducted.

One portion of the investigation was to determine if lead is routinely present in the secondary water. This was
done by using a "package" of filters consisting of a 0.22[t filter, a 0.45g filter, two filters impregnated with cation
resin, and two filters impregnated with anion resin. Integrated samples were taken by passing approximately
450 1 of feedwater through the filter package. The filters were then separated by type, digested in solvent and
analyzed by atomic absorption spectroscopy. With this procedure and employing a blank subtraction, the
detection limit for lead on the anion and cation filters is approximately 1 0 ppt and approximately 20 ppt for the
0.22�t and 0.45�L filters. Without the blank subtraction, the detection limits are slightly lower. About eight to ten
samples were taken on each of units to get a significant number of samples for evaluation. With the exception
of three samples, the lead concentration was below detection limits. One sample each from Unit 2 and 3 taken
about two to three weeks after startup from refueling outages contained -24 ppt lead. Only one sample taken
near the end of the cycle on Oconee Unit 3 at steady state conditions contained any lead above the detection

limits. Based on these results, two conclusions were drawn. First, there does not seem to be a chronic low-
level concentration of lead in the feedwater. and second, the source of lead could be from activities occurring

during refueling outages.
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As a check on the analytical methods, the certificates of analysis (COA) for the chemicals routinely added to
the feedwater were reviewed to determine if any lead is routinely present and being added to the feedwater
along with the chemicals. Oconee currently uses a combination of ETA, DMA and hydrazine for chemical
control. Carbohydrazide is used for steam generator wet lay-up and for startup oxygen control. The following
are the purchase specifications for chemicals that are presently in use or have been used in the past.

Chemical Specification
Hydrazine <0.05 ppm Pb
ETA, 40% <0.3 ppm heavy metals (as lead)
Carbohydrazide <0.05 ppm
DMA, 20% <0.05 ppm Pb
ETA, 40% <0.3 ppm heavy metals (as leadT_
Morpholine <10 ppm

Table 2 Lead Specifications Secondary Chemistry Control Chemicals

Morpholine has not been used at Oconee since the early 1990's but was used for about three years prior to that.
The other chemicals are used either for normal feedwater chemistry control or for steam generator wet lay-up.
The review of the COA's revealed the following typical or worst case lead concentrations:

Carbohydrazide -0.5 ppm Pb (worst case)
DMA -20 ppb Pb or less (typical)
ETA No concentration above 02 ppm Pb reported
Hydrazine No concentration >0.05 ppm Pb reported
Morpholine -0.1 ppm Pb or less (typical)

Table 3 Typical or Worst Case Lead Concentrations Reported.

The resulting lead concentration in the feedwater was then calculated by using either the "typical"
concentration of lead reported in the COA's or the concentration of lead at the specification limit. In addition,
100% decomposition of the amines was assumed for hydrazine, ETA and DMA, to yield a maximum, theoretical
concentration. Note, however, that the decomposition of the amines is considerably less than 100%. This
calculation indicated that lead in the feedwater would be present at ppt or less. Therefore, based on the
routine analyses of lead in the feedwater and this calculation, the source of any significant amount of lead does
not appear to originate from routine chemical additions. Likewise, a calculation using this method was
performed for morpholine and similar results were obtained, indicating that the addition of morpholine was also
likely not the source of the lead.

As noted earlier, carbohydrazide is used for oxygen control during periods of steam generator wet lay-up and
startups. Carbohydrazide is added to the steam generators, which are subsequently drained to the
feedwater/condensate system prior to startup. As seen in Table 3 the lead concentration in carbohydrazide is
the highest of all the chemicals that are typically used. For normal wet lay-up conditions, 300 of
carbohydrazide are added to each of the two steam generators and each steam generator contains
approximately 94,600 of water. Therefore, if the lead concentration in the carbohydrazide is at its maximum
reported value, the resulting lead concentration in the steam generators during wet lay-up could be in the range
of 12 ppb. After the steam generators are drained to the condensate system, the resulting lead concentration
could be in the range of 150-200 ppt. This could be a possible explanation for the two samples containing lead
that were taken during startup. Additional samples will be taken during the next several startups after refueling
outages to confirm or reject the hypothesis that outage activities are the source of lead. Samples from different
lots of carbohydrazide will also be analyzed to obtain a more definitive lead concentration.
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Summary

Using different sample preparation techniques and analyses, valuable information was obtained using SIMS,
high-resolution XPS, and ATEM. Specifically, the presence of lead was not identified in significant
concentrations prior to performing these analyses. While the role of lead in the degradation has not been
determined, its presence raises suspicions.

One theory regarding the degradation consists of a two-part sequence. The first part involves slightly alkaline
and oxidizing conditions (high ECP), which are present during startup, causing SCC followed by lower ECP
alkaline conditions with assistance from the lead, producing only IGA. Low concentrations of lead may have
destabilized the protective oxide layer on the tubing, which increased its susceptibility to other types of
degradation. The research community should continue to evaluate the effects of low-level lead concentrations
on steam generator tube degradation.

The possibility of introducing lead into the secondary system via feedwater chemicals shows the importance of
both maintaining tight purchase specifications to minimize the presence of lead and periodically checking the
secondary system and the chemicals for the lead by chemical analysis.
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