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ABSTRACT

The worlk in this article is part of a project to develop a quan-
titative description of stress corrosion cracking (SCC) on the
secondary side of pressurized water reactor (PWR) steam
generator tubing based on existing information from operat-
ing plants and from laboratory experiments. This work is the
second step in developing a predictive model for SCC on the
secondary side. The first step involved developing a statisti-
cal framework into which dependencies of the various
submodes of SCC can be inserted. The results of the present
worle will lead to quantitative descriptions of corrosion pro-
cesses that, in turn, will be incorporated into the statistical
Jramework. The chemistry of heat-transfer crevices will then
be assessed to determine the proper inputs to the dependen-
cies of the various submodes of SCC, and these will be con-
nected to bulk environments. The modeling here is directed
toward predicting the early occurrence of SCC that is too
shallow to be detected by nondestructive examination (NDE).
The various submodes of SCC considered in this article
include: allkaline stress corrosion cracking (AkSCC), low-
potential stress corrosion cracking (LPSCC), acidic stress
corrosion cracking (AcSCC), high-potential stress corrosion
cracking (HPSCC), lead stress corrosion cracking (PbSCC),
low-valence stress corrosion cracking (S”SCC), organic stress
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Nete References, figures, and tables are sometimes referred to out of
order. This has been necessary first to maintain the integrity of
sections and second to show connections among previous and
succeeding sections.

corrosion cracking (OgSCC), doped steam stress corrosion
cracking (DSSCC), and low-temperature stress corrosion
cracking (LTSCC). To develop a model for each of these
submodes, their dependencies on the seven primary vari-
ables are evaluated in this article; these variables are pH,
potential, species, alloy composition, alloy structure, tem-
perature, and stress. For some of these submodes, there is
broad agreement in the literature on dependencies. In other
cases there is some disagreement, but these are mostly re-
lated to lack of information or to inconsistencies among ex-
periments that have been conducted under different
conditions. To develop a framework for this discussion of
submodes, supporting sections are included on designs of
steam generators as they affect corrosion, bulk water chem-
istry as it relates to chemistry in heat-transfer crevices, and
the chemistry of heat-transfer crevices. At the end of each
section, the state of present knowledge is summarized in-
cluding the lessons learned from service and laboratory ex-
perience. In addition, possible problems for future reliable
performance as affected by corrosion are identified.

KEY WORDS: Alloy 600, Alloy 690, Alloy 800, heat-transfer
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4.0 THE HEAT-TRANSFER CREVICE
AND DEPOSITS

4.1 Background

This section describes the present knowledge
of chemistry and physical conditions inside heat-
transfer crevices and assesses the state of modeling.

The heat-transfer crevices, as shown in Figures
3,4,10, 11, 12, 13, 21, and 22, dominate the condi-
tions that control the occurrence of corrosion on the
secondary side. The chemical environments that ac-
cumulate inside these crevices, as well as the ther-
mal, mechanical, and electrochemical conditions,
determine whether corrosion can occur as well as its
rate. Despite the importance of these crevices, the
corrosion processes have eluded quantitative charac-
terization; the extent of available characterizations is
described in this section. This section addresses the
step of “environmental definition,” as it is used in the
corrosion-based design approach (CBDA), which
should be understood before selecting materials and
which should be the basis for quantifying modes of
corrosion, 2+ 147148

What is known about heat-transfer crevices as
well as the means for dealing with their uncertainties
include the following:

' UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.

. Some “Knowns” about Heat-Transfer Crevices —
. The rates of failures at heat-transfer crevices,

as well as for low-potential stress corrosion
cracking (LPSCC) on the primary side, for
Alloy 600 (UNS N06600)" with drilled hole
carbon steel support plates are shown for a
typical case in Figure 24. The occurrences of
these failures follow Weibull cumulative distri-
butions.?' The rates of failure and their loca-
tions are well defined.

. The superheat in heat-transfer crevices is the

primary factor affecting concentration and the
phase state of chemical species.

. Stress corrosion cracking (SCC) failures are

almost nonexistent in steam generators (SGs)
with Alloy 800 (UNS N08800) tubes and stain-
less steel egg crate tube supports, although
wastage has been a problem with phosphate
water treatment.

. Failures with Alloy 600MA occur in heat-

transfer crevices in deep tubesheet crevices,
at tube support plates (T'SPs), and at top of
tubesheets (TTSs).

. Adding hydrazine (N,H,) has been found to

reduce significantly the rate of SCC in some
cases; this suggests that at least some of the
SCC in heat-transfer crevices is affected by
modest changes in the electrochemical poten-
tial.

Adding boric acid (H;BO,) reduces SCC some-
what, as shown in Figure 34; this suggests
that the SCC depends on pH.

. The calculated average pH in heat-transfer

crevices tends to be in the mid-range due to
the presence of silicates. This is based on
hideout return data that is discussed in con-
nection with Figure 53. However, laboratory
testing shows that the pH at the tube surfaces
is considerably more alkaline.

. Widespread intergranular attack (IGA) and

occasional SCC occur in the upper bundle of
once-through steam generators (OTSGs)
where the surfaces are superheated (Figures 8
and 25); IGA and SCC are not observed in the
upper hot tubesheet crevice, which suggests
that no aqueous phase is present.

Elevated concentrations of oxidants such as
copper ions or copper oxides together with
carbon steel TSPs and the presence of anions
such as chlorides or sulfates produce exten-
sive corrosion of the carbon steel that leads to
denting, as shown in Figures 14, 15, and 21.
The extent of tube corrosion at TSPs de-
creases with increasing height of the TSP, as
shown in Figure 18. With increasing height
the superheat is decreased.

. The range of potentials that occur in heat-

transfer crevices in SGs is defined by the
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NiO/Ni and H,O/H, half-cell equilibrium
potentials. This range, practically, is narrow,
being in the range of 100 mV. The origin of
this range is shown schematically in Figure
41. This is the nominal range of potentials if
there are no other oxidants, such as Cu'",
Cu?, and Fe*. During steady-state operation,
about 2 ppb of Fe enters the SG in the
feedwater, about half of which is Fe*. It is
reasonable that some of this Fe** would enter
crevices before being reduced by the N,H,.
Higher potentials are especially likely just af-
ter startup when the concentrations of Fe*
may be ten times higher than at steady state.
Packing of crevices with corrosion products
and sludge can occur relatively early in SG
life, producing mainly a local environment

of superheated steam with possible droplets
or films of water containing concentrated
chemistries.

. The range of aqueous chemistries calculated

to occur in heat-transfer crevices is broad,
and specific attribution of SCC to specific
environments is not possible.

2. Some “Unknowns” about Heat-Transfer

a.

C.

Crevices —

The relative extent and importance of the
steam phase as the corroding medium inside
heat-transfer crevices are not well defined nor
is there significant published research to de-
termine how the steam phase interacts with
the average chemistry of heat-transfer crev-
ices to produce corrosion.

The range of compositions of deposits and re-
sidual chemistries in heat-transfer crevices is
not well defined, nor are there reliable rules,
correlations, or other guides for their predic-
tion. Although, as shown in Sections 4.5 and
4.6, there are some generally systematic pat-
terns available from hideout return and
analysis of deposits. The generality of these
data is not clear.

The properties of line contact crevices, as
shown in Figures 3, 10, and 13 with respect
to concentrating impurities and forming su-
perheated steam environments, are not well
known; therefore, the bases for predicting
performance in plants with such designs are
not clear. However, some testing has been
conducted to show that line contact crevices
develop lower superheats and collect fewer
deposits than drilled hole crevices; thus, some
useful comparative information is available.
Most corrosion research, which has not uti-
lized model boilers, applicable to the second-
ary side has been conducted in the liquid
phase while the environments in heat-transfer
crevices of operating steam generators are

CORROSION—VOoI. 60, No. 1

generally either two-phase or steam blanketed
as illustrated in Figures 10 and 80. The im-
portance of this local steam or two-phase con-
dition has not been established.

e. Most corrosion research applicable to the
secondary side has not been conducted at
conditions where the hydrogen concentration
is in the range of that sustained in operating
SGs, as illustrated in Figure 42; therefore,
data that have been taken without accounting
for this condition, may not be applicable to
operating conditions.

f. The effects of the coupling that occurs in crev-
ices between the nickel alloy tubes and the
steel materials of supports and tubesheets are
not well understood. For example, this cou-
pling could affect the potential at the tube
surface, and thus influence the occurrence of
SCC, e.g., LPSCC. Further, how the strength
and influence of this coupling vary as the
pH of the concentrated solutions change, e.g.,
become more acidic, are not known.

Thus, what is known about the local conditions
in heat-transfer crevices is sparse in detail; but the
available information plus engineering judgment
have provided good bases for decisions. With regard
to predicting the future performance of new steam
generators with Alloy 690TT (UNS N0O6690) tubes,
stainless steel supports, and line contact support
crevices, the available information indicates that this
combination will perform substantially better than
previous steam generators with Alloy 600MA tubes
and drilled hole carbon steel supports. However, the
available information does not provide reliable bases
for predicting the useful life of new steam generators
nor their capacity to resist aggressive upset condi-
tions that occasionally occur in plants.

4.2 Electrochemical Properties

The electrochemical potential in deaerated heat-
transfer crevices can be readily bounded according
to the approach in Figure 41, which shows that the
potential at any pH must lie between the H,0/H, and
NiO/Ni half-cell equilibria, which are close together
depending on the partial pressure of hydrogen. In
view of the narrow range of possible potentials, only
changes in pH inside heated crevices can affect the
potential significantly unless other half cells are
available for changing the potential. Such half
cells that could occur in steam generators would be
N,/N,H,, Cu'*/Cu, Cu*/Cu, and Fe* /Fe*.

Lumsden and coworkers'**'®' have measured
open-circuit potentials in a heated crevice autoclave
system using solutions containing sodium chloride
(NaCl) and sodium hydroxide (NaOH) with additions
of N,H,. Their results are shown in Figure 47 where
they report measurements from adjacent surfaces in
both the non-crevice and crevice locations. The val-
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Test - o E E Bulk
No  Feedwater Containing NaCl Plus Additions N nwk PH300°C
1 | 12 ppm NaCl, pH 5.54 590 | -460 | 5.54
2 12 ppm NaCl + 11 ppm NH,CI, pH 4.18 -320 -410 4.18 (@
3 | 12 ppm NaCl + 200 ppm N,H,, pH 7.03 —630 | -700 | 7.03
4 | 12 ppm NacCl + 11 ppm NH,CI + 200 ppm NyH,, pH 6.27 | —410 -590 6.27
Test o N Time Ecrv Epulk Bulk
No. Feedwater Containing NaOH Plus Additions (h) (mv) (mv) | PHsoo°c
2.5 —780 -690 —
5 | 40 ppm NaOH, pH 8.46 5 -820 —680 —
16 | 830 | 640 | 846 | ®
0.4 ppm NaOH, pH 6.49 16 -590 -520 6.49
0.4 ppm NaOH + 2 ppm NoHy, pH 6.54 16 -730 -580 6.54

FIGURE 47. Results from measurements of potential from a heated crevice experiment where environments have been
prepared using pure deaerated feedwater to which combinations of NaCl, NH,Cl, N,H,, and NaOH have been added.
Potentials measured with an external silver/silver chloride (Ag/AgCl) reference electrode and results converted to SHE.
Bulk temperature was 280°C. Surface heat fluxes produced temperatures of heated surfaces in the range of 320°C.
Potentials in crevices were measured with heaters off (allowing the steam bubble to collapse and to establish electrical
contact with the reference electrode), and the temperature of the crevice water was approximately 300°C. pH was calculated

from MULTEQ.*"** From Lumsden, et al.*****!

ues of pH were calculated here at 310°C using
MULTEQ'.%"® The results in Figure 47 seem to follow
qualitatively expected patterns although they are
quantitatively not consistent. For example:

1. The electrochemical potential of a metal sur-
face exposed to bulk water (E,,,) decreases
from -520 mV to -640 mV for a 100X change
in the concentration of NaOH between Tests 6
and 5. While the change in potential, 120 mV,
is in the right direction, it should be about
200 mV. On the other hand, in the same rows,
the electrochemical potential of a metal sur-
face exposed to the environment in a crevice
(E.) changes in the right direction and by
about 240 mV, which is close to the expecta-
tion of 110 mV/pH, although the amount of
NaOH in the respective crevices is not known.

2. The change in potential upon the addition of
ammonium chloride (NH,C]) for E,,, is about a
third of what it should be; whereas, E_,
changes more than predicted, assuming a pro-
portionality of crevice to bulk concentration
but is more in accordance with a magnitude
expected based on the MULTEQ calculation of
pH.

3. For Rows 5, 6, and 7 for NaOH solutions, E_,
is more alkaline than E,, for every case, and
this is in accordance with expectations. Con-
versely, for Rows 2, 3, 4, E, is more acidic, as

" Trade name.

it should be, than E, . The fact that E_, is
significantly lower in Row 1 (indicating a more
alkaline environment) than E, ,, relative to the
trends for the other chloride environments
seems out of place.

4. Adding N,H, as in Case 3 vs Case 1, Case 4 vs
Case 2, and Case 7 vs Case 6 causes the po-
tential to decrease, as it should. However,
while these decreased potentials follow ex-
pected trends from the relatively low equilib-
rium potential for the N,H, oxidation, the
lowered potentials could result from the for-
mation of H, from the decomposition of N,H,.

During the investigation of the potential inside

and outside the crevice, Lumsden, et al.,'®' observed
that the potential of the crevice would rise when the
heaters were activated. This rise would continue, as
noted in Figure 48, until the crevice was saturated
with liquid. The potential would then drop to a value
consistent with the crevice being wetted. It appears
that the first stage of rise in potential is associated
with the presence of steam in the crevice. When the
potential dropped, the average potential in the crev-
ice was observed by Lumsden to be about 274 mV
below the potential of the external surface. The ex-
traction of solution from the crevice at this point
was measured to have a concentration of 28% Na*
(280,000 ppm) relative to the input feedwater of

40 ppm NaOH.

Corrosion potentials in acidic and alkaline solu-

tions have been measured by Kawamura and
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FIGURE 48. Potential vs time for a heated crevice with potential
probes inside and outside the crevice. Feedwater contains 40 ppm
NaOH, and temperature of the molten salt heat-transfer fluid inside
the tube was 335°C. Crevice packed to 50 v/o with diamond powder.
From Lumsden, et al.***

Hirano'?® over a range of temperatures. Their results
in Figure 49 show generally that the potentials follow
the slope of the temperature-dependent coefficient of
the log of the hydrogen activity. A similar result was
obtained by deBouvier, et al.,'*® from work on several
alloys at 320°C, as shown in Figure 50.

4.3 Accumulation of Solutes and Solids
in Crevices

Solutes concentrate substantially in heat-trans-
fer crevices. The concentration of solutes depends
mainly on the chemical identity of the species, the
concentration of species in the bulk environment as
shown in Figure 20, time, and heat flux. Limits of
concentration of solutes are determined by the solu-
bility limit and the volatility of the species being
concentrated.

The chemical identity of species that concentrate
has been studied by Takamatsu, et al.,® where they
show in Figure 20 that the maximum concentration
of impurity species in the crevice is proportional to
the concentration in the environment and that the
cations Na" and K* concentrate to a factor of ten
greater than the anions Cl” and F. Figure 20 shows
that boron concentrates to more than an order of
magnitude less than the CI" and F~ anions. These pat-
terns seem to follow the vapor pressures. A similar
result has been obtained by Shoda, et al.,'** as
shown in Figure 51(a) for data from six Japanese
plants. Here, the cations of Na*, K*, Ca**, Mg*, as
well as the SO; anion all seem to concentrate to
about the same amount; whereas, the anions of F~
and CI concentrate less, although the dependence is
less clear than that shown in Figure 20. A similar
pattern was observed by Lumsden, et al.,'*® as shown
in Figure 51(b) for direct measurements at the Ohi

CORROSION—VOoI. 60, No. 1
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FIGURE 49. Corrosion potential of Alloy 600 vs pH; in deaerated
NaOH and H,SO, solutions where the NaOH used 1, 10, 100, and
1,000 ppm, the H,SO, used 1, 10, and 100 ppm. Measurements
taken with Ag/AgCl electrode and converted to SHE. pH determined
with MULTEQ. From Kawamura and Hirano.**

plant in Japan, although there was no discernible
difference between the anions and cations.

In general, the concentration of chemical species
has been found to be correlated by the product of
bulk concentration times exposure duration. Such a
pattern is illustrated in Figure 51(c) for chloride from
the work of Mann and Castle,'®® as compared with
the theoretical calculations of Millett and Fenton.'*®
Lumsden, et al.,'* found a similar pattern for NaOH,
as shown in Figure 51(d). In the work of both Mann
and Lumsden, the rate of concentration declines after
some time and begins to saturate when ppm concen-
trations are present in the feedwater.

The effect of heat flux on the concentration of
species has been studied by Kawamura and Hirano'?

9
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—400 — | | |
1 "._P(H) =0.004 bar # Alloy 600MA |
-500 / 2 Alloy 600TT
. S o Alloy 690TT
S -6001 ) . = Alloy 800 1
E e
S 700t T
[ N N
9 ‘~\ ~
o o
0 -800T / . 1
P(H,) = 2 bar o N
—900T HOMH, . T
~1,000 | | | |
4 5 6 7 8 9
PHz200c

FIGURE 50. Corrosion potential of four alloys vs pH adjusted by
varying relative concentrations of H,SO, and NaOH. Tests conducted
at 320°C. Ag/AgCl electrode used and converted using a direct
correlation with a hydrogen electrode. Hydrogen removed by cold
trapping. pH; determined with MULTEQ. From deBouvier, et al.'*
Courtesy of TMS, Warrendale, Pennsylvania.

for sulfuric acid (H,SO,) and NaOH at 270°C, as
shown in Figure 52. NaOH was found to concentrate
more than H,SO,. This result is consistent with the
work shown in Figure 20 as well as that in Figure
51(a) where the anions of CI" and F~ are shown to
concentrate less than the cations and the anion of
SOy . The work of Kawamura and Hirano shows that
the maximum concentration is generally independent
of bulk temperature, given sufficiently high feedwater
concentrations, suggesting that heat flux is the domi-
nating influence, as shown in Figure 18 where the
failure rate is shown for three plants as a function of
height of the tube support. This is illustrated by the
set of data in Table 7 from an analysis based on their
results. Using the crevice potentials reported in Fig-
ure 5-1 of Kawamura and Hirano'** for 10 ppm NaOH
at 270°C, and using their assumption that the poten-
tial is set by the hydrogen equilibrium line in their
Figure 49 for 270°C, the estimated pH; (pH at tem-
perature and calculated or measured at temperature)
and concentrations of sodium vary, as shown in
Table 7, as a function of the heat flux. This depen-
dence shows that higher heat flux leads to higher
concentrations; thus, for NaOH-contaminated bulk
water, higher heat flux produces a higher crevice
pH.157

4.4 pH in Heat-Transfer Crevices

The pH in crevices has been estimated by Shoda,
et al.,'® and by Ollar and Viricel-Honorez,'*® as
shown in Figure 53, by measuring hideout return
and then using MULTEQ to calculate the pH in the
crevices. Figure 53(a) shows results from nine Japa-

nese plants where the pH was calculated at 280°C for

10

four plants with partial-flow condensate polishers
and six plants with full-flow condensate polishers,
with measurements for several cycles for most
plants. The data are generally in the neutral range
although somewhat scattered. Shoda, et al., regard
the results as indicating a benign environment in the
heat-transfer crevices.

A similar result has been obtained by Ollar and
Viricel-Honorez,'*® as shown in Figure 53(b). Here,
the pH is taken at 320°C and is determined using
MULTEQ from an expression for the hideout return
molar ratio. As with Figure 53(a), the pH tends to be
in the mid-range and slightly alkaline.

pH as inferred from hideout return was also in-
vestigated by Sawochka, et al."** They found it was
not possible to obtain good correlations between pH
and either molar ratio or Na/Cl ratios. This result is
consistent with the broad range of pH shown in Fig-
ures 53(a) and (b), although the latter exhibit trends
that show that crevice pH is generally in the mid-
range of pH and is not predominantly alkaline.

The crevice pH depends significantly on the rela-
tive concentrations of Si, Na, and Al in the water ac-
cording to You, et al.”® When the Na is high relative
to Si and Al, then the pH tends to be high. Relation-
ships among these species and their effects on pH
are shown in Figure 54.

4.5 Crevice Chemistry from Hideout Return
Figure 55, from the work of Ollar and Viricel-
Honorez,'*® correlates the occurrence of IGA with
chemistry determined from 76 hideout returns from
20 units. This figure has organized the data into cat-
egories of >50 IGA affected tubes, <50 IGA affected
tubes, and no IGA affected tubes. Figure 56 corre-
lates hideout return over time, more specifically from
a single plant, Bugey-3.
IGA, as shown in Figure 55(a), is favored by the
lack of some elements and the presence of others:
1. IGA is favored by the lack of species: SO,, Ca,
glycolates, Mg, Na, and Cl.
2. IGA is favored by the presence of species:
acetates, PO,, formates.
The onset of IGA in Figure 56 seems correlated
as follows:
1. IGA onset seems favored by the decrease of
Na, K, and Cl.
2. IGA onset seems favored by the increase of F.
However, the apparent correlation for a single
plant in Figure 56, which is based on increases in
IGA at the same time as hideout return quantities of
species changed at a single unit, does not provide a
reliable guide as to the importance of such changes.
For example, as pointed out by Ollar and Viricel-
Honorez,'*® comparing Bugey-3 to other EDF plants,
it has had lower rates of IGA and lower rates of so-
dium return, leading to the opposite conclusion to
that based on Bugey-3 alone.
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FIGURE 51. (a) Concentration in crevice vs concentration in bulk for anions and cations taken from six Japanese PWRs.
From Shoda, et al.”** ©1996 NACE International. (b) Crevice concentration ratio vs test periods as measured in Ohi-1.
From Lumsden, et al."* Courtesy of TMS, Warrendale, Pennsylvania. (c) Mass of NaCl vs ppm x hours of exposure to
chloride-containing solutions. Data from [A] Mann, et al.,**® and analysis from Millett and Fenton.*** ©1992 by the American
Nuclear Society, La Grange Park, Illinois. (d) Measurements in laboratory autoclave heated crevice. Weight of Na* in a
crevice packed with diamond powder with 64% packing density at constant heat flux and 20 ppm Na* in the feedwater.
From Lumsden, et al.*** Courtesy of TMS, Warrendale, Pennsylvania.

Explanations of these influences of various spe- Figure 55(b) and Table 8 compare the hideout
cies are speculative. The meaning of the trends in returns from drilled holes and broached holes. While
hideout return is affected by the buildup of deposits the magnitudes are somewhat similar overall, there
with time and the change in species in deposits with are some significant differences between hideout re-
time. Also, water chemistry has become generally turn from drilled and broached holes. In general, as
cleaner with time. It seems the best that can be con- shown in Figure 55(b), with the exception of silica
cluded is that correlations between hideout return (SiO,) and PO,, the hideout return is less for
and IGA show some interesting patterns, but the broached holes. The phosphate return is significantly
meaning of these patterns is obscure. higher for the broached TSPs, and the silica is some-
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FIGURE 52. (a) Concentration factor vs heat flux for four concentrations of H,SO, in the bulk solution at 270°C. Concentrations
based on monitoring the electrochemical potential. (b) Concentration factor vs heat flux for four concentrations of NaOH in
the bulk solution at 270°C. Concentrations based on monitoring the electrochemical potential. From Kawamura and Hirano.**
TABLE 7 Baum, et al.,'® and Prabhu'®' have analyzed
pH; in Crevice vs Heat Flux® steam generator blowdown chemistry relative to cor-
Heat Flux relations with outside diameter stress corrosion
10° keal/h-m? pH, wlo Na cracking (ODSCC). They find that low SiO, correlates
positively with high incidences of ODSCC, as shown
0.49 9.90 0.51 in Figure 57. They find that other correlations with
0.99 10.02 0.94 cation/anion, Na*, Na/Cl, and molar ratios provide
1.48 10.19 2.7 . .
206 10.40 8.2 poor correlations. Unfortunately, Figure 55(a) does

® Based on data from Kawamura and Hirano.*?

what higher. On the other hand, the hideout returns
for many species are significantly lower for the
broached holes than for the drilled holes (e.g., Ca,
SO,, acetates, Na, K, C, and Cl). These differences
are larger than the differences in Figure 55(a) for the
presence and absence of IGA in drilled hole SGs.

Table 8 shows data for hideout return taken at
different temperatures. At the right of this table, ra-
tios of the coldest to hottest locations are calculated.
These data are distinguished by the high ratios for
phosphate and sulfate. Such high ratios are due to
the retrograde solubility of phosphate and sulfate
compounds as discussed in connection with Figure
31; it appears also that calcium and magnesium par-
ticipate in these retrograde compounds.

In Table 9 the ratios of hideout returns for
broached holes to drilled holes based on mean values
of returned weights are tabulated for data from both
Figure 55(b) and Table 8. The ratios from Table 8 are
based on summing the hideout return from the three
columns that are based on different temperatures.
Values at 0.5 or less include the following species:
acetates, Ca, Cl, Na, SO,. Only PO, and SiO, are
greater than unity, and this results from their retro-
grade solubility at an elevated temperature. There is
good agreement between data from the same species.

12

not contain analyses for SiO,. Baum and Prabhu
conclude that the SiO, is an inhibitor and that low
concentrations in the blowdown indicate a loss of in-
hibition by SiO,. The work of Navas, et al., in Figure
57(b)'*? shows that silica in two forms inhibits alka-
line stress corrosion cracking (AkSCC) over a range
of potentials, thereby confirming the speculation of
Baum, et al.'® The work of Bergen in Figures 57(c)
and (d)'®® shows that AKSCC of Alloy 600 and Alloy
690 is inhibited by certain ranges of sodium monox-
ide (Na,0O) and SiO, but accelerated in others. Such
a result is consistent both with the work of Sala and
coworkers'®*'% and Baum, et al.'®® Implications for
AKSCC are discussed in Section 5.2.1.

Hideout return has been investigated by
Balakrishnan'®” where he found the anionic species
are released more slowly than cationic ones when
oxidizing conditions are present. This effect seems to
result from a counterforce of the potential gradient in
crevices. These results indicate that data from hide-
out return should allow for such delays, although the
specific implications of his work for the studies de-
scribed in this section are not clear.

4.6 Deposits (Recirculating Steam Generator,
Once-Through Steam Generator)

Deposits that form in heat-transfer crevices and
other locations contain chemicals that provide clues
to the surrounding aqueous phases. Chemical infor-
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FIGURE 53. (a) pH at 280°C vs cycle for nine Japanese plants. (PFCP = partial-flow condensate polishing [or polishers];
FFCP = full-flow condensate polishing [or polishers]). From Shoda, et al.*** ©1996 NACE International. (b) pH at 320°C vs
hideout return molar ratio. Open symbols show plants without IGA when hideout returns were performed. pH determined
with MULTEQ. From Ollar and Viricel-Honorez.**® Courtesy EDF.

mation from deposits can be compared with that
from hideout return from plants and from laboratory
tests of heated crevices. Synthesizing these sets of
information should provide a good view of the chem-
istry in heat-transfer crevices in operating steam
generators.

Deposits of interest are the following:

1. Top of the tubesheet crevice.
Sludge at the top of the tubesheet.
Sludge crevice.
Free surfaces including boiling and non-
boiling.
5. Free surfaces adjacent to tube support

crevices.

2.
3.
4.

CORROSION—Vol. 60, No. 1

6. Tube support crevices.

7. Upper bundle of OTSGs.

An overall view of the locations and types of de-
posits in SGs is given in Figure 58.

Obtaining chemical information from these crev-
ice locations is often difficult because they must be
removed from active steam generators during shut-
downs when there are great pressures to avoid de-
lays. Further, the materials and pieces to be removed
have to be removed from tight surroundings, and
some of the materials are radioactive from the pri-
mary side. Finally, much of the deposits may be
scraped from tubes as they are pulled from steam
generators.

13
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SiO, + Na(AlSi;)O
AIO(OH) + Na(AISi)O, 2 (AlSi3)Og

PH300°c
[19.50 to 10.00
[9.00 to 9.50
[J8.50 to 9.00
[ 8.00 to 8.50
[l 7.50 to 8.00
Il 7.00to 7.50

0
NaAl(AlSi)0;o(OH), +

AlLSi,0;0(0H), + SiO,

NaAl,(AlSi5)O;o(OH), +

AlLSi4040(0H), + AIO(OH)

FIGURE 54. pH vs Si/Na and Al/Na ratios for a liquid crevice as
calculated from MULTEQ for 300°C. From You, et al.**

Information from the chemistry of deposits is
available as follows:

1. Morphology and Compositions of Deposits —
Figures 59 through 66 show the results of detailed
analyses of surfaces of tubes from plants that have
been exposed to different conditions as identified in
Table 10. Important observations from these surface
analyses are the following:

a. Alumino-silicates: Sala and coworkers
observed that the occurrence of SCC is related
to the formation of alumino-silicate com-
pounds and this correlation is shown in Table
10. Little or no SCC occurs where the
alumino-silicates are absent as for seaside
plants. This occurrence of alumino-silicates
would be expected for pH in a range on the
order of 8 or lower at temperature and would
not occur in the range where alkaline SCC
would be expected.

The detailed processes by which alumino-
silicates produce SCC are not clear. For ex-
ample, as shown in Figure 57(b), silicates can
function as inhibitors in alkaline solutions.

b. Layers: There seem to be generally three layers
in deposits inside heat-transfer crevices. The
inside layer seems to contain metallic species
or their oxides such as Cu, Zn, Pb, As, Sb, Ba,
and alloying elements. The second layer in
some cases is composed of silica gels. The
outside layers tend to contain various com-
pounds of Fe, Ni, Si, Ca, Mg, Al, and Mn
that seem to have crystallized from solutions
during shutdown.

c. Inside crevice vs outside on free surface: In
Figures 59 through 66, the chemistry and

164-166
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morphology of the surface are shown for adja-
cent regions inside and outside the crevice.
There are some similarities in the regions.
However, generally, the alumino-silicate com-
pounds seem to occur more inside the crev-
ices, and there are fewer, if any,
alumino-silicates associated with the tubes
where IGA is not occurring, except for Figure
66 and Line 8 of Table 10 where the alumino-
silicates are extensive and no IGA occurs.

d. Copper vs titanium: In Figures 63 and 64,
where the plants use titanium condensers,
little or no copper is observed. In the figures
corresponding to the use of copper condens-
ers, copper is observed.

e. Organics: Various organic species are observed
and occur mostly inside the crevices but
sometimes outside.

2. Analyses of Deposits from Surfaces — Chemis-
tries of surfaces have been analyzed directly to com-
pare the chemistry with the occurrence of failure and
to discern differences between the heated crevices
and the free-span.

Table 11 shows average results from Boursier,
et al.,'” taken from four locations of corrosion dam-
age. These results are generally consistent with those
in Figures 59 through 66 in that aluminum and sili-
con are observed as well as PO,, Zn, Cu, and Mn. Pb
and As are both observed in significant quantities.

While the layers in the deposits of Figures 59
through 66 are somewhat miscellaneous, there is
nonetheless some order according to Cattant, et a
Figure 59 shows three layers with respect to the re-
gion inside the heated crevice designated at the right
with L, at the outside, L;; next, and L;; adjacent to the
metal. He characterizes these layers, with respect to
Figure 59, as follows:

L, (outside)

This layer is the thickest of the deposit, about
25 um to 30 um, and consists primarily of recently
precipitated silicates sealed by calcium phosphate
(Cas[PO,l,) and probably by calcium sulfate (CaSO,)
or barium sulfate (BaSO,). Carbon-containing com-
pounds were occasionally identified. Zinc was depos-
ited on the silicates as zinc oxide (ZnO). Copper was
present in the cupric oxide (CuO) or Cu" valence.
When magnetite was present, copper deposited on it
preferentially, and the ZnO deposited on the silicates.

L, (middle)

Silicates were deposited on an alumino-silicate
alveolar gel. Closer to the matrix the gel becomes
enriched in Fe, Ni, and Cr. The gel is highly hydro-
lyzed and combines somewhat with oxidized organic
compounds.

L, (inside)

Under the silica gel layer there was a thin layer
about 0.5 um thick enriched in Cr, Fe, Cu, Zn, car-
bon compounds, and Pb. This layer was amorphous

1 171
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FIGURE 55. (a) Species analyzed vs mean weight per steam generator equipped with drilled holes. Hideout return analysis
compared with extent of damage to tubes. Data from 76 hideout returns from 20 units. From Ollar and Viricel-Honorez.**
(b) Species analyzed vs mean weight per steam generator equipped with either circular drilled holes or broached holes.
Data from 150 hideout returns from 20 units. From Ollar and Viricel-Honorez.*® Courtesy EDF.

and brittle. IGA, when it occurred, was observed
under this layer.

Table 12, from work by Goffin, et al.,'” was de-
veloped from measurements of hideout return and
chemical analyses of deposits on tubing from seven
Belgian power stations and subsequent analyses with

CORROSION—Vol. 60, No. 1

MULTEQ. The species observed in hideout return are
similar to those in Figures 55 and 56. The analyses
of deposits indicate also about the same species that
are present in Figures 59 through 66. This table
notes that there are certain species that were not
foreseen in MULTEQ.
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FIGURE 56. Number of IGA-affected SG tubes and returned weights

vs age from Bugey-3. From Ollar and Viricel-Honorez.**® Courtesy
EDF.

Figure 67 shows results from elemental analyses
(expressed mostly as oxides) of surfaces of about 340
pulled tubes from the work of Cattant, et al.'”* Here,
a ratio is plotted for species in the restricted flow
area, i.e., the heated crevice, to the concentration in
the nonrestricted flow area immediately adjacent to
the occluded region. These results show the following
important patterns:

1. Ca, alumina (Al,O,), SiO,, and Mg exhibit the
highest ratios and are consistent with the ob-
servations in Figures 59 through 66. These
high ratios of SiO, may account for the low
concentrations in the blowdown shown in Fig-

ure 57 that correlate with failures, i.e., if the
Si0O, concentrates in the crevices, it does not
appear in the blowdown.

2. Both Pb and As are concentrated in the heat-
transfer crevices. While the former is ex-
pected, the latter has not been investigated for
its effect on SCC except for a brief study by
Pement, et al.'™

3. The precipitation of stannic oxide (SnO,) and
molybdenum trioxide (MoO;) indicate that the
environment is in the neutral range.

4. For copper and titanium dioxide (TiO,) there is
little difference between the two locations.

A study similar to that by Cattant, et al.,'”" was
conducted by Laire, et al.,'”® and is shown in Figure
68. The results for Ca, Al, and Si are similar to those
in Figure 67. The ratio for copper is also similar.
However, Pb was found about equally on both free-
span and TSP surfaces; whereas, Cattant, in Figure
67, observed a ratio favoring the TSP surface of
about 3.1 to 1.0.

3. Analyses through the Thickness — Figure 69
from Cattant, et al.,'” shows the elemental composi-
tion through the third layers of both the occluded
and free-span regions from Figure 59 and Line 1 of
Table 10. Here, the most important difference seems
to be with the Si, which is greatly enriched in the oc-
cluded region relative to the free-span. This result is
consistent with the results in Figure 67. Chromium
also is somewhat enriched in the deposit suggesting
that the region is acidic. Iron, clearly, is enriched on
the free-span relative to the occluded region and the

TABLE 8
Species vs Mean Returned Weights for Broached Holes and Drilled Holes
at End of Hideout Returns for Three Thermal Conditions®

TSPs with
Drilled Broached
Holes TSPs
TSPs with Circular-Drilled Holes Broached TSPs CSD/HSD, CSD/HSD,
HSD® RHRS®© CcsD® HSD® RHRS®© CcsD® <170°C/ <170°C/
Species ~286°C ~170°C <170°C ~286°C ~170°C <170°C ~286°C ~286°C
Na 1.9+ 05® 1.9+ 0.5® 3.7+22®  1.2:04® 0.7+0.1® 0.8 +0.5® 1.9 0.7
K 0.7+0.2 1.0=0.1 1.0+0.2 0.8 +0.2® 0.4 +0.05® 0.5+ 0.2® 1.4 0.6
Cl 2.2+05 2.2+0.3 1.9+04 0.7+0.2 0.7 + 0.09 0.9+0.2 0.9 1.3
Na/Cl 5.0=1.8® 43+0.8® 42+23% 33:110 2.3+0.30 6.7 + 5.0 0.8 2.0
F 0.5 + 0.09 0.4 +0.05 0.5+0.1 0.4 +0.07 0.4 +0.04 0.5+0.2 1.0 1.3
Ca 9.0x1.1 20.0+1.8 26.4+2.4 85+1.6 11.7+0.8 11.8+25 2.9 1.4
Mg 22+04 52=+0.4 7.7+1.0 3.8+0.8 4904 8.8+24 35 2.3
SO, 6.7=+1.1 25.7+3.3 41.7+5.6 35+0.7 5.4+0.5 12.8+4.4 6.2 3.7
PO, 0.1+0.04 0.6+0.2 41+1.2 0.6 +0.2 3.3+0.6 143+55 41.0 23.8
Acetate 13.2 + 6.5® 2.9+ 0.50 41+19% 1.0x03® 3.6+0.7® 1.4 +1.0® 0.3 1.4
Formate 0.7+0.3® 0.4+0.2® 03+01® 04=x01 0.8+0.1 1.0+0.6 0.4 2.5
Glycolate 114 +40 28=+0.6 50+22 — — — 0.4 —

@ From Ollar and Viricel-Honorez.*® CSD/HSD ratios calculated by present authors.
® HSD = hot shut down (about 286°C).
© RHRS = residual heat removal system conditions (about 170°C).
®© CSD = temperature <170°C (taken here as cold shut down).
® Results obtained from populations in which unusual contaminants were removed.
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results suggest that iron deposits form preferentially
on the free-span surface. Interpreting these results is
speculative. The actual situation might be that other
species, being more dilute than iron in the feedwater,
do not precipitate readily in free-span deposits since
the concentration factor is too low, about 1,000X. In
crevices, where the concentration factor can reach a
million or more, they deposit.

4. Sulfide Deposits — Deposits of sulfides and
the occurrence of sulfides in deposits in heated crev-
ices is a special case, but an important one, since the
sulfides are so important in producing SCC, includ-
ing SCC of Alloy 690 as discussed in Section 5.2.6.
Figure 33 shows the oxidation/reduction half cells
including those for N,/N,H, and SO} /S*. The posi-
tions of these half-cell equilibria show that N,H,
should reduce SO} to S*. Thus, in operating steam
generators, SO impurities should be chemically re-
duced, especially by the relatively large concentra-
tions of N,H,. If N,H, were not present, the very low
hydrogen concentration in the secondary side would
not reduce the sulfates according to Figure 33.

Daret, et al.,'”® have demonstrated that the pres-
ence of sulfide is directly related to the occurrence of
SCC in Alloy 600 in a model boiler experiment, as
shown in Figure 70; here, the SCC occurs where the
sulfide is maximum. Further, another lower valence
sulfur oxyanion, thiosulfate (S,03), produced exten-
sive SCC in sensitized Alloy 600 in TMI-1 when a
tank of sodium thiosulfate (Na,S,0;) was accidentally
connected to the primary system.'”” "

The reduction of SO} to S* by N,H, also has
been confirmed by Sakai, et al.,'” Sala, et al.,'® and
Allmon, et al.'®

5. Deposits in the Upper Bundle of OTSGs —
While much of this discussion deals with heat-trans-
fer crevices of the type shown in Figures 2, 4, 10,
and 21, Figure 8(b) notes that a superheated surface
also exhibits the capacity to concentrate impurities
similar to the heat-transfer crevice geometry. Such a
surface occurs in the upper bundle of OTSGs, and
Figure 25 shows the rate of failure of tubing in this
region. SCC in the upper bundle of OTSGs, shown
in Figure 1(b), is mostly associated with scratches
introduced during fabrication. Aside from this SCC
related to scratches, most damage to OTSGs is de-
scribed in Table 5. While the OTSGs have generally
exhibited good performance, as described by
Sherburne,'® and have not sustained significant cor-
rosion at tube supports or tubesheets, the SCC in
the upper bundle seems unique to the OTSGs in
spite of the generally good water chemistry, the com-
pressive stresses applied to the tubes during opera-
tion, and the sensitized metallurgy that generally
mitigates both LPSCC and AKSCC.

The chemistry of outer secondary surfaces and
the inside of SCC and IGC surfaces on tubing in the
upper bundle of Oconee OTSGs have been investi-
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TABLE 9
Ratios of Returned Weight
from Broached Holes vs Drilled Holes®
Figure 55(b)® Table 8©
Acetates 0.5 0.3
Ca 0.5 0.6
Cl 0.4 0.4
F 1.0 0.9
Formates 0.9 1.6
Glycolates 0.8 —
Mg 0.9 1.2
PO, 4.2 3.8
K 0.6 0.6
Sio, 1.2 —
Na 0.4 0.4
Na/Cl 0.9 0.9
S0, 0.2 0.3

@ From Ollar and Viricel-Honorez.'*® Courtesy EDF.

® Ratios based on mean values.

© Ratios taken from sums of HSD+RHRS+CSD for broached and
drilled holes.

gated by Rochester, et al.,'® Rochester and Eaker,'®*
and Rochester.'® Chemical analyses shown in Figure
71 from Rochester on the outside surfaces near the
scratches and near the SCC from an OTSG show that
there are four distinguishable regions, including the
mouth of the SCC and its tip:

Typical OD Surface

On the outer surface the chemical species are
similar to those that are observed in heat-transfer
crevices of RSGs, as shown in Figures 59 through 68.
In Figure 71, these species include Mg, Si, Al, Ca, K,
S0O,, Zn, Cu, Ni, and Na. Beneath this outer layer is a
Cr-rich oxide, which may have been formed during
the post-weld heat treatment that was given to the
vessel during fabrication. Below the Cr-rich oxide
is a Cr-depleted layer suggesting either that this re-
gion exists at a relatively high potential due to the
formation of soluble +6 valence resulting from very
low H, as shown in Figure 33, or that it is somewhat
alkaline, or that Cr was enriched in the alumino-
silicate deposit as observed in RSG crevices by
Cattant, et al.'

Typical Scratch Surface

Most of the aspects typical of the OD surface are
similar to the surface of the scratch, suggesting that
both surfaces were exposed to the same environment
and that the scratch was present at the beginning of
the operation. Again, these species and their extent
are similar to those on surfaces of tubes in the heat-
transfer crevices of RSGs.

Crack Mouth

Some of the same species are present at the
crack mouth as on the exterior surfaces. What ap-
pears to be fewer species and lesser amounts is due
to both the geometry and later development of the
crack. Also, generally, there has not been sufficient
time for depletion of Cr as shown in Figure 71. How-
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(b)
Composition of Test Solutions, mol%. Test Results from
Na,O Alloy 600 and 690 at 325°C in H,O + Na,O + SiO, Solutions
N ) _ Alloy 600 Alloy 690()
® No SCC, composition of Na,Si;O; * 5H,0 = Hg Soln. Na,0| si0,® [ Test U-bends Deepest| Test U-bends,

solution (see table) No. duration (cracked/ crack [duration (cracked/

20 (h) total)  (mm) (h) total)
NaZSi3O7=T 82 | 45M 175 (or6) — — —

80

@ SCC of Alloy 600

and Alloy 690, o 82| oM 175 (0/6) — — —
composition of Liquid (L) =M 82 | 17®m [ 175 (06 — — —
solution 60 40 6| v |15 @6 13| 15 (60
(see table) ©10 343 (3/6) 2.1 — —

2M 343 (0/6) — — —
19 ™ 175 (1/6)  0.05 | 175 (6/6)
19 | 170M | 175 (0/6) — — —
23 ™ 343 (0/6) — — —
37 | 10m 175 (0/6) — — —
10| 58 | 12.5M | 175 (0/6) — — —
11 | 22 [16M+6D| 175 (0/6) — — —
12| 14 | 42T 175 (0r6) — — —
13| 19 | 55T 175 (0/6) — — —

@ Alloy 690 as received. Exhibited SCC.
(@ M = monomer, D = dimer, T = timer.

© o~ o Ul A |WN R
=
©

HZO / 20 40 \ 60 80 Si0,=Q @ This solution was made up as monomeric Na,SiO3 but is in a
L+D L+Hg+D L+ 2 regime where some dimer should be present.
(© (d)

FIGURE 57. (a) Blowdown SiO, vs EFPY for 16 plants affected by ODSCC showing tubes with high and low incidence of ODSCC. From Baum,
et al.*®® ©1997 by the American Nuclear Society, La Grange Park, lllinois. (b) Maximum crack depth vs time for environments of 10% NaOH,
7.5% SiO,+10% NaOH, or 15% Na,SiO, at 315°C, each environment with and without additional impurities of 0.8 g/L CI, 0.3 g/L Mg™,
14 g/L. SO/%, and 5.8 g/L Ca** (added as MgCl, and CaSQO,). Measurements taken at four potentials and over time. From Navas, et al.**
Courtesy of Gomez-Briceno, CIEMAT, Spain. (c) Combinations of H,0+Na,O0+SiO, in mol% tested for 175 h plus 343 h at 325°C using
U-bends of as-received sheet. Phase diagram taken at 300°C.** Q = SiO,, M = monomer (Na,SiO;), D = dimer (Na,Si,05), T = trimer (Na,Si;O;),
L =liquid, Hs = Na,Si;O, « 5H,0. Open circles show tests with no SCC; closed circles show tests for Alloy 600 and Alloy 690 that sustain SCC.
From Bergen.'®® ©1985 NACE International. (d) Results from testing Alloys 600 and 690 in combinations of H,0+Na,O+SiO, at 325°C. From
Bergen.’® ©1985 NACE International.
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FIGURE 58. Schematic view of locations where deposits form in steam generators and their implications. From Varrin.*®°

Used by permission of EPRI.

ever, a series of measurements of internal surfaces of
SCC as a function of height inside an OTSG show
possible evidence of depletion of chromium in some
cases as indicated by the Ni/Cr ratio in Table 13
compared with the ratio at the ductile fracture sur-
face. This table also notes the presence of sulfides
inside cracks, which suggests a reducing trend to-
gether with possible alkalinity. The alkalinity, or re-
action without alumino-silicates, would account for
the depletion of chromium. The presence of sulfides
inside the cracks is reasonable in view of the low po-
tentials near the NiO/Ni equilibrium as suggested in
Figure 41.

Crack Tip

The dominant presence of SO; and CI  at the
crack tip suggests that this region may be somewhat
acidic, which would be consistent with an oxidizing
condition on the outside surface due to the low H,.
However, OTSGs operate with N,H, so that such an
oxidizing condition is not credible. K and Si may re-
late to this acidity. Also, the lack of Cr depletion,
similar to that found at the crack mouth, further
suggests that this region may be acidic.

In addition to the chemistry shown in Figure 71
and Table 13, more detailed analyses with the ad-
vanced transmission electron microscope (ATEM)
near tips of SCC have identified substantial concen-

CORROSION—VOoI. 60, No. 1

trations of lead, indicating how perceptions can
change with analytical resolutions. Table 14 shows
the results of analyses at eight different locations on
two specimens. The highest concentration of lead
observed was 7.7% of the total species at a given
location. This finding suggests that lead might be
the main species that activates the SCC of the upper
bundles in the Oconee OTSGs.'®® Also calculated for
Table 14 were the Ni/Cr ratios similar to those in
Table 13. In some cases Cr enrichment was observed
and in other cases it was not. The meaning of this
pattern is not clear except to note that 6 of the 8
specimens exhibited depletion of chromium from

the matrix.

In addition to the SCC observed at scratches,
IGC was observed on the surface away from the
scratches and was found randomly over the surface
as shown in Figure 72. An overall view of the cross
section is shown in Figure 72(a). This pattern of SCC
under the scratches with IGC in an adjacent, less-
stressed region is similar to the occurrence of other
SCC, where SCC and IGC occur together or where
the first one occurs and then the other, as suggested
for AKSCC in Figures 82(a) and 97.

Four generally distinct chemical layers are
shown in Figure 72(a), and these are generally simi-
lar to those in the heated crevices of the RSGs shown
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FIGURE 59. From Line 1 of Table 10. Schematic view of OD tube surface from TSP 2 showing adjacent regions from inside
the tube support plate and outside in the free-span. The condenser was brass, and morpholine was used for water
conditioning. The tube was examined for 65,952 h. From Sala, et al.*** Noted to be taken from St. Laurent B-1 from Cattant,

et al.’™ ©1996 NACE International.
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FIGURE 60. From Line 2 of Table 10. Schematic view of OD tube surface from the top of the tubesheet. The condenser was
brass and the water conditioning was morpholine. The tube was examined for 85,120 h. From Sala, et al.*®® Courtesy EDF/

GDL.

in Figures 59 through 66. Details of the chemistry
are shown in Figure 72(b). The depths shown in the
Auger analysis in Figure 72(b) are similar to those in
Figure 71.

20

To clarify the environment in the upper bundle,
Figure 73 shows relevant equilibria relating to the
hydrogen electrode and the stability of chromium.
Other relevant equilibria are shown in Figure 33. Fig-
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FIGURE 61. From Line 3 of Table 10. Schematic view of OD tube surface from the TSP 2 showing adjacent regions from
inside the TSP and outside on the free surface. The condenser was brass, the water treatment was 2.5 years on NH; and
the remainder on morpholine. The tube was examined for 83,300 h. From Cattant, et al.'™* Courtesy of CEFRACOR

(Centre Francais de L'Anticorrosion), Paris, France.
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FIGURE 62. From Line 4 of Table 10. Schematic view of OD tubesheet from a TSP showing adjacent regions from inside
the TSP and outside on the free surface. The condenser was brass and the water chemistry was morpholine. From Cattant,
et al.’™ Courtesy of CEFRACOR (Centre Francais de L'Anticorrosion), Paris, France.

ure 73 is concerned mainly with aqueous equilibria.
While this is apparently inconsistent with the upper
bundle being superheated, Figure 71 shows that cer-
tain aqueous species have been transported to the
tips of advancing SCC, thereby indicating that aque-
ous phases occur in advancing SCC.

CORROSION—Vol. 60, No. 1

Figure 73 shows that the H,0/H, equilibrium
line intersects the CrO; /Cr,0, line at about pH 8.
This indicates that 1 ppb H, in the H,0/H, equilib-
rium half cell permits water to oxidize Cr,0; to CrOj”
above pH of about 8 at 300°C. This reaction is facili-
tated by the fact that the E-pH slope of the CrO3/
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FIGURE 63. From Line 5 of Table 10. Schematic view of OD tube surface from TSP 2 showing adjacent regions inside the
TSP and outside on the free surface. The condenser was titanium and the water conditioning was NH;. The tube was
examined after 79,900 h. From Cattant, et al."”* Courtesy of CEFRACOR (Centre Francgais de L'Anticorrosion), Paris,
France.
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FIGURE 64. From Line 6 of Table 10. Schematic view of OD tube surface from TSP 2 showing adjacent regions inside the
TSP and outside on the free surface. The condenser was titanium and the water conditioning was NH,. The tube was
examined after 81,900 h. From Cattant, et al.'” Courtesy of CEFRACOR (Centre Francais de L'Anticorrosion), Paris,

France.
Cr,0; half-cell equilibrium is twice the negative value the ready solubility of Cr that leads to the Cr deple-
of the H,0/H, half-cell equilibrium. Figure 73 also tion noted in Tables 13 and 14 and in Figure 71.
shows the pH equilibria at the alkaline end noting
that the 10° M solubility is at about pH 7. Cr,0, can 4.7 Modeling Heat-Transfer Crevices
be solubilized by either alkalization or oxidation The objective of modeling the heat-transfer crev-
above pH 8; in fact, it is quite likely that the combin- ice is to provide a basis for predicting the local envi-
ing influences would be synergistic above pH 8. It is ronment on the surface of the tubes and thereby to
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FIGURE 65. From Line 7 of Table 10. Schematic view of OD of tube surface from TSP 1 showing adjacent regions inside
the TSP and outside on the free surface. The condenser was brass and the water treatment was 3.5 years on NH; and
10 years on morpholine. From Sala, et al.**® Courtesy EDF/GDL.
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FIGURE 66. From Line 8 of Table 10. Schematic view of OD of tube surface from TSP 1 showing adjacent regions inside
the TSP and outside on the free surface. The tubes were exposed from time of commercial operation in 1981 until the SG
was removed. The tubes were extracted in 1996. The tubes were subjected to additions of titanium as Degussa anatase
TiO, at 1 ppb during 4 months of the last operating cycle. Blowdown concentration of TiO, was 5 ppb to 10 ppb. From
Lancha, et al.*”® ©1997 by the American Nuclear Society, La Grange Park, lllinois.

predict the occurrence of various modes of corrosion.
Most importantly, modeling the heat-transfer crevice
should predict the local chemistries and their distri-

bution within the crevice.

Modeling a heat-transfer crevice is particularly
challenging for the reasons shown in Figure 10.
There are four essential reasons for this complexity:

e The accumulated chemistry varies greatly as

the very dilute input changes and also changes
variously as species precipitate and change
identity as when SO; is reduced to S* by
N,H,.

CORROSION—Vol. 60, No. 1

e The packing of the crevice varies in its density
and properties.

e The two-phase nature of the water, including
the steam/water interface, changes the distri-
bution of chemicals and the nature of the envi-
ronment on the surface of the tube.

e Within the crevice there are sharp gradients in
temperature, phase of water, composition, pH,
electrochemical potential as it is affected by
pH, and fluid density.

A further challenge has to do with the specific

kind of environment on the surfaces of tubes. For
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TABLE 10
Characteristics of Tubes Used for Analysis of Deposits®
Reference TSP or
of the Top of Condenser Water Operating Deposit Over the
Tubes Tubesheet Material Conditioning Hours Corrosion Cracks
1 L TSP2 Brass Morpholine 65,952 IGA + many Under alumino-
L TSP2 Brass Morpholine 65,952 cracks silicate®
(300 um)
2 L TTS Brass Morpholine 85,120 Shallow IGA Under aluminate®
few cracks
(250 um)
3 A TSP2 Brass 2.5 years 83,300 Few small Under alumino-
NH, + zones with silicate® migration
morpholine IGA + cracks of Cr with organic
species in the Al-Si
deposit®
4 B — Brass Morpholine — IGA + small —
cracks (45 um)
5 C TSP2 Titanium NH; 79,900 No IGA, —
no crack
6 D TSP2 Titanium NH; 81,900 Shallow IGA, Under alumino-
no crack silicate deposit
7 E TSP1 Brass 3.5 years 90,567 No IGA, no No deposit of
NH, crack alumino-silicate
10 years but magnetite
morpholine and calcite
8 Lancha TSP1 Ferrous — 1981-1994 No IGA Extensive alumino-
Ringhals-3 (years) silicate

@ Lines 1 through 7 from Sala, et al.**® Courtesy of EDF/GDL. Line 8 from Lancha, et al.*”
® Alumino-silicate deposit contains calcium phosphate, iron oxide, copper, and zinc (the two last elements for brass condenser).

example, most of the corrosion testing in support of
understanding the secondary side has been con-
ducted in single-phase liquid water except for the ex-
tensive work of Daret, et al., in model boilers.'”®
However, the environment on the tube surfaces
where corrosion occurs is some combination of water,
water/steam interface, and steam as shown in Figure
10. Preferential SCC in steam phases is discussed in
Section 5.2.7. Only in pure water has it been shown
by many investigators, including Economy, et al.,'®®
that the LPSCC of Alloy 600MA exhibits a continuous
behavior vs 1/T from steam to water, as shown in
Figure 74.

In more complex environments such as the
doped steam experiments of Dehmlow,'®” SCC and
intergranular corrosion (IGC) are greatly accelerated,
as shown in Figure 75. The conditions of the
Dehmlow experiments could be the kind of environ-
ments in the steam phase of a heated crevice. Doped
steam SCC (DSSCC) is discussed in Section 5.2.7.
Also, Miglin and Sarver'®® have shown that there are
substantial differences between the behavior in liquid
water and saturated steam in the same closed envi-

24

ronment, as discussed in connection with Figures
136 and 137, depending on the chemistry of the
water phase and on the alloy. For example, Alloy 690
sustains lead stress corrosion cracking (PbSCC)
readily in both vapor and liquid phases when the
aqueous phase is NaOH and Pb; whereas, the Alloy
600 samples were generally less prone to PbSCC in
the vapor phase.

If modeling cannot predict the chemistry of heat-
transfer crevices that produce corrosion and interact
with the dependencies of the modes and submodes of
corrosion, it is of little scientific or practical funda-
mental use, although it might provide some useful
qualitative insights. Essentially, models should ratio-
nalize the chemistries of Figures 59 through 71, as
well as Tables 11 through 14. In fact, such modeling
and predictions are not practically achievable as can
be seen by the comparison of conditions that produce
high and low intensities of SCC/IGC in Figures 55,
56, and 57(a), as well as by the variation of SCC in-
tensity summarized in Table 10 together with subse-
quent figures. Here, while the patterns are
interesting, they are not always consistent.
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TABLE 11
Mean Compositions of Deposits from Various Tubes Removed
from Steam Generators for Different Locations and Damage Configurations®

Species
Degradation Fe;O, Zn0O Cu MnO Al, O, PbO Na PO SiO, As,0,
Longitudinal cracking above the top- 35.61 6.50 9.21 2.82 8.54 0.72 0.29 3.82 12.06 0.15
of-tubesheet in the sludge pile zone
Circumferential cracking under the 33.70 3.03 4.21 2.32 8.59 0.48 0.20 3.79 19.38 0.15
top-of-tubesheet in the sludge pile
zone
Circumferential cracking under the 50.30 6.19 5.47 5.75 3.93 0.31 0.49 4.60 3.68 0.06
top-of-tubesheet out of the sludge
pile zone
IGA/SCC at the tube support plate 42.92 9.00 1.18 3.40 3.28 0.30 0.16 1.11 17.12 0.04

elevations

@ From Boursier, et al.*’? Courtesy of TMS, Warrendale, PA.

Nonetheless, some useful modeling has been de-
veloped. Millett with his coworkers'®* ' developed
and clarified both the relationship of wetted length to
the available superheat as shown in Figure 76(a) and
the relationship of concentration to crevice length as
a function of time for 7 ppm NaOH as shown in Fig-
ure 76(b). Figure 76(a) shows that the wetted length,
i.e., the part that is not steam, decreases with in-
creasing superheat and with decreasing permeability.
Figure 76(b) shows that the accumulation of chemi-
cal species increases as some function of time, which
would also depend on permeability. A relatively high
initial concentration was chosen here because the
accumulation of impurities in a heat-transfer crevice
is proportional to the product of concentration in the
bulk environment and the time of exposure as shown
in Figure 51(c).

In general, Millett and his coworkers developed a
model that dealt with dimensions of the heated crev-
ice, permeability of the deposits, concentration in the
bulk environment, superheat, two-phase conditions,
and time. This is a broad view of some of the main
influences on the behavior of heat-transfer crevices.

Macdonald, Engelhardt, and coworkers'®*'*° have
added to the Millett work by introducing electro-
chemical and transport elements to the modeling.
Their electrochemical elements include charge bal-
ance for the species, migration, and zero summation
of anodic and cathodic reactions. Using their model
shown in Figures 77(a) and (b) they obtain a distribu-
tion of species in a simple system as shown in Figure
77(c). Here, the region less than 0.5 cm corresponds
to a convective region; the region greater than 0.5 cm
corresponds to the concentration of species being in-
dependent of distance and represents the maximum
concentrations achievable. These concentrations are
similar in order of magnitude to those shown in Fig-
ures 51(c) and (d).

CORROSION—VOoI. 60, No. 1

Contributions by Savchik and Burke,'?” Keefer
and Keeton,'”® and Duncan, et al.,'® have considered
thermal hydraulic aspects of heat-transfer crevices.
Keefer and Keeton have applied a computational fluid
dynamics methodology to modeling heat-transfer
crevices and have developed a damage parameter
shown in Figure 78, which shows that the worst case
involves the highest tube-metal temperatures and
lowest heat fluxes. In this formulation the damage
parameter equaled calculated concentration factor
times the liquid collapse level, which is the equiva-
lent height of the liquid volume fraction in the heat-
transfer crevice. The damage parameter indicates,
essentially, that the greatest damage occurs when
the tube surface temperature is the highest. This
increases reactivity and maximizes superheat,
which also maximizes the concentration of dissolved
species.

Duncan, et al.,'®® have applied computational
fluid dynamics to calculating the size of the dry-out
region of a tube support crevice geometry with a tube
located asymmetrically inside a drilled hole using
various assumptions about pressure drops, heat
fluxes, and surface tension. For a cylindrical crevice
1-in. long with an average 0.015-in. diametrical gap
and a 0.002-in. minimum gap, the table in Figure
79(c) gives the size of the dryout bubble as illustrated
in Figure 79(a) for a 1.0-in. vertical crevice as a
function of pressure drop, surface tension, pressure,
and heat flux. Peak temperatures of the configuration
in Figure 79(a) are shown in Figure 79(b) and indi-
cate that cooling lowers the surface temperature;
whereas, intimate juxtaposition of the tube to the
TSP produces the highest temperature.

Fauchon®® has refined the model of Englehardt,
et al.,'® and has built also on the model of Millett'*
to produce a more flexible model that accounts for
the electrochemical and thermal-hydraulic aspects of
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TABLE 12
Comparison of Deposits and MULTEQ Precipitates (Typical Results)®

Hide Out Return
(Between (): Not

Foreseen in MULTEQ) MULTEQ

Analysis of Deposits
(Underlined: Not Precipitated in MULTEQ
Between (): Not Introduced in MULTEQ)

Cations Anions pH; Precipitates Cations Anions Molecular Compounds
Na Si 5t07 Na,SO, SiO,, Na,Si,04 Na Si SiO,, complex silicates of Fe,
Ni, Al, Mg...
e.g., (Ni,Mg);Si,044(OH),
Mg SO, MgSO, Mg,SiO,, Mg,Si,Ox Mg SO, Sulfides, complex sulfates of
Mg,SigO5 Fe, Mg,...
e.g., Na,Fe(SO,),(OH),3H,0
Ca Cl CaSsoO, CaSiO;, CaMg(SiOs), Ca Cl (CaCQ,), CasoO,, CaSiO,
MgCa(SiO,) (BasoO,)
Al AIO(OH) Ca,Mg;sSis0,,(OH), Al
Fe FeSiO;, Fe,SiO, Fe Fe;0,, Fe,0;, FeO,
CaFeSi,Oq (Fe, Mg),SiO,
Ni NiO Complex Ni (PO,
aluminosilicates
(NaAI[AlSi;]O,[OH],)
Cr Cr,0,4 Cr Cr,0,4
Cu CuO Cu
NO, (Pb) NO, (Pb oxides, sulfates,
carbonates)
NO, (zn) CO, (Zn oxide, silicates)
Acetate 4t05 (Ti) CH,COO Carboxylates
Formate (Oxidized oils)
(Propionate) (Mn) HCOO Intermetallic compounds Ni-Cu,
(Pyruvate) (Mo) (NiAs, Ni-Pb, Ni-Pb-S)
(Valerianate) Coordination compounds
(Oxalate) (M-0O-C)

® From Goffin, et al.'® Courtesy of Laborelec.

the deposit-filled crevice. Her model predicts the
evolution of wetting of the steam region in the heat
crevice and has provided more extensive analysis of
electrochemical properties. However, it has not con-
sidered any of the issues associated with deposits, as
shown in Figures 59 through 68.

The modeling of real, deposit-filled crevices, as
exemplified by the data of Figures 59 through 68,
has been most realistically considered by Baum?°' %
and is epitomized in Figure 80. Here, Baum recog-
nizes the major issues that affect the essential pro-
cesses in heat-transfer crevices. In particular, he
recognizes the problem of gradients within heated
crevices, as in Figure 10, and the importance of the
transport from hot to cold surfaces together with the
concentrations at liquid/steam interfaces. Such con-
ditions are difficult to describe quantitatively.

The data from Figures 10, 55, 56, 59 through 68,
and Tables 8, 11, and 12 show that the chemistries
inside heat-transfer crevices are complex. Baum?®’' 2%
indicates that this complexity is produced by the
large thermal gradients with associated superheat

26

effects on the water/steam interface and by the large
variations in volatility of species. In addition, gradi-
ents occur in electrochemical potential and pH that
affect solubilities and transport. Also, other pro-
cesses such as retrograde solubility and volatilization
affect the solubilities of sulfate and phosphate com-
pounds. This array of components, gradients, and
reactions is summarized in Figure 10.

While this discussion mainly concerns surfaces
inside heat-transfer crevices, deposits also accumu-
late on free-spans. Free-spans adjacent to heat-
transfer crevices and free-spans for OTSGs are
described in Figures 55, 56, 59 through 71, and
Tables 8 and 9. This subject, as well as that of de-
posits in general, has been considered extensively, as
shown in Figure 81, by Varrin,” who suggests a
schematic view of how deposits and their morpholo-
gies on free surfaces evolve with time. It is reason-
able that such surfaces would sequester impurities
that possibly could concentrate and accelerate corro-
sion. However, such interactions have not been in-
vestigated extensively.
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FIGURE 67. Ratio of concentrations of species in deposits from occluded heat-transfer crevices vs those from adjacent
free-span surfaces. Species given in ascending order of ratio. Data from 340 pulled tubes. From Cattant, et al.”* Courtesy
EDF

4.8 Significance

4.8.1 Experience —

1. Environments in heat-transfer crevices are
subjected to many influences that cause the
chemical compositions inside to vary greatly in
spite of the well-controlled bulk secondary en-
vironment. Influences affecting the chemistry
inside heat-transfer crevices include variations
among the concentrations of impurities, tem-
perature gradients, variations of packing of
deposits including corrosion products, varia-

034 N [C]Free span (HCl)*
Free span (HNO3)*
T A TSP area (HCI)*
TSP area (HNOg)*

N * Leaching solution

0.15 4 N

Concentration Relative to Fe

I 2 JLEW% 5

tions of the extent of the local steam phase, 0.0 L= o 4
variations in volatility of species, and in the Na Pb Mg Ca Al Si B Cu Mo Zn Ba
location of the steam/water interface. In view Chemical Species

of such differences, it is not surprising that
the occurrence of significant corrosion, as in-
fluenced by local environments in heat-trans-
fer crevices, is so variable.

2. In addition to the usual impurities found in
feedwater, lead and sometimes arsenic are

FIGURE 68. Concentration of species relative to Fe vs species for
measurements from free-span and occluded regions of heated
crevice. Two different acidic extraction environments used. From
Laire.'”™ ©1995 NACE International.

present and have been shown to promote SCC 4. The presence of N,H,, while mitigating some
as shown in Section 5.0. The fact that exten- forms of SCC, also reduces sulfates to lower
sive SCC due to lead is not observed in many valence species including sulfides. These have
cases is probably due to the combination of been shown to produce SCC readily in many
lead with anions such as silicate, chloride, Ni-based alloys, and to produce SCC in Alloy
iron oxide, and others that form compounds 690 under caustic conditions. Thus, the use of
of very low solubility. These lead-forming com- N,H, needs to be considered carefully in view
pounds may be important in suppressing of the occurrence of reduction processes that
PbSCC. are not desirable.

3. N,H, and H;BO, have been shown to mitigate 5. In the upper bundle of OTSGs where the envi-
some of the forms of corrosion that affect SGs, ronment is superheated, SCC and IGC are
especially SCC. However, despite their use, occurring and the chemistry of surface envi-
already initiated SCC continues to propagate. ronments is probably quite similar to those in
It is not known whether their use from start of heat-transfer crevices.
operation would prevent initiation of IGC/ 6. While, in detail, the occurrence of corrosion is
SCC. variable owing to the many influences inside
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FIGURE 69. Profiles of elements Fe, Cr, Ni, Si, C, O, and H in the inside layer L,, measured by glow discharge optical
spectrometry (GDOS) in deposits at free-spans and in the occluded region from the third layer corresponding to Figure 59

and Line 1 of Table 9. From Cattant, et al.'”* Courtesy EDF.
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FIGURE 70. Results from model boiler experiments with primary
temperature in the range from 330°C to 350°C and secondary-side
temperatures in the range from 290°C to 295°C with AVT chemistry.
Sodium sulfate added at 0.5 mg/kg in makeup water, and N,H, was
in the range from 10 ug/kg to 50 ug/kg. Dissolved oxygen less than
1 ug/kg. (a) Location of SCC, boundary of deposit, and locations of
analysis for sulfates and sulfides (1 through 6) for Alloy 600MA.
(b) Atomic percent of sulfates and sulfides vs distance from the
boundary of the deposit into the metal and through the SCC. From
Daret, et al.'” Courtesy of TMS, Warrendale, Pennsylvania.

crevices, there is broad agreement in patterns
of chemical composition as determined from
hideout return and examination of deposits.
However, these results do not strongly point to
any specific local environments that produce
IGC/SCC.

7. There are clear differences between the chem-
istry inside heat-transfer crevices and immedi-
ately adjacent on free surfaces. For example,

28

alumino-silicates are much more prominent
inside the crevices. Also, alkaline-forming
species are more prevalent inside crevices
where they seem to have concentrated prefer-
entially to forming on the free-spans adjacent
to crevices.

8. In the heat-transfer crevices of deaerated envi-
ronments, there is little difference in potential
between the outside surface and the inside
surface owing to the propinquity of the NiO/Ni
and H,0/H, half-cell equilibria. Thus, there is
no basis for significant potential gradients in-
side the heat-transfer crevice except for effects
of pH on the equilibrium potentials of the half
cells and oxidation effects prior to and just
after startup.

9. Existing modeling of heat-transfer crevices
does not provide the adequate detail needed
to predict quantitatively the factors that affect
the occurrence of corrosion of tubes.

4.8.2 Potential Problems and Approaches —

1. In view of the importance of predicting longer
lives of steam generators where deposits accu-
mulate in line contact crevices, modeling
should be substantially improved. Specifically
considered should be the presence of local
steam environments, steam/water interfaces,
the chemical reduction of sulfates as well as
other chemical transformations, the partition
of species within crevices in both radial and
axial directions as a result of the different
volatilities, the chemistry of precipitating
lead compounds, the general formation of
compounds, and the possible capacity of
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FIGURE 71. Compositions of surfaces of tubes at four locations in the upper bundle of Oconee Nuclear Station. Outside
and inside SCC and IGC as determined by Auger spectroscopy. From Rochester.’® Courtesy BNES.

oxidizing species that enter the steam genera- 5.0 MODES AND SUBMODES OF CORROSION
tor with the feedwater to reach crevices and

increase the potential. Models, to be useful, 5.1 Introduction

must consider such complexities of local In the framework of the corrosion-based design

environments that are discussed in this approach (CBDA)" for predicting and assuring per-
section. formance, the most important first step is defining

2. Evaluations of crevice deposits and oxides of local environments on the surfaces of components or
samples removed from plants provide one of subcomponents. For the SG, the local environments,
the most useful approaches for determining where corrosion has been the most aggressive on the
the chemical and electrochemical conditions secondary side, are in heat-transfer crevices. The
that develop in crevices and for validating step of environmental definition is discussed in Sec-
models. However, these evaluations are ham- tion 3.0 for the bulk environment and in Section 4.0
pered by a lack of reliable baseline data relat- for the local heat-transfer crevices. For the purpose
ing the composition and morphology of the of this discussion, the second step in the CBDA, alloy
deposits and compounds to the bulk water definition, comprises the choice of Alloys 800, 600,
chemistry. Also, model boiler experiments and 690 in their various heat-treated modifications.
should be undertaken to obtain such informa- The evolution of the application of these alloys is
tion as well as to evaluate the behavior of de- shown in Figure 92. Some features of material defini-
posits at line contact geometries. Further, tion are discussed in this section as they interact
additional studies of deposits and crevices re- with the submodes of SCC. This section, 5.0, is con-
moved from operating plants should be under- cerned with the third step in the CBDA, defining the
taken. modes and submodes of corrosion. Alloy composi-

3. To further improve the capacity to model the tions and structures as they interact with the
uncertain heat-transfer crevices, the heated submodes of corrosion are discussed in this section.
crevice experiments using electrochemical In the fourth step of the CBDA, superposition, the
monitoring should be applied to line contact dependencies of the modes and submodes are com-
geometries. pared with the properties of environments, as in
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TABLE 13
Chemistry Inside Cracks at Increasing Elevations Inside OTSG®

Composition (a/o)

Elevation
(m) Ni Cr Fe (0] C N Si Al Mg Ca Sulfate Sulfide Zn Na Ni/Cr
8.8 16.93 1.62 — 34.43 4091 261 1.77 — — — 0.14 — — 0.88 10.45
10.1 15.15 1.60 0.07 35.99 4138 058 339 — — — 0.18 — Trace — 9.47
10.4 6.41 0.64 — 37.04 39.07 — 6.25 10.12 0.48 — — — — — 10.02
11.2 6.19 2.90 0.89 29.47 46.22 123 331 8.79 — 0.76 — — — — 2.13
11.8 9.21 1.52 0.76 34.98 49.20 — 2.78 — — — — 0.83 — 057 6.06
12.6 13.30 0.94 0.80 45.62 3511 117 1.56 — — — 0.45 — — — 14.15
13.8 1851 2.38 0.90 31.91 41.08 — 467 — — — 0.55 — — — 7.78
14.2 9.78 2.48 0.58 39.12 43.13 121 201 — 0.38 0.37 042 0.22 — 033 3.98
15.0 11.58 0.93 — 41.06 45.12 0.89 — — — — — 0.42 — — 12.45
16.7 6.02 2.72 1.53 37.27 41.48 0.09 333 382 142 109 0.79 — 0.09 — 221
Ductile 16t021 2to3 05t016 27t034 41t048 — 1to3 — — — — — — — 6.3t079
fracture
® From Rochester and Eaker.*® Courtesy of TMS, Warrendale, PA.
TABLE 14
Chemical Analyses by Nano-EDS (0.7 nm spot) of Local Regions. Near Tip of SCC as Identified by TEM®
Location
Designation No. a/o O al/o Si alos alo Ca aloCr aloFe aloNi al/o Pb Ni/Cr Impurities
49 26.5 0.3 0.3 0.0 33.7 4.5 32.8 2.0 0.97 Cr-Ni-O with Pb
50 2.3 0.5 0.2 0.0 11.4 7.7 80.8 0.2 7.1 Metal matrix
51 0.7 0.0 0.1 0.0 3.8 21 91.5 2.6 241 Fe-Cr-depleted
boundary—with Pb
52 15 0.0 0.0 0.0 2.6 2.3 94.2 0.4 324 Fe-Cr-depleted
boundary—with minor Pb
53 30.2 0.6 0.2 0.1 30.3 12.4 25.3 1.2 0.8 Cr-Ni-O with Pb
45 21.1 0.4 3.7 0.1 23.8 6.3 37.2 7.5 1.6 High Pb, S in degraded
GB particle
48 28.8 0.7 2.7 0.0 30.1 5.8 29.2 4.6 0.97 High Pb, S in degraded
GB particle
31 25.3 0.2 0.4 0.0 38.2 3.6 28.8 7.7 0.7 High Pb in degraded

GB particle

® From Rochester.'® Courtesy of BNES.

Section 4.0, to determine whether significant corro-
sion can occur.

The purpose of Section 5.0 is to define the present
state of understanding of the modes and submodes
of corrosion of Alloys 600 and 690 as applied in
steam generators. Alloy 800 is not discussed exten-
sively, although available data are integrated into
this discussion. For each submode, the “state of un-
derstanding” is based on the extent to which seven
principal variables affecting corrosion (pH, potential,
species, alloy composition, alloy structure, tempera-
ture, and stress) can be quantified. Important aspects
for the background of Section 5.0 are as follows:

1. Modes and Submodes — The background of
modes and submodes of corrosion has been dis-
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cussed extensively.'?*47208299 A “mode” of corrosion is

the morphology of the corrosion, e.g., general (GC);
pitting; IGC; SCC, which can be either intergranular
or transgranular (SCC, IGSCC, TGSSC); and corro-
sion fatigue (CF). A “submode” refers to a given mode,
e.g., SCC, that occurs according to unique dependen-
cies. Thus, when SCC in Alloy 600 occurs in alkaline
environments, AKSCC, the dependencies of this
submode are quite different from those of low-poten-
tial SCC (LPSCC).

Figure 82 shows the major and minor submodes
for the SCC of Alloy 600MA in the range of tempera-
tures from 300°C to 350°C. The four major submodes
of SCC, as shown in Figure 82(a), are AkKSCC, LPSCC,
acidic SCC (AcSCC), and high-potential SCC (HPSCC).
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FIGURE 72. (a) Schematic view of SCC and IGC together with four chemical layers on surface from upper bundle of tubes
from the Oconee Nuclear Station. (b) Distribution of chemical species on OD surfaces from the 11th TSP in ONS-2 from
tube R93T69. From Rochester and Eaker.’®* Courtesy of TMS, Warrendale, Pennsylvania.

These same submodes are common to the stainless
steels and low-alloy steels as shown by Parkins''®
and Congleton, et al.,'"” in Figure 83. In Figure 83(b),
it is shown that the minimum intensity in the anodic
submodes of SCC of steel occurs at the solubility
minimum for iron. Such a minimum in the SCC of
Alloy 600MA also occurs as shown in Figure 46. Fur-
ther, such solubility minima for the Fe, Cr, and Ni
oxides are shown in Figure 38 and indicate expected
minima for SCC with pH.

The major submodes in Figure 82(a), generally,
tend to be associated with thermodynamic patterns
that affect the stability of protective films. While this
connection is qualitative, following the pattern of Fig-
ure 83 where the minimum in SCC depends on the
solubility minimum for iron oxides, each of the
submodes depends generally on recognizable fea-
tures of the potential-pH diagrams: e.g., LPSCC is
usually in the region near and below the standard
hydrogen equilibrium, although some argue that the
NiO/Ni half-cell equilibrium is more relevant. AkSCC
occurs in a region of transition between stable and
unstable NiO. Similarly, AcSCC occurs comparably
in the neutral to mildly acidic region. HPSCC corre-
sponds with the breakdown of protective films at
higher potentials and seems especially associated

CORROSION—Vol. 60, No. 1

with the instability of chromic oxide (Cr,0O3) at higher
potentials as shown in Figures 7 and 73 in the alka-
line region.

Figure 82(a) also shows three lines: HPSCC,,,
HPSCCgyp, and HPSCCgy.. These designations refer to
HPSCC associated with the mill-annealed condition
(MA), the sensitized condition (SN) in pure water (P),
and the sensitized condition (SN) in contaminated
water (C). The locations of these lines and their
slopes are estimated.

The major submode LPSCC was formerly called
“primary water SCC” (PWSCC). However, there is
good evidence that the same mechanistic process
occurs on the secondary side. Further, to give a
submode of SCC the title of a component or location
is no more logical than to call the ammonia SCC of
brasses “condenser SCC” or the SCC of martensitic
stainless steel in steam turbines “turbine SCC.” The
term, LPSCC, is now widely used and applies to the
region of potentials in Figure 82(a), where this
submode occurs just as AkKSCC uniquely occurs in
the alkaline region and is mechanistically related to
the effects of high pH.

Identifying the submodes by their chemical loca-
tions as in Figures 82 and 83 is descriptive of the
conditions that account for their uniquenesses; the
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FIGURE 73. Potential vs pH for the Cr-H,O equilibria at 300°C.
Equilibria shown for Cr** to Cr** and Cr** to Cr’** for solubilities from
10° M to 1.0 M. Diagram from Chen, et al.**
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FIGURE 74. IGSCC initiation time vs reciprocal temperature for five
heats of material from 19 mm OD tubing of Alloy 600MA. Bars show
the range of 20% and 80% of specimens failed. From Economy,
et al.*®* ©1987 NACE International.

use of this approach does not encroach on mechanis-
tic interpretations. For example, LPSCC is called by
some workers “hydrogen embrittlement” because of
the relatively low potential of its domain. The action
of hydrogen here is believed to affect the dislocation
flow process but does not produce direct brittleness.
Further, to call, for example, AKSCC “anodically con-
trolled” avoids the possible critical role of hydrogen
at the crack tip. Thus, the approach of describing
the submodes in essentially phenomenological and
chemical terms describes the essential conditions for
occurrence of the submodes without presuming on
any of the possible mechanisms by which the SCC
initiates or propagates.

Incidentally, some have suggested that PWSCC
means “pure water SCC.” This is misleading since,
although the phenomenon has been studied mainly
in relatively pure water, there is no reason that this
mechanistic process cannot occur in chemically
modified solutions such as those that occur on the
secondary side. Thus, again, the important descrip-
tive term should be LPSCC.

The minor submodes are distinguished as a
group in Figure 82(b) partly because they are not so
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well defined and also because their domains do not
relate so readily to features of the potential-pH
diagram as do the major submodes. Further, some of
the minor submodes, e.g., in the acidic region, may
be part of the same submodes, as is discussed in
Section 5.2.3. As shown in Figure 82(b), the minor
submodes of SCC are:

a. Copper-acidic SCC (CuSCC) as initially stud-
ied by Pierson and Laire.*'° CuSCC is taken
here as being part of the acidic submode since
it appears that it belongs in this category by
virtue of its dependence upon acidic environ-
ments. The copper, in the form of CuO, seems
to act as an oxidizer just as it operates in
AkSCC.

b. AcSCC as initially studied by Jacko.?!' This
submode is probably more of a “sulfate SCC,”
because AcSCC has been studied mostly in
sulfate solutions. Further, SCC in sulfate solu-
tions has been the most extensively studied of
the acidic submodes.

c. Chloride SCC (CISCC) as initially reported by
Berge and Donati*'? and by Berge, et al.,*"® in
a solution of H;BO, and CI". While this
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submode has not been studied extensively, its
initial patterns indicate that it should be con-
sidered a part of AcSCC.

d. DSSCC as initially reported by Dehmlow.'®

e. PbSCC that occurs over the full range of pH as
initially reported by Copson and Dean.>'*

f. Reduced sulfur SCC (S"SCC) as initially re-
ported by Gomez-Briceno and Castano.?'®

g. SCC in alumino-silicate surface chemistry
(ASSCC) as described by Sala and cowork-
ers.'®*'% This submode is taken here as an
extension and as part of AkSCC since it seems
to have important similarities.

h. SCC in organic environments (OgSCC) accord-
ing to speculation about the possible effects of
the organic species observed in deposits as
shown in Figures 59 through 66. There is no
authoritative work yet on this subject; existing
work suggests that there is little effect of or-
ganic environments by themselves as observed
in Figures 59 through 66. However, there is so
little work on this subject that it is not pos-
sible to determine the domains of existence.

i. Low-temperature SCC (LTSCC) as reported by
Brown and Mills.?'®

During inspections of SG tubing with eddy-cur-

rent probes, it is often not possible to determine the
submode without further investigation. However, it is
usually possible to determine whether the SCC is
starting from the outside or inside. When the SCC is
starting from the inner primary-side surface, it is in-
side diameter SCC (IDSCC), although it is sometimes
assumed to be LPSCC. When SCC starts from the
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FIGURE 75. Threshold beam results from testing two wrought alloys

and two weld metals in doped steam at 400°C with four additions of

species, each at the 100-ppm concentration. From Dehmlow.*®” Used
by permission of EPRI.

outside secondary surface, it is usually called outer
diameter SCC (ODSCC). Sometimes, where there is
not sufficient precision, the ODSCC is called IGA and
includes both SCC and IGC.

It is reasonable that CuSCC, AcSCC, and CISCC,
as shown in Figure 82(b), may all be part of the same
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FIGURE 76. (a) Wetted length vs available superheat with varying permeability for initial conditions in a heated crevice. (b)
Concentration factor vs dimensionless length as a function of time. C,= bulk density concentration; L = depth of crevice or
deposit; R, = SG tube circumferences; A, = heated area; AT = superheat. From Millett, et al.**
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submode, AcSCC, as discussed in Section 5.2.3. The
S*SCC, as discussed in Section 5.2.6, is clearly a
separate submode since its dependencies are differ-
ent from the others, and it is aggressive toward Alloy
690 at high pH. It is also possible that the ASSCC is
part of the AKSCC, as discussed in Section 5.2.1; but
this, like the aggregation of AcSCC, has yet to be
confirmed. The PbSCC, as discussed in Section
5.2.5, is also a clearly different submode since its
dependencies are not similar to any of the other
submodes; in fact, it is likely that species such as Sb
and As may produce SCC phenomena similar to
those of lead.

SCC of the high-nickel alloys has not been stud-
ied extensively in the organic acids that have been
identified in the deposits of Figures 59 through 66. In
view of the well-known ionic complexations between
nickel and some organic species, it is likely that these
organic species could produce SCC. Work to date has
considered mostly acetates to epitomize organic spe-
cies. However, the behavior of acetates may be quite
different from formates, which are also observed.
Carbon-nitrogen ligands also should be considered.
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Scott and Combrade,?'” Combrade, et al.,*'® and
Combrade,?? as shown in Figures 84(a) and (b), have
developed diagrams similar to that in Figure 82(a).
Figure 84(a) illustrates the three submodes relevant
to the secondary side of SGs together with the do-
main of potential and pH for the secondary side simi-
lar to Figure 39. The secondary domain in Figure
84(a) seems not to consider the effect of N,H, as
shown in Figure 45(a), although the upper bound
seems consistent with the low H, in the secondary
side as shown in Figure 33. Also, the extents of the
three submodes do not reflect the contours of poten-
tial and pH described in Section 5.2. Figure 84(b)
provides mechanistic interpretations of the
submodes together with their extents.

Another version of the approach in Figure 82(a),
defined by an organized experimental program and
review of literature, has been developed by Ohsaki, et
al.,”® and Tsujikawa and Yashima,?®' and is shown in
Figure 85. This figure does not include LPSCC or a
full description of HPSCC. Also, Figure 85 does not
account for the extent of AKSCC and AcSCC as de-
scribed in Sections 5.2.1 through 5.2.3.
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The broad use of the mode diagram framework
for the Alloy 600, 690 group in Figures 82 through
85 shows that this approach is useful and is based
on reliable data. The ranges of the submodes as de-
scribed in Figures 82 through 85 differ somewhat in
details of the ranges of the submodes, but they agree
well on the general locations and extent of the
submodes with respect to pH and potential.

The mode diagrams do not give rates nor do they
indicate dependencies upon variables, e.g., micro-
structure, other than potential and pH. The other
dependencies are discussed in 5.1.2 and in the re-
spective subsections of Section 5.2, which deal with
the submodes. Nonetheless, potential and pH are the
dominant variables since the tubing alloy sets the
submodes; temperature is set by operating condi-
tions; and stress is usually in the range of the yield
stress owing to methods of fabrication. With thermal
treatment and careful installation, stresses can be
relatively low at tube support crevices. There is no
evidence for high stress in TT tubes at the TSPs in
the absence of denting or scratches.

2. Seven Primary Variables — To define a
submode is to define its dependence on the “seven
primary variables” as illustrated in Figure 86. Here,
the general relationship is widely used for correlating
SCC data, although such a formulation does not
apply to all modes and submodes nor are the same
mathematical dependencies always applicable. In the
case of the stress variable, there are modifications
having to do with crack growth, cyclic stressing, and
ranges of stress; however, these are subsumed in the
implication of stress being an important variable.
Finally, some of the dependencies are interrelated
such as the chemical activation energy and the
stress exponent.?”*??® The submodes are principally
distinguished by their different dependencies upon
the seven primary variables as can be seen simply
from the different locations of submodes in Figures
82 through 85. Important dependencies are de-
scribed in discussions on the respective submodes
in Section 5.2.

3. Initiation and Propagation — Much of the data
upon which the mode diagrams of Figures 82
through 84 are based comes from tests using initially
smooth surfaces or from constant extension rate test
(CERT) specimens. In these cases, the SCC responds
mainly to the environmental chemistry as it occurs
directly on surfaces. However, as a crack propagates
and is progressively less connected chemically with
the surface, it is reasonable to expect that propaga-
tion might depend more on the electrochemistry of
the crack tip and less on the details of the surface
chemistry. The bounding aspects of this condition
are illustrated in Figure 41 and the associated dis-
cussion. While it seems possible that conditions for
initiation and propagation might differ, the compari-
sons between initiation and propagation, which are
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NACE International.

discussed in connection with Figure 88, suggest in
some cases that there is little difference in chemical
conditions that control initiation and propagation.

Details of what constitutes initiation and propa-
gation have been discussed in detail by Staehle.®'***
However, these stages can be divided simply by con-
sidering Figure 87. Here, the log of stress vs the log
of crack depth is plotted, and the formats that apply
to correlating the data from smooth and pre-cracked
surfaces are identified. As illustrated in Figure 87(a),
SCC data from initially smooth surfaces are usually
correlated by a plot of stress vs time to produce a
threshold or a quasi-threshold; whereas, SCC data
from pre-cracked specimens are plotted as crack
growth rate, da/dt, vs stress intensity. From this
plot, a value, or at least a practical value, of K, is
obtained, and an array of such values is shown in
Figure 87(b).

Using Figure 87(b), assuming that a reasonable
threshold stress for AKSCC of Alloy 600MA is
100 MPa and that a reasonable value for Kigeo 18
5 MPa m'/?, the intersection of this horizontal line
at 100 MPa and the -1/2 sloping line of 5 MPa m'/?
occurs at about 800 um, which is close to three
quarters of the full thickness of a tube in a steam
generator. This result indicates that much of the pen-
etration of a steam generator tube from the second-
ary side occurs in the initiation regime. For thicker
applications, such as control rod drive mechanisms
(CRDM), the fraction of time in the propagation re-
gion increases. However, even for CRDMs, a relatively
small fraction of the failure time is probably in the
propagation regime.

To assess the chemical dependencies of initiation
vs propagation, Figures 88(a) through (c) compare
the dependence of the initiation of SCC for various
alloys upon the concentration of NaOH (Figure 88[a])
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FIGURE 79. (a) Model for calculation of dry patch location and dimensions for vertical 1-in.-long, deposit-free heated
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temperature of tube vs angular position as a function of heat flux. 0° corresponds to the contact point. From the work of
Bankoff and Tankin,”® reported by Duncan, et al.**° (c) Size of dry patch and location in a vertical cylindrical crevice 1 in. in
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International.

with the response of pre-cracked specimens (Figures
88|[b] and [c]) of Alloys 600 and 690. This comparison
shows that the dependence of initiation upon the
concentration of NaOH is about the same as that for
propagation. A similar comparison is shown in Fig-
ures 88(d) and (e) for initiation and propagation of
HPSCC for sensitized Type 304 (UNS S30400) stain-
less steel, respectively, as they depend on electro-
chemical potential. The minimum potential at which
significant SCC stops, from an initiation point of
view, is generally regarded as -240 mV,. The use of
CERT testing shown in Figure 88(d) shows that such
a potential may be slightly conservative. This limit of
—240 mVy for propagation seems to occur at a lower
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plateau, as shown in Figure 88(e), of velocity that
corresponds to about 2 x 107> m/s or about 100 um
of penetration per year after initiation occurs.

-240 mVy seems to define the upper objective of po-
tentials sought with hydrogen water chemistry. Thus,
the dependence of HPSCC on potential for both ini-
tiation and propagation is similar.

The comparisons in Figures 88(a) through (c)
suggest that the initiation and propagation exhibit
similar dependencies for the AkSCC. This same pat-
tern applies to the potential dependence of HPSCC in
oxygenated pure water, shown in Figures 88(d) and
(e), where the lower threshold of electrochemical po-
tential is about the same for specimens with initially
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smooth surfaces and pre-cracked specimens.
Whether these similarities in conditions, which con-
trol initiation and propagation, apply to all submodes
is not clear; further work is necessary for developing
credible predictions.

4. Chronology — The development of Alloys 800,
600, and 690 for applications to nuclear steam gen-
erators starts with the work of Copson in 1957,%272%8
where he studied the effect of nickel concentration at
constant 20% Cr on the SCC of Fe-Cr-Ni alloys in
boiling MgCl, at about 145°C and showed that no
SCC occurred above about 45% Ni. His results are
shown in Figure 89(a). It was assumed that any alloy
that would not sustain SCC in such an aggressive
environment generally would be resistant to SCC and
especially to SCC in chloride solutions. If fact, the
work of Berge and Donati®'? in 1981 showed that
Alloy 600MA would sustain SCC in an acidic chloride
solution, similar to the MgCl, environment, as shown
in Figure 89(b), but at a lower temperature of 100°C.
Thus, the prediction of Copson was not a general
one. Nonetheless, it was the work of Copson that
supplied the basis for choosing Alloy 600 for com-
mercial applications as early as 1962, as shown in
Figure 92.

At about the same time as Copson was reporting
his work, Coriou, et al.,' reported in 1959 that an
alloy similar to Alloy 600 would sustain SCC in pure
deoxygenated water, although the SCC required sev-
eral months to develop. Such a result seemed pre-
posterous at the time. First, Copson’s work showed
that the Fe-Cr-Ni alloys resisted SCC in a very ag-
gressive environment as shown in Figure 89(a). Sec-
ond, at that time it was conventional to assume that
SCC would only occur in the presence of specific spe-
cies, e.g., brass in ammoniacal solutions. Third, the
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idea of a tough and ductile alloy, such as Alloy 600,
sustaining SCC in a pure and deaerated environment
was inconsistent with the prevailing understanding
about only higher potentials accelerating SCC.

To explain what was the nominally incredible
finding of Coriou, Copson undertook research on the
effects of lead, which he suspected of causing the
SCC observed by Coriou, and on specimens with
crevice geometries exposed to oxygenated environ-
ments, which he thought®*® would also explain some
of Coriou’s results. The lead work was published with
Copson and Dean®" in 1965, and the crevice work
was published with Copson and Economy®° in 1968.
The work in lead-containing environments showed
that Alloy 600 would sustain rapid SCC and that the
SCC could be either intergranular or transgranular.
The work on crevices showed that, in oxygenated en-
vironments, the inside surfaces of a double U-bend
crevice would sustain rapid SCC. During this time,
Coriou continued to publish his work®*'?* and con-
tinued to show that Alloy 600 would sustain SCC in
pure deoxygenated water in the absence of lead crev-
ices. Coriou published a simple diagram comparing
the general behavior of the Fe-Cr-Ni alloys in pure
deoxygenated water and in chlorides; this diagram is
shown in Figure 90.

Several other investigators showed that Alloy 600
would sustain SCC, including Rentler and Welinski***
and Hubner and coworkers.?**?%* In about 1967,
Siemens decided, based on their own work, on expe-
rience with the Obrigheim plant, and on the work of
Coriou, to shift from Alloy 600 to a modified grade of
Alloy 800 for SG tubing, which they have used to the
present time with great success. Figure 90, although
schematic, suggests that Alloy 800 should resist SCC
in pure water and should be minimally prone to SCC
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in chloride environments. This intuition was vindi-
cated by later investigators.

When Coriou presented his work, including Fig-

ure 90, in 1967 during a meeting at The Ohio State
University,?®” Copson prepared a detailed objection,
part of which is excerpted here:
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In recent years there have been reports, such
as described here today, showing intergranu-
lar corrosion and cracking of Alloy 600 in cer-
tain high pressure high temperature water
environments. Naturally, we were surprised
by this, and have made repeated attempts to
reproduce such attack in pure water. One se-
ries of tests was run at Battelle Memorial In-
stitute on specimens and water received from
France. Careful micro-examination showed
the absence of intergranular attack of any of
these Alloy 600 specimens. (H.R. Copson,
S.W. Dean, Corrosion, 21, 1 [1965], p. 1-8.)

“Continued laboratory testing soon revealed that
certain contaminants in the water could promote at-
tack. One of these was lead. In combination with ten-
sile stresses a lead contaminant produced cracking
which usually was predominantly transgranular, al-
though in some instances the cracking was partly or
largely intergranular. Another harmful contaminant
was oxygen, but oxygen was detrimental only in the
presence of both crevices and high tensile stresses.
With this combination intergranular stress corrosion
cracking occurred in the crevice area. The first re-
sults with these contaminants were included in the
1965 paper.

“We have continued the laboratory testing, and
another paper dealing with oxygen contamination
has been accepted by Corrosion for publication in
1968. This describes stress corrosion tests in pres-
surized water at 600°F using double bent beam
specimens.”?*®
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Copson had explored some obvious avenues for
explaining the results of Coriou; however, he did not
recognize that, by the time of his objection, Coriou
and coworkers had published three papers reproduc-
ing their initial results. Copson had missed the point
that deaertion was the key factor supporting LPSCC
based on the historical patterns of increasing oxygen
accelerating SCC.

By about 1970 it had become clear that Alloy
600 was, indeed, resistant neither to the relatively
pure water used for primary PWR coolants nor to the
concentrated alkaline environments that could be
expected in the heat-transfer crevices on the second-
ary side of steam generators with the then prevailing
water chemistry as discussed in Section 3.0. As a re-
sult of the apparent deficiencies in Alloy 600, exten-
sive work was undertaken to develop a replacement
as described in the work of Flint and Weldon,® by
Mcllree and Michels®*® as shown in Figure 91, Figure
142 as discussed in connection with PbSCC in Sec-
tion 5.2.5, and in Table 15 from the work of Copson,
et al.,”® on double crevices, which were exposed to
oxygenated solutions.

Results from the work on double U-bend crevices
in Table 25 shows that the Alloy 690 composition
does not sustain SCC. Figure 142, which includes
the 1972 work of Flint and Weldon® for the effects
of alloy composition on corrosion in lead-containing
solutions, shows again that the composition of Alloy
690 would be an optimum composition. These data
are discussed in Section 5.2.5 concerning the PbSCC
submode as well as in Section 5.3 concerning the
selection of Alloy 690. The work by Mcllree and
Michels*® in Figure 91, as well as the work by
Sedricks, et al.,**® shows that the Alloy 690 composi-
tion provides a substantial improvement over low-Ni
alloys but is more prone to AKSCC than Alloy 600,
even in what is approximately the TT condition. This
result is not surprising in view of the high solubility
of Cr in alkaline solutions. By about 1974, Alloy 690
was available for consideration by vendors of nuclear
steam supply systems (NSSSs). The original MA heat
treatment was modified to a TT heat treatment based
on the relative success with the Alloy 600TT treat-
ment and on the data shown for a sensitizing treat-
ment in Table 16.

While the prevailing temperatures of commercial
reactors, as shown in Figure 19, were relatively low
in the early 1970s, which kept LPSCC from becoming
a major concern, these temperatures were adequate
to produce AKSCC and AKIGC; such failures occurred
as discussed in Section 3.4. While the AkKSCC-IGC
was ameliorated by several changes in water chemis-
try, the fact that Alloy 600 could sustain such exten-
sive corrosion was, by then, clear.

The final important event in this early history of
Alloy 600 was the publication of research in 1973 by
Blanchet, et al., that indicated sensitization of Alloy
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FIGURE 82. (a) Major submodes of SCC plotted with respect to
coordinates of potential for significant reactions of Ni and Fe at 300°C.
Extent of the submodes based on experience from laboratories and
reasonable interpolations and extrapolations. Submodes applicable
to Alloy 600MA in the range from 300°C to 350°C. Diagram calculated
based on a 0.01-M Na,SO, titrant. (b) Minor submodes of SCC for
Alloy 600MA plotted with respect mainly to the NiO/Ni half-cell
equilibrium at 300°C.

600 would improve its resistance to LPSCC, as
shown in Table 16.%° These results were then taken
by the reactor manufacturers as a basis for the ther-
mal treatment that was utilized with both Alloys
600TT and 690TT. The rest of the history of these
alloys has been one of increasing use of Alloy 600TT
for steam generators in units that were built in the
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FIGURE 83. (a) Mode diagram for steel at room temperature based on the work from Congleton, Parkins, and their
coworkers."**7 (b) Concentration vs pH for the Fe-H,O equilibria at 25°C. From Pourbaix.®® Courtesy CEBELCOR, Brussels.

latter 1970s or thereafter and then the application of
Alloy 690TT in replacement steam generators and in
new plants, as described in Figure 92.

The chronology of this early development of high-
nickel alloy is shown in Figure 92 where laboratory
experience is compared with service experience for
the submodes of LPSCC and AkSCC. The industry
response to the occurrence of these modes of corro-
sion is given with the same chronology. Essentially,
these responses involved lowering stresses, eliminat-
ing deep tubesheet crevices, and improving alloys as
summarized in Figures 28 and 29. Improvements in
water chemistry along the same chronology are
shown in Figures 36 and 37.
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In addition to Alloy 600MA being used for tub-
ing, this alloy was also used for various structural
and welding applications as described in Table 17. In
these applications, as in the steam generator tubes,
Alloy 600 began to sustain SCC and in most cases
LPSCC, since the applications involved the primary
environments. While Figure 92 describes the early
development of the Alloy 600, 690 group, Table 17
describes the chronology of later SCC in structural
materials. Table 17 shows that LPSCC began to oc-
cur in CRDMs, pressurizer heater sleeves, tube
plugs, instrumentation nozzles, and in the welding
material, Alloys 182 and 82, used for attachment
welds and buttering. The latter occurrences, as

CORROSION—JANUARY 2004

220z Joquiadas v uo Asyory premp3 Aq Jpd-Zez662€ 1/8L09ES L/G/1/09/4Pd-81011IE/UOIS01109/W00" ssaidus||e"Uelpuaw//:d)y WOl papeojumoq



CRITICAL REVIEW OF CORROSION SCIENCE AND ENGINEERING

1.00

0.50

Potential
o
S

—0.50

-1.00

-1.50

-2.00

PH2g01360°c
(a)
FIGURE 84. (a) Main domains of IGA and IGSCC of Alloy 600 in aqueous solutions at 290°C/360°C. From Scott and
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Pennsylvania.

shown in Table 17, were quite predictable, even from
the early work of Coriou. With the pressurizers, such
a result was especially inevitable owing to their
higher operating temperatures of about 343°C.

Ultimately, all of the failure modes found by work
conducted in laboratories were realized in engineer-
ing practice, including SCC seen in the double crev-
ice tests of Copson as manifest in the failure of safe
ends of the Duane Arnold plant in 1979.%*! In fact,
there was no reason for any fundamental difference
in the behavior of tubing and structural applications,
which were fabricated from Alloy 600MA; Alloy 600 in
both applications is prone to LPSCC. Pressurizer ap-
plications sustained early LPSCC because of the
higher temperatures at which they operate.

5. Continuity between HPSCC and LPSCC —
Work, mostly by Andresen and coworkers,'*'***> has
shown that the crack growth rates of Alloy 600 and
Type 304 stainless steel in the sensitized condition
are similar such that their SCC behavior is indistin-
guishable in the HPSCC range, as described in con-
nection with the discussion of Figure 127. However,
while Alloy 600MA is well known to sustain LPSCC at
potentials in the range of the NiO/Ni equilibrium and
lower, as described in the discussion of Figure 106,
stainless steel does not exhibit such LPSCC except at
even lower potentials and then at relatively slow

CORROSION—Vol. 60, No. 1

rates.**® Further, sensitization retards LPSCC of Alloy
600MA as shown in Table 16; whereas, it accelerates
SCC of Type 304. The question to be addressed here
is whether Alloy 600 and Type 304 behave similarly
over both the HPSCC and LPSCC domains and
whether, over this broad range, there is, at least, a
somewhat monotonic and comparable response of
the two materials to potential. The incentive to explore
such a relationship is to extend the understanding of
Alloy 600MA and similar materials for applications
on the secondary side of steam generators.

To assess the possible monotonic relationship of
both Alloy 600 and Type 304 stainless steel over the
potential range, including HPSCC and LPSCC, Figure
93 compares both materials at the same conditions
of pH, potential, and temperature, as extrapolated
where necessary. Data at higher potentials in Figure
93 are taken from the dependence of crack growth
rates of Alloy 600 and Type 304 in their sensitized
conditions from testing conditions in the HPSCC re-
gion of water chemistry, as shown in Figure 88(e).
These data are compared with data for crack growth
rates of Alloy 600MA, taken from Figure 106(c),
which are discussed in detail in Section 5.2.2,
thereby providing a comparison with the dependence
of SCC on potential over the range from HPSCC to
LPSCC. The LPSCC data here are compared with the
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FIGURE 85. IGA/SCC tests results in the range from 180°C to 320°C range as a function of electrode potential and pH
taken at 320°C for: (a) Alloy 600MA, (b) Alloy 600TT, and (c) Alloy 690TT. From Ohsaki, et al.??° Reproduced with permission
of Canadian Nuclear Society. (d) Comparison of IGA susceptibility among Alloy 600MA, Alloy 600TT, and Alloy 690TT in
the range of 280°C to 320°C as a function of electrode potential and pH taken at 300°C. From Tsujikawa and Yashima.***
Reproduced with permission of Canadian Nuclear Society.
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Depthof 2 3 1. composition 5. 304 does not sustain HPSCC. Also, the work of
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shows that the onset of SCC for Alloy 600MA in the
E-E, Q HPSCC range occurs at significantly higher poten-
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FIGURE 86. General relationship for the penetration of SCC following
commonly accepted dependencies. Locations where principal

variables enter this equation are noted.

HPSCC data by reducing the temperature of the
LPSCC data to 288°C using a Q = 30 kcal/mol and
adjusting the pH to boiling water reactor (BWR) con-
ditions parallel to the standard hydrogen half cell.

In Figure 93, it should be noted that -240 mV at
BWR hydrogen water chemistry and 288°C is taken
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tials than for sensitized Alloy 600MA. From Figure
93, it is clear that HPSCC and LPSCC are different
processes and that there is no integrated monotonic
behavior.

Smialowska, et a investigated the depen-
dence of LPSCC and HPSCC and showed that there
is about a 200+ mV gap between LPSCC and HPSCC,
although they did not extend their work in the
HPSCC range beyond a single data point.
Smialowska’s data are shown in Table 22.%*°

6. SCC of SG Vessel — While this discussion is
concerned primarily with the SG secondary side and
with SG tubing, other indications of SCC have oc-
curred on the secondary side in the low-alloy steel of
SG vessels.”® This SCC seemed to be associated with
the following: low postweld heat treatment tempera-

1"249
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FIGURE 87. Basis for distinguishing between initiation and propagation. (a) Schematic view of log stress vs log of defect
depth for cases of stresses on smooth surface specimens and the locus of points associated with Kiscc as determined
from pre-cracked specimens. (b) Log of stress vs log of defect depth for determining the intersection of threshold stresses

from smooth surface specimens with values of K,sc.. From Staehle.
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ture, excess cold work, and oxygen contamination
during shutdowns and available Cu. The SCC was
found to initiate at pits, and these pits seemed to be
necessary precursors to SCC. This topic is not dis-
cussed here, but it emphasizes the importance of
maintaining good water chemistry, including during
shutdowns. Such water chemistry affects SCC not
only in the vessel but also in the heat-transfer crev-
ices as oxygen is stored in dissolved Cu** and Fe®*" for
later reduction.

7. Statistical Behavior of SCC — The initiation
and propagation of SCC as well as all forms of corro-
sion can be correlated using statistical distributions.
The correlation of SCC failures from SGs using sta-
tistical distributions was first discussed by Staehle,
et al.,”! and Stavropoulos, et al.” Staehle has ana-
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lyzed an extensive set of statistical evaluations of
corrosion data with the goal of developing a method
for predicting the earliest failure.®’ The statistical
analysis of tube failures in steam generators is now
widely applied, as shown in Figure 24. Based on
these extrapolations the owners can determine when
a new steam generator should be purchased, or they
can evaluate tradeoffs such as lowering temperature
or adjusting water chemistry.

Samples of correlations for LPSCC from the pri-
mary side and ODSCC from the secondary side are
shown in Figures 94(a) and (b), where the Weibull cu-
mulative distributions use a two parameter fit. On
both primary and secondary sides, the Weibull g
tends to be in the range of four to six. These results
have changed somewhat using three parameter fits.

43

220z Joquiadas v uo Asyory premp3 Aq Jpd-Zez662€ 1/8L0IES L/G/1/09/4Pd-81011IE/UOIS01109/W0D" ssaidus|(e"Uelpuaw//:d)y Wolj papeojumoq



CRITICAL REVIEW OF CORROSION SCIENCE AND ENGINEERING

}

E’ T T N4 T
§ 4,000 + Alloy 690TTT
O Alloy 600TT _:
IS
l 1 4
8 3,000 T Alloy 800NG +
0 1 4
© 4 4
o
(@) % T T
3 2,000 + Alloy 600MA Alloy 690MA T 400
2 4 4
S T T il
© T Alloy 600MA 200
.E 1,000 1 Alloy'B0ONG +Normal BWR | 1987 Laboratory
e Jocews ' 3 ofrToeiesce fcery Nehouy
=] Workshop 91 e 35% IGSCC (d)
E TAlloy 600 LTMA, 1,040°C i ¥ Ductile
£ 0 ! —200 T
= 1 4 lO 40 100 500 ¢ —240 mV,
practical
NaOH (g/L) 400 + lower limit
of IGSCC
10
Alloy 600MA-NaOH 100 g/L
—600 '\, t t f
0 10 100 1,000 10,000
Alloy 600MA-NaOH 4 g/L
o aunte O, (ppb)
g 1L - ‘ ) T T T T T
(b) % / Alloy 600HT-NaGH 100 /L I Type 304 stainless steel
~ | e — — 25-mm CT specimen
%|E | 7/ /Alloy 600HT-NaOH 4 g/L 107”7 F Furnace sensitized: 15 C cm E
| ~ [ 288°C water; 0.1 t0 0.3 uS cm™*
| b [ Constant load: 25 ksivin.
o1l |1 £ I
L L
A | P
OT LI/ IR R TR M g
0 10 20 30 40 50 60 70 80 90 p 108 F E
K, (MPa vm) 8 i
@ L
10 g I
3 I (e)
E L
4
8
510°F E
Alloy 690MA-NaOH 100 g/L s - |
— L - mV, practical ]
< 1 L Hl(,%?gfn lower limit of IGSCC |
IS L chemistry Normal
(c) = water
hemlstry
g |§ /ﬁ (ex core)
Alloy 690HT-NaOH 100 g/L 10710 Lt :
_ Moy o 9 ~600 —400 —200 -0 400
0.1} / Potential (mVH)
:I: Il Alloy 690MA-NaOH 4 g/L
Y T
0O 10 20 30 40 50 60 70 80 90
K, (MPa vm)

FIGURE 88. (a) Minimum time for inducing a crack in a smooth surface specimen vs concentration of NaOH for various Fe-Cr-Ni alloys.
Specimens are C-rings stressed to approximately the yield stress. The original curves of Berge and Donat*? were redrawn, and data were
added by Mcliree (Courtesy of A.R. Mcllree of EPRI, Houston, TX, November 1999. Private communication.). Data points added by Mcllree
were C-rings with 2% strain tested at 10% NaOH. Testing at 350°C. ©1981 by the American Nuclear Society, La Grange Park, lllinois. (b) and
(c) da/dt vs K for Alloys 600 and 690 exposed to various concentrations of NaOH at 350°C with a wedge opening loading (WOL)-type specimen.
HT corresponds to 700°C for 16 h. From Berge and Donati.?? ©1981 by the American Nuclear Society, La Grange Park, lllinois. (d) Potential
VS oxygen concentration for sensitized stainless steel in pure water showing dependence of open-circuit potential on oxygen and the dependence
of SCC of smooth surface specimens on potential tested by CERT. From Indig and Mcllree.?? (e) Crack propagation rate vs corrosion potential
for sensitized Type 304 stainless steel using CT specimens at constant load with water conductivity in the range of 0.1 uS/cm to 0.3 uS/cm.
From Ford and Andresen.?”® Courtesy of Marcel Dekker Inc.
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FIGURE 89. (a) Breaking time vs Ni in w/o for Fe-20Cr-Ni alloys exposed to 42% boiling MgCl,. pH of solution is about 4.1.
From Copson and Chen.?”?* ©1957 NACE International. (b) Photomicrograph of Alloy 600MA exposed at 100°C in a
solution containing 50 g/L boron in H;BO, and 2 g/L CI~. pH of solution is 2.0 to 2.3. U-bend specimen examined after
800 h. From Berge and Donati.’? ©1981 by the American Nuclear Society, La Grange Park, lllinois.

Laboratory testing performed by Norring, et al.,*'
as shown in Figure 94(c), was conducted in LPSCC
conditions at 365°C. The individual plots for the data
exhibited, like those that are in service, a Weibull g
in the range from 1.7 to 7.1 and mainly in the same
range as the field data in Figures 94(a) and (b). The
data in Figure 94(c) were also aggregated since they
were the same alloy in the same environment; the
aggregate value of g is 1.5, which is typical of the re-
sult of aggregating sets of similar data with different
values of 6.

Figure 24 shows Weibull correlations for a set of
mode-location cases of tube failure. Figure 21 shows
an array of mode-location cases of corrosion that
have been observed in various steam generators over
time. Here, it is possible to identify the various loca-
tions and modes by which failures occur. Also, in
Figure 24, the failure rate of all mode-location cases
are aggregated, and a total, F(t), cumulative distri-
bution of failures is calculated. It is this aggregate
curve that is used to determine when the steam gen-
erator can no longer continue in service; i.e., this line
is extrapolated to a fraction of tubes failed that is
considered by the operators to be the condition of
failure at which replacement is required. In the case
of Figure 24, a fraction of 0.1 of the tubes would
have failed after about 21 EFPY (equivalent full
power years).

CORROSION—VOoI. 60, No. 1

Such statistical analyses, as shown in Figures
24 and 94, are widely used in the nuclear industry to
predict the course of corrosion-related failures.

5.2 Submodes of SCC

The purposes of Section 5.2 are: (a) to describe
each of the submodes of SCC with their context, as
shown in Figure 82, and their estimated respective
importance to producing failures on the secondary
side; and (b) to describe the extent to which sub-
modes can be characterized by the seven principal
variables—pH, potential, species, alloy composition,
alloy structure, temperature, and stress—as shown
in Figure 86.

Emphasis is placed on the SCC submodes; the
dependencies of IGC are discussed but there are not
extensive data. SCC is emphasized since it is, in the
form of its various submodes, the most extensively
observed and most aggressive mode of corrosion in
SGs. Other modes such as pitting and GC are dis-
cussed briefly; but, in recent years with high-purity
secondary water, these have not generally produced
significant failures.

5.2.1 Alkaline SCC (AkSCC), Including Alumino-
Silicates — AkSCC and AKIGC were the first
submodes to be observed in modern operating plants
with Alloy 600 tubing in about 1970, as identified in
Figure 92, on the OD of tubes of operating plants as
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FIGURE 90. Schematic view of SCC intensity vs Ni concentration
for Fe-Cr-Ni alloys in high-temperature water for pure water and
chloride-containing water. Important commercial alloys noted. From
Coriou, et al**® ©1969 NACE International.

discussed in Sections 3.4 and 3.5.3. Since that time,
AkSCC/AKIGC have become less important as phos-
phate water chemistry was discontinued and as the
purity of secondary water has been improved. Now, it
is widely considered that the pH inside heat-transfer
crevices is in the mid-range, as shown in Figures
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53(a) and (b). Later modes of SCC are illustrated in
Figure 82 and are discussed in Section 5.2.

AKSCC has been studied extensively, and the
primary variables of this submode, together with
LPSCC, are the best quantified of the submodes shown
in Figure 82. Generally, AkSCC seems prototypic of
the anodic submodes in terms of its symmetric bell-
shaped dependence upon potential, its propinquity to
an IGC region, and the fact that its intensity varies
regularly with pH. Further, the rate of AkSCC de-
creases as the minimum solubility of NiO is ap-
proached, as shown in Figures 38 and 46. A similar
pattern is shown for the SCC of steels in Figure 83.

Details of a mechanism for the AkSCC submode
have not been substantially developed except for a
proposal by Scott and Combrade,'***'” who have sug-
gested a variation of a film rupture process that is
similar to the film rupture model of Forty and
Humble,?* where the brittle film is proposed to be
one that is depleted of Cr according to its high solu-
bility in alkaline solutions. No available model ac-
counts for the dependency of AkKSCC on the seven
primary variables.

The alumino-silicate submode, ASSCC, identified
in Figure 82(b), is included in the discussion of
AKSCC since the former seems to be a variation on
the theme of AkKSCC. Aggregating ASSCC with AkSCC
is similar to the approach of aggregating AcSCC,
CISCC, and CuSCC, which are shown in Figures
82(a) and (b), in Section 5.2.3. ASSCC, as a possible
submode of SCC, is based on the extensive work of
Sala and coworkers,'¢+16%253256 who have noted that
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FIGURE 91. Percent thickness cracked for U-bend specimens of various alloys with different heat treatments exposed in
deaerated 50% NaOH at 284°C and 332°C. From Mcllree and Michels.?*®* ©1974 NACE International.
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TABLE 15
Effect of Oxygen Concentration, Heat Treatment, and Metallurgical Processing
on SCC of Double U-Bend Specimens of Alloy 600 Exposed to 316°C Water®

Maximum Depth in Mils of Cracks in Crevice Area of Each Double U-Bend Specimen, With Gas Phase Above Solution as Indicated

1% Oxygen 5% Oxygen
Heat® Hydrogen Argon 99% Nitrogen 95% Nitrogen Air Oxygen
2-M 0 0 0 0 0 0 0 0 50 55 449 554
-CR — — 0 0 0 0 0 0 60" 104¢9 3200 36“
-A 0 0 0 0 0 0 0 0 0 — 21® 449
-S 0 0 0 0 0 0 55 1004 70@ — 55 60
_p _ _ (D) (D) (2) (®)] 8012 11012 60®@ 85®@ 110@ 115®@
-T — — 0 0 0 0 0 0 18 60" 16“ 224
4-M — — © 0 0 0 0 23 30 35 439 779
-S — — — — — — — — 80@ 80® — —
5-M 0 0 — — 0 0 0 80" 80® 80 61® 115¢
-A 0 0 — — 0 0 0 0 40 639 26® 33®
-S 0 0 — — 0 0 100% 1109 60“ 11049 115@ 115@
6—M — — — — 0 0 6 40 402 602 60©® 60®
7-M 0 0 — — 0 0 38 45 60¢® 80 179® 28®
-S — — — — — — — — 50© 100 — —
8-M 0 0 — — 0 0 0 19 0 27 9® 59@
-S — — — — — — — — 60 10019 — —

@ From Copson and Economy.*® ©1968 NACE International.

® Heat treatments: M = mill-annealed; CR = M+cold-rolled 40%; A= 1 h, 1,121°C, WQ; S = A+2 h, 677°C, AC; P = S+24 h in 15%HNO;+5%HF,

RT; T = CR+40 min., 899°C, AC. pH at start-up, 10 (adjusted with NH,OH); temperature: 316°C; duration of test: 18 weeks or 3,024 h, except

as noted.©
© Numbers in parentheses indicate weeks if less than 18 weeks.

© Intergranular attack occurred during pickling to a depth of about 3 mils. This deepened somewhat during the test.
® One local penetration a few mils deep was found, but this may have been a surface defect present at start of tests.

most of the ODSCC examined from the secondary
side is associated with deposits of alumino-silicates
(Table 10 and Figures 59 through 65). While there is
good agreement on the general dependencies of
AKSCC on the primary variables as discussed in
Section 5.2.1, there are apparent differences in the
part of AKSCC that relates to alumino-silicates as
well as to complex environments as follows:

1. Sala and coworkers'6416525325 haye identified
clear correlations between the occurrence of
ODSCC and the presence of alumino-silicates
as identified in Figures 59 through 65.

2. The study of Lancha, et al.,'” on removed
tubes shown in Figure 66 seems to show the
opposite of the work of Sala, although possible
reasons for the discrepancies have not been
explored.

3. The work of Baum, Prabhu, and coworkers,'®”
'®! shown in Figure 57(a), suggests that higher
incidence of ODSCC is related to lower con-
centrations of SiO, in the blowdown. They
suggest that this indicates that silica is func-
tioning as an inhibitor and that the absence
of this inhibitor permits more SCC. Paren-
thetically, this is similar to the action of silica
proposed in Section 5.2.5. However, their ob-
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served lowering of SiO, in the blowdown could
be caused by the sequestering of SiO, in the
heated crevices as shown in Figures 67 and
68. By itself, the observation associated with
Figure 57(a) does not prove an inhibitive role
for SiO, any more than the findings of Sala
prove a causative role for alumino-silicates.
Prabhu'®' has summarized the important work
concerning effects of silica in a comprehensive
table.

. Navas, et al.,'®® have shown in Figure 57(b)

that silicates inhibit AkSCC significantly over
a range of potentials in the presence and ab-
sence of chloride and sulfate impurities. These
data would confirm the speculation of Baum
and Prabhu associated with Figure 57(a) if the
causative environment were AkSCC; however,
AkSCC has not been important since the
1980s.

. Bergen'®® has studied the AKSCC of Alloy 600

and Alloy 690 in the as-received condition over
a range of concentrations in the system
H,0+Na,0+Si0, at 325°C, as shown in Figures
57(c) and (d). He shows that AkKSCC is inhib-
ited at some concentrations but accelerated at
others and that both Alloys 600 and 690 re-
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TABLE 16
Effect of Heat Treatment and Fabrication on Failure at 350°C in Demineralized and Deoxygenated Water®
Alloy C
Alloy A Alloy B Cr 17%, Ni 77%
Alloy 600, C = 0.063 w/o Alloy 600, C = 0.040 w/o C =0.02 w/o
Metallurgical As- As- As- As- As-
Condition Received Quenched Sensitized Received Quenched Sensitized Received Sensitized
Determination 72 36 72 43 29 43 41 41
Omax at the outer
fiber at 20°C
(kg/mm?) (£15%)
Samples cracked
after:
750 h 0/6 0/3 0/3 0/3 0/2 0/2 6/7 0/5
1,500 h 6/6 0/3 0/3 0/3 0/2 0/2 77 3/5
2,250 h — 0/3 0/3 1/3 0/2 0/2 — 5/5
3,000 h — 0/3 0/3 2/3 0/2 0/2 — —
4,500 h — 1/3 0/3 2/3 0/2 0/2 — —
8,250 h — 1/3 0/3 3/3 0/2 0/2 — —
10,000 h — 2/3 0/3 — 1/2 0/2 — —
@ From Blanchet, et al.** ©1977 NACE International.
Year
1960 1965 1970 1975 1980 1985
T T T T T T 7 1 1 1 T
LPSCC
Navy decision ﬁ—-
All MA
| oy 600 Takahama-1
Service Trojan
Expelrlence l Agesta Obrigheim Doel-2 - Ringhals-2u-bend LPSCC at many plants
, y L L4
Laborato ry Roll transition LPSCC at many plants
Experience  |nco, BMI publications show no LPSCC in Alloy 600
é{&? Multiple vendor experiments show LPSCC
S b >
SN & o N
OO & <
Coriou Coriou 00‘\00\ Coriou § Qoéod\\Coriou Coriou
R 2
AN Y g
o%‘* ° B
WL
N T I N N I I T A N A N IR S N S A N
. " o b’b‘
Secondary-Side & A
IGC/IGSCC o ST & S5E
Experience & Oé‘ongé\«\‘ Oé\Q'o\(\,@& ’O\é‘
é\rz? <
F @@'z’
Laboratory & ] )
Experience < Multiple vendor experiments show AKSCC >
L1 L [ N N T TN N N S N N NN T N N
Indulstry Alternative materials R&D First Alloy 690TT application (1989)
Response R " Alloy 600TT application o>
Partial-roll expansion by some vendors ° Full-depth expansion by all SG vendors|
° Hydraulic expansion -~
| [ Lol Ll I R R
1960 1965 1970 1975 1980 1985

FIGURE 92. Service and laboratory experience with LPSCC and AKSCC vs time. Industry response to these experiences

Vs time.

Year
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TABLE 17

Chronology of LPSCC of Alloy 600-Type Materials in PWRs in Non-SG Tube Applications

Plant and Date

Experience

Agesta, 1964

ANO-2 in 1982, many CE plants
since then, continuing to present

San Onofre-3 in 1986, many CE,
B&W, and EDF plants since then,
continuing to present

Shearon Harris in 1988

North Anna-1 in 1989, many
plants of several designs since
then, 1989 to early to mid 1990s
Bugey-3 in 1989 and many
additional plants since then around
the world

Palo Verde-2 in 1991, other CE
plants up to the present

Palisades in 1993

V.C. Summer, 2000

Oconee, 2000. TMI-1, 2001

Oconee, 2000

LPSCC of inspection tubes exposed to 217°C pure water with 1 ppm to 4 ppm LiOH or KOH
and minor amounts of oxygen and chlorine.®

LPSCC of pressurizer heater sleeves.® First occurred in sleeves with failed heaters, which
bulge and apply stresses to the Alloy 600 sleeves. Later, starting about 1989, large-scale
failures noted in heater sleeves without failed heaters.

LPSCC of pressurizer instrument nozzles.®

LPSCC of rolled-in steam generator head drain nozzle.®
LPSCC of Alloy 600TT steam generator tube plugs.® These plugs were machined from
Alloy 600TT bar stock and mechanically expanded into the tubes.

LPSCC of control rod drive mechanism housings.® Cracking increases with time and reactor
vessel head temperature. Despite lower temperatures, cracking was seen starting in 1992 at
French “cold head” plants.

LPSCC of hot leg RCS instrument nozzle penetrations.®

LPSCC of pressurizer relief valve nozzle safe end.®

Through-wall LPSCC of Alloy 182 weld metal in hot leg RCS nozzle discovered after about
16 years of service.© Similar cracking subsequently detected in Ringhals-3 and -4.

LPSCC in thermocouple nozzle penetrations discovered after about 27 years of service.®

LPSCC in Alloy 182 weld attaching control rod drive mechanisms to reactor vessel head
discovered after about 27 years of service.®

® From Grénwall, et al.?**
® From Hunt and Gross.?*
© From NRC.?*

® From Robinson.?*’

spond similarly to specific compositions of the

7. There is some question as to whether the

environments. Thus, his work confirms both
the acceleration and inhibition of AkSCC asso-
ciated with SiO,. He attributes the results to
the roles of various polymers of SiO, but does
not provide a mechanistic interpretation,
although no other investigators provide such
explanations either.

. Vaillant and Stutzmann,*’ in investigating
more complex environments, have observed
that no SCC occurred with alumina, phos-
phate, or acetic acid (CH;COOH) alone. In
contrast, an all volatile treatment (AVT) envi-
ronment containing silica, alumina, phos-
phate, and acetic acid produced significant
SCC, although the same experiment without

ASSCC submode or the “complex” environ-
ments studied by Vaillant and Stutzmann®’
belong in the AkSCC submode as suggested in
the discussion of Table 20 in this section on
AKSCC. As additional data are forthcoming, it
may be necessary to identify a new submode
that is centered about the mid-range of pH.
Such a submode also might include data from
the discussion of the AcSCC submode shown
in Figures 121 and 122, where the data that
are the most intense in the acidic region none-
theless extend well beyond the neutral region
into the mildly alkaline region. The extent of
these submodes may have to be reconsidered
in the near future.

the alumina and silica produced similar SCC.
They conclude that the alumina and silica
may not be necessary for SCC. These experi-
ments with more complex environments are

difficult to interpret.

CORROSION—VOoI. 60, No. 1

It seems that the experiments of Bergen shown
in Figures 57(c) and (d) have identified the essence of
both the inhibition and acceleration due to at least
silica, although the importance of alumina in his ex-
periments was not assessed. While Bergen attributes
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T T T T T T T T T
107 F . -
F Sensitized Alloy 600 and ]
F Type 304 SS + 1
| * 288°C i
| « 25 ksiv in |
+0.1t00.3 uS cm
7108 F =
g i 0.1 uS cm™3
S r " 0.2uScm™? 7
) 66 MPa m 1
= B /(60 Kksi inl/Z) 0.3 uScm 1
9:: 107° | Practical minimum potential
o E 27 MPa mY/2 for SCC of sensitized Type
T r J 5 ksiair?l]lz 304 and sensitized Alloy 600
g L J
9 L
Swol (0 IR W)
S & Hydrogen water V(\,J;tn;? ]
g r chemistry BWR chemistry |
o - Alloy 600MA tested in for BWR 1
I PWR water at 338°C, 1
_,, |adjusted to 288°C BWR |
107" F by 30 kcal/mole and pH E
I R R R R B B
-800 -600 —400 -200 -0 200 400
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FIGURE 93. Crack propagation rate vs potential for Type 304
stainless steel and Alloy 600 both in the sensitized conditions at
higher potentials and Alloy 600MA at two stress intensities at lower
potentials. Data for Alloy 600MA are normalized to BWR conditions
using Q = 30 kcal/mol and applying at BWR pH. Data for sensitized
materials taken from Figure 88(e)?*° and for Alloy 600MA from Figure
106(c).**

the specific region of compositions where AkKSCC is
observed to aspects of silica polymers, this specula-
tion requires more attention as well as an integration
of the other work in items no. 1 through 6 in this in-
troductory section.

The status of quantitative definition of the pri-
mary variables for AkSCC is described as follows:

1. pH

AKSCC decreases in intensity from concentrated
solutions to negligible effects around pHggo-c 0f 9 to
9.5, as shown in Figure 82(a); there are some indica-
tions, as discussed here, that the lowest pH for
AKSCC could be somewhat less. It should be noted,
parenthetically, that the submode of AcSCC extends
from the acidic range to a pH in the range of 9, as
shown schematically in Figure 82(a) and discussed in
Section 5.2.3. The dependence of AkSCC for Alloy
600, as well as other alloys, on the concentration of
NaOH is shown in Figures 88(a) through (c).

Figure 88(a) shows the minimum time for induc-
ing a 500-um crack in the various alloys from experi-
ments in 10% NaOH at 350°C using C-rings with
2% strain;*'? and the minimum concentration for
AKSCC here seems to be in the range from 0.1 g/L to
1 g/L (pHaseec = 9.7 to 10.3). This figure shows that
Alloy 600MA is the most prone to SCC of the alloys
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including 600MA, 600TT, Type 316 SS, Alloy SOONG,
Alloy 690MA, and Alloy 690TT. Data for the plateau
crack velocity in NaOH environments is also shown
in Figures 88(b) and (c), and the plateau velocities
observed follow a pattern of dependence on concen-
tration similar to that for the extent of SCC deter-
mined using initially smooth specimens.

Table 18, from Copson, et al.,** compares alloys
with varying chromium and iron compositions in
the sensitized condition in aerated solutions contain-
ing high concentrations of 50% and 90% NaOH
(pHsp0.c = 11.3 and 11.8) and indicates that AkSCC is
confined to less than 26% to 28% Cr for 50% concen-
tration but that AkKSCC continues even to 30% Cr in
a 90% NaOH environment.

Copson’s intention in Table 18 was to expose
Alloy 600 to worst-case conditions: sensitization,
aeration, and high concentrations of NaOH. From
subsequent investigations, Figure 99(f) shows that
sensitization improves the resistance of Alloy 600 to
SCC while aeration places the alloy in the general
range of the peak intensity of AkSCC according to
Figure 97. The results shown in Table 18 are gener-
ally consistent with those of Figure 88(a).

Figure 95 shows a combined view of the depen-
dence of AkSCC on potential and pH from the work of
Nagano, et al.'*® Figure 95(a) shows a series of polar-
ization curves for different concentrations of NaOH
together with the ranges of potential where AkSCC is
observed. These data are generally similar to those in
Figure 88(a) but show the combined effects of pH and
potential. This figure shows that the range of poten-
tial that sustains AkKSCC narrows as the pH de-
creases and that the minimum pH for AkSCC is
about pHjys.c = 10. The occurrence of AKSCC at the
locations shown on Figure 95(a) is consistent with
Parkins®**® and Staehle,'® who predicted that SCC
should occur at unstable transitions of protective
oxides. Consistent with the data of Figure 88(a), no
AKSCC of Alloy 600MA occurs at 0.04% NaOH.

The minimum pH at which AkKSCC occurs is
shown in Figure 96 and Table 19. Figure 96 from the
work of Kawamura and Hirano®® identifies the mini-
mum pHgso:c for AKSCC as about 9.7. This is gener-
ally consistent with the data of Figures 95 and 88(a),
although the latter show a somewhat lower minimum
pH for the lower bound of AKSCC.

Table 19 shows a series of experiments by
Mcllree*®! at pH,,5c = 8 and 10 as a function of po-
tential. These experiments were undertaken to assess
the importance of alumino-silicate additions to alka-
line solutions; whereas, the work of Sala and cowork-
ers involved AVT water containing alumino-silicates
in connection with the observations summarized in
Table 10 and Figures 59 through 66. Much of the
elaboration and description of these deposits is the
work of Sala and coworkers,'®*'%*'"! who observed
that there was a tendency for the occurrence of SCC
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FIGURE 94. (a) Probability vs service time (EFPY) for the LPSCC occurring on the primary side of tubes from operating SGs in
PWRs. Temperatures in the range from 315°C to 320°C. From Staehle, et al.** ©1994 NACE International. (b) Probability vs
service time for IGA/IGSCC occurring on the secondary side of tubes from operating SGs. SCC occurs at locations of heated
crevices at tube supports, tubesheets, and top of the tubesheet sludge piles as shown in Figure 4. From Staehle, et al.”* ©1994
NACE International. (c) Probability vs service time for seven heats of Alloy 600 exposed to high-purity water at 365°C with
hydrogen addition using reverse U-bend specimens where failure occurs by the LPSCC submode. From Norring, et al.** Courtesy
of TMS, Warrendale, Pennsylvania. (Detailed data not published with curves: for analysis, each distribution was assumed to
represent five data points, and the analysis of the aggregate distribution was based on this assumption.)

and IGC to be associated with extensive deposits of
alumino-silicate. However, the data of Table 19 are
more consistent with ordinary AkSCC, although the
occurrence of SCC at pH; 8 at 100 mV suggests some
effect of the alumino-silicate chemistry relative to the
minimum pH for AKSCC observed in Figures 88(a),
95(b), and 96. While the pattern in Table 19 indicates
a possible effect of the alumino-silicate additions,

the SCC here is more likely a part of the AkSCC
submode with a slight extension below the minimum

CORROSION—Vol. 60, No. 1

pH indicated in Figure 96, possibly caused by the
alumino-silicates or by the high concentrations of
dissolved solids and conductivity.

Recently, Vaillant and Stutzmann®’ have shown
that complex environments, in the pHj,,.c range of
4.2 to 9.1, can accelerate SCC; whereas, simple envi-
ronments with only additions of SiO,, Al,O;, Cas(PO,),
or CH,COOH did not, as shown in Table 20. The
most aggressive environment was in the liquid phase
containing AVT+SiO,+Al,0;+Ca;(PO,),+CH;COOH+
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TABLE 18
Results from Alkaline SCC Tests at 300°C with Various Chromium and Iron Concentrations®

Alloy 50% NaOH, 50 psig Air, 27 Days 90% NaOH, 150 psig Air, 7 Days
Number Percent Penetration (mils) Number Percent Penetration (mils)
%Cr %Fe Specs. Cracked Max. Min. Avg. Specs. Cracked Max. Min. Avg.
20 <0.1 2 50 50 0 25 1 100 3 3 3
6to11 2 100 80 4 42 4 100 110 110 110
>12 4 0 0 0 0 — — — — —
24 <0.1 2® 50® 60® 0® 30® 1 0 0 0 0
6to11 2 100 20 5 12 4 100 110 5 84
>12 4 25 30 0 7 — — — — —
26 <0.1 — — — — — — — — — —
6to11 — — — — — 2 50 40 0 20
>12 — — — — — 2 100 120 120 120
28 <0.1 2 0 0 0 0 2 0 0 0 0
6to11 6 0 0 0 0 — — — — —
>12 2 0 0 0 0 8 75 120 0 65
30 <0.1 2 0 0 0 0 2 0 0 0 0
6to11 — — — — — 2 100 45 40 43
>12 6 0 0 0 0 — — — —

® From Copson, et al.** ©1972 NACE International.
® 1.6% Fe.

Na,COj; at pH 9.1. While this liquid environment pro-
duced 100 um of penetration in the liquid phase, it
produced only 12 um in the vapor phase. A similar
environment but with calcium carbonate (CaCO,) at
pH 6.3 exhibited less SCC in liquid but more in the
vapor than the one with sodium carbonate (Na,CO).
The meaning of these data needs clarification, but
they do suggest that additional complexity may alter
the underlying trend for NaOH alone. In this regard,
the work of Bandy and van Rooyen in Figure 97(b) on
AkSCC incorporated carbonate additions to acceler-
ate the AkSCC.**

The combined observations of Figures 88(a),
95(b), 96, and Table 19 are the basis for the extent
of pH in the mode diagram of Figure 82(a) that de-
fines AKSCC. It appears that alumino-silicate addi-
tions produce some acceleration, or extension to
lower pH, of AKSCC, although it is not clear whether
the alumino-silicate is part of AKSCC, is a different
submode, or is part of AcSCC.

2. Potential

The dependence of AKSCC on potential follows
generally a bell-shaped curve as implied by the verti-
cal extent of the AkKSCC region of the mode diagram
in Figure 82(a). Figure 97 shows four sets of results
for the effect of potential on AkKSCC and each set pro-
duces similar patterns being essentially bell-shaped
with a peak at about 150 mV to 200 mV above the
deaerated open-circuit potential. Figure 97(a) from
Suzuki*®® shows that Alloys 600MA and 690TT sus-
tain the same dependence upon potential, with Alloy
690 being less intense overall. This is similar to the
data in Figure 85. It is surprising that Alloy 690TT is
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not more prone to AKSCC and AKIGC in view of both
the high solubility of chromium in alkaline solutions
as shown in Figures 7(b) and 73 and the 30% Cr in
the alloy.

Figure 97(b) from Bandy and van Rooyen®®
shows the locations of regions of AkSCC and AKIGC
as compared to the relevant polarization behavior.
AKSCC occurs generally at the same location relative
to the polarization curve as shown in Figure 95(a).
Figure 97(c) from Pessall*** shows the effects of vari-
ous heat treatment on AkSCC; these results show
that AkSCC depends greatly upon the temperature
and duration of thermal treatment but that the gen-
eral shape of the curve and its peak are the same.

The effect of potential is shown also in Figure
95(b). Here, an additional line is drawn on Figure
95(b) corresponding to the standard hydrogen elec-
trode at 325°C. This line curves slightly, owing to
the calculation for pH being slightly different from
the concentration. The lower limit of the hatched
region in Figure 95(b), indicating AkSCC, is about
200 mV above this standard hydrogen line. The de-
pendencies upon potential and pH of the AkKSCC
submode of Figure 95 are consistent with the depen-
dencies of potential and pH shown in Figures 88(a),
96, and 97.

Figure 97(d) shows the effect of potential vs the
standard hydrogen electrode (SHE) rather than a po-
tential relative to the deaerated open-circuit potential
in the other figures. The shape is similar also for an
alloy with 50 ppm of boron. The data in this figure
were obtained at 4% NaOH; whereas, the others were
obtained at 10% NaOH.
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FIGURE 95. (a) Current density vs potential for Alloy 600MA in alkaline solutions of various compositions at 325°C.
Regions of potential for AKSCC are noted. From Yamanaka, et al.?* (b) Applied potential vs concentration of NaOH for
intergranular SCC and IGC, given as IGA, of Alloy 600 at 325°C. NaOH+Fe;O,+Cu+CuO added as appropriate to achieve
target potential and pH for IGA tests. From Nagano, et al.**® ©1990 NACE International.

Figure 97(b) shows data for the SCC of Alloy
600MA in 10% NaOH as a function of potential but
only for a range from the corrosion potential to
200 mV. This extent is about the lower 2/3 of the
data in other plots in Figure 97. Similar effects of po-
tential are shown in Tables 4 and 19 where effects of
inhibitors and alumino-silicates have been examined
as a function of potential. These data show the same
patterns as in Figure 97.

The dependence on potential exemplified in Fig-
ure 97 is common for what is known of other anodic
(meaning above the H,0/H, standard half-cell equi-
librium) submodes, although they have not been so
thoroughly investigated.

The location of the peak rate of SCC as a func-
tion of potential for AkKSCC is important relative to
the location of the H,O/H, equilibrium as shown in
Figure 97. For the experiments in Figures 97(a)
through (d), the zero of potential is the open-circuit
potential in a deaerated solution. This potential may
have been lowered depending on whether hydrogen
was removed during the experiments. Nonetheless,
Figure 97 implies that no, or minimal, AkKSCC should
be expected in the deaerated state, although Figure
97(b) suggests that some IGC should be expected.

CORROSION—Vol. 60, No. 1

This is observed in service even though the causative
environment is rarely knowable.

The dependence of AKSCC on potential, as
shown in Figure 97, is the main basis for adding
N,H, to the secondary side; the addition of N,H, also
may reduce the potential with respect to other
submodes such as AcSCC or PbSCC, which tend to
exhibit the same potential dependence as for AkKSCC
and for corrosion modes such as pitting and denting.
However, if no N,H, were added, higher potentials, in
view of the very low hydrogen present on the second-
ary side, would favor AkSCC because of the effect of
the very low hydrogen on the H,0/H, equilibrium
potential, as shown in Figure 33. Effects of N,H, on
potential are shown in Figures 33 and 45(a). The ex-
tensive early AkSCC in several plants is not surpris-
ing in view of the patterns of Figure 97. Such a
pattern is illustrated also in Figure 40(c).

3. Species

With AkSCC, other species, such as the cations
Li and K, have not been investigated extensively for
Alloy 600, although they have for AKSCC of stainless
and low-alloy steels. AKSCC in Alloy 600 is acceler-
ated by the presence of Na,CO,, although the reason
is not so clear since carbonate by itself, as shown in
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50 Tables 20 and 31, does not seem aggressive. Addi-
X NaOH (20 ppm) tions of Cu?* also stimulate AKSCC, but this effect is
O NaOH (100 ppm) readily interpreted in terms of its effect on electro-
/A NaOH (600 ppm) chemical potential as shown in Figures 40(c) and 97.
O NaOH (1,000 ppm) Tables 29 through 31 in Sections 5.2.5 and 5.2.6
: NaOH (1,000 ppm) + NaNOg (290 ppm) show effects of various species such as CuO, lead
NaOH (1,000 ppm) + No/NO, (mixed gas) monoxide (PbO), and Na,S,0; added to 10% NaOH.
Additions of PbO and Na,S,0, are shown to increase
the intensity of SCC, especially for Alloy 690TT; how-
ever, these additions are in the category of separate
submodes as described in Sections 5.2.5 and 5.2.6.
While the central environmental consideration in
Section 5.2.1 is NaOH, effects of other species are
important as they affect the occurrence and rate of
AKSCC. Aside from other species like Cu®*, N,H,,
TiO,, and H;BO,, little work has been performed,
and these species have been introduced because they
either affect the potential or pH or control it. These
patterns are well known and are discussed exten-
sively in other sections. Species such as PbO and
lower valence sulfur are discussed as parts of sepa-
rate submodes in Sections 5.2.5 and 5.2.6.

30—

IGA/SCC Fracture Ratio (%)

10 [~

* |
7 8 9 10 11 12
PH3s500c

FIGURE 96. IGA/SCC fracture ratio vs pH for AkSCC of Alloy 600MA
at 350°C. From Kawamura and Hirano.?®® Courtesy of TMS,

Warrendale, Pennsylvania.

Only species related with the effects of alumino-

silicates need to be considered here. Effects of these

TABLE 19
SCC of Alloy 600 in pH 8, 10* at 315°C Alumino-Silicate®
Material; 600MA 600SN 600TT 690TT
ECP (mV) Cracked/Tested Cracked/Tested Cracked/Tested Cracked/Tested
pH 8 10 8 10 8 10 8 10
oc 0/1 11© 0/1 1/1© 0/1 0/1 0/1 0/1
| s8 50 n 3/3CP 0/1 1/1© 0/1 0/1 0/1 1/1©
S 25 100 11 2/2€9 0/1 0/2 0/1 2/2€9 0/1 0/1
g| = g 150 0/1 2/3€0 0/1 2/5E) 0/2 1/2E9 0/1 0/1
g 375 — — — o1 — — — —
2 400 — — — 1/20 — — — —
S g 425 — — — 01 — — — —
2 <8 150 No SCC - — - — - — —
£s 100 1n — o1 — 0/2 — 0/2 —
g 150 0/1 — 0/2 — 0/2 — 0/2 —

A

(B

©

©

G

(F

G

6)
(0]
@

(K

(©
(M)
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pH 8: 5.0 M NaCl + 0.5 M SiO, + 0.5 M K,SO, + 0.12 M KOH + 0.1 M Fe;O, + 0.05 M Al,O,4

pH 10: 5.0 M NaCl + 0.5 M SiO, + 0.5 M K,SO, + 4.0 M KOH + 0.1 M Fe;0, + 0.25 M Al,O,4

or

5.0 M NaCl + 0.5 M SiO, + 0.5 M K,SO, + 5.3 M KOH + 0.1 M Fe;O,

*RUB specimens, 2-month test except where noted, alumino-silicate solution.

From Mcliree.”®* Licensed material used by permission of EPRI.

SCC not detected by dye penetrant. Deformation of specimen legs required to observe SCC.

Microscope required to detect SCC.

Severe SCC visible to unaided eye.

Three separate tests of 8-, 4-, and 3- (11+1) week durations. 1/1 specimens cracked after each test.

Two separate tests of 4- and 3- (2+1) week durations. 1/1 specimens cracked after 4-week test, 0/1 after 2 weeks in second test, and 1/1
cracked after 1 week.

Two separate tests, each of 8-week duration. 1/1 specimens cracked after 8-week test.

Three separate tests of 4-, 2-, and 1-week durations. 1/1 specimens cracked after 4- and 2-week tests but no crack in 1-week test.

Separate tests of 8 and 12 weeks. 2 and 3 polished specimens cracked at 8 weeks and 1 had no cracks after 12 weeks. 1 nonpolished sample
had no cracks after 4 weeks.

Two separate tests, one of 8 (4+4) weeks and one of 12 (4+4+4) weeks. 1/1 cracked at 8 weeks, 0/1 not cracked at 12 weeks.

1/1 cracked when polarized at 150 mV for 2 weeks and then 400 mV for 4 additional weeks. 1/1 polarized at 400 mV for 4 weeks did not crack.
“Organics” is 10 ppm acetic acid + 100 morpholine.
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TABLE 20
General Results of IGA/SCC and Surface Analyses on Alloy 600MA®

Test Test PHaz0c Du?;?iton Liquid Vapor Norgli(’;tii%tlve
No. Environment MULTEQ (h) Results CsC Results CsC Deposit Layer
1 R® + SiO, 6.0 2,500 — NC EP — — Continuous ?
Si
3 R + SiO, 5.9© 2,498 NC EP AR:in — — Continuous —
+ AlLO, progress AlSi
4 R + SiO, 5.2 2,500 — NC EP — — Continuous ?
+ Cay(PO,), Si
2 R + SiO, 5.7 2,498 — NC EP — — Continuous ?
+ CH,COOH Si
5 R + SiO, 5.2 2,500 — 10 um — —
+ ALO, EP
+ Cay(PO,),
+ CH;COOH Continuous Yes
8 R + SiO, Si Cr, Si
+ AlL,O, 5.2 3,191 45 um NC EP NC AR —
+ Cay(PO,), AR
+ CH,COOH
7 Item 8 but 4.2 500 16 um NC EP 24um  Indent. — —
morpholine without AR AR EP
instead of R phosphate
(CH,COOH™) +2,500
11 R + SiO, 9.1@ 2,425 100 um  General 12 um NC EP Semi- Yes
+ ALO, AR corrosion AR continuous Cr, Si
+ Cay(PO,), EP AlSi
+ CH,COOH
+ Na,CO,
10 R + SiO, 6.3 2,500 30 um NC EP 28 um Indent. Continuous ?
+ AlLO, AR AR EP AlSi
+ Cay(PO,),
+ CH,COOH
+ Ca,CO,
12 R + SiO, 6.3 2,260 NC AR NC EP — — ? ?
+ ALO,
+ Cay(PO,),
+ CH,COOH
+2ZnO
6 R + SiO, 4.1© 2,500 NC AR Indent. — — Granular Yes
+ AlLO EP Al Cr, Fe
+ CH3C§)5H(D)
9 R + Ca,(PO,), 5.2 2,473 25 um NC EP 45 um NC EP No Yes
+ CH,COOH AR AR Fe, Cr

220z Joquiadas v uo Asyory premp3 Aq Jpd-Zez662€ 1/8L0IES L/G/1/09/4Pd-81011IE/UOIS01109/W0D" ssaidus|(e"Uelpuaw//:d)y Wolj papeojumoq

@ From Vaillant and Stutzman.?” ©2003 NACE International.

® Reference environment: deaerated solution of ammonia (pH,s 9.2) + 2 ppm hydrazine.
© AlL,O, not in MULTEQ database: calculated with Al.

® CH,COOH concentration: 10,000 ppm instead of 10 ppm.

species vary from having a strong effect in producing
SCC according to Sala and coworkers, 64163253256 {q
having no effect as discussed in connection with
Table 20, to being inhibitors as suggested in Figures
57(a) and (b) by Baum and Prabhu'®*'®! and by

Navas, et al.'®® Bergen,'® in Figures 57(c) and (d),
has shown data that suggest both acceleration and
inhibition of SCC may occur with Alloys 600 and
690, at least in the as-received condition depending
on the relative concentrations of H,0+Na,O+SiO,.
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FIGURE 97. Dependence of AkSCC on applied potential above the deaerated open-circuit potential. (a) Tear area rate (%)
for Alloy 600MA and Alloy 690TT at 300°C as a function of potential in a 10% NaOH solution. From Suzuki.”*®* ©1991 by the
American Nuclear Society, La Grange Park, Illinois. (b) Effect of applied potential on the polarization current and modes of
corrosion for Alloy 600 in 10% NaOH+1% NaCO, at 300°C. From Bandy and van Rooyan.*®? (c) Maximum crack depth vs
potential for Alloy 600 exposed in 10% NaOH at 315°C for mill-annealed and various thermal treatments. From Pessall.?**
©1980 Elsevier Science. (d) Ratio of IGSCC on the fracture surface vs potential for Alloy 600MA in 4% NaOH at 325°C.

From Nagano, et al."?® ©1990 NACE International.
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FIGURE 98. (a) Crack depth vs Ni concentration for Ni-Cr-Fe alloys + 0.02% C exposed in a deaerated 10% NaOH
solution at 325°C for 200 h as single U-bends. Specimens were mill-annealed. From Nagano, et al.?*® (b) Effects of alloying
elements (Fe, Ni, Cr) on IGA in the solution of 40%NaOH+Fe,O,+Cu+CuO at 325°C for 200 h using U-bend specimens. All
alloys were mill-annealed. The phase diagram of Fe-Ni-Cr ternary alloys is shown for 400°C and adapted from Pugh and

Nisbet.*® From Yamanaka and Yonezawa.?®”

The essential observation of Sala and coworkers
is that an alumino-silicate layer is associated with
the occurrence of ODSCC in SGs. This layer has been
shown to lead to a nonprotective layer on the metal
that, in turn, promotes the SCC. Sala and coworkers
have conducted extensive studies to characterize
these layers. However, a specific connection between
these layers and the occurrence of ODSCC has not
been forthcoming. Nonetheless, the detailed work on
these layers has greatly improved the understanding
of general surface chemistries and structures that
do occur.

The work of Bergen,'®® based on the idea of dif-
ferent polymers of silica being important, may pro-
vide a means for differentiating the conditions that
promote and retard SCC. Like the work of Sala,
Bergen’s work lacks specific connection to a detailed
explanation for the SCC.

4. Alloy Composition

In general, AKSCC is sustained by Fe-Cr-Ni al-
loys as shown by Figures 98(a) and (b) over a broad
range of compositions but decreases with increasing
Cr as shown in Figure 98(a) and Table 18. AkSCC is
negligible for pure Ni as shown in Figure 98(b). The
Fe, Ni patterns for SCC over most of the range of al-
loys are related to the active/passive juxtaposition as

CORROSION—VOoI. 60, No. 1

shown in Figures 95(a) and 7. The decrease of AkKSCC
with increasing Cr, as with Alloy 690, generally is
surprising in view of the high solubility of Cr in alka-
line solutions (Figure 73). However, Figure 91 shows
that Alloy 690 in all heat treatments that were tested
in 50% NaOH were more prone to AkKSCC than Alloy
600. Lumsden and Stocker*®® have shown that sur-
faces of increasingly higher Cr alloys are progres-
sively more enriched in nickel, but this does not
seem to translate into greater proneness to SCC.
Figure 88(a) shows that Alloy 600MA is the most
prone to AKSCC followed by Alloy 600TT. Alloy
800NG is much less prone, and Alloy 690 exhibits
practical resistance, although this result is not con-
sistent with the data in Figures 91 and 97(a). Bergen
shows that Alloys 600 and 690 in the as-received
form behave about the same at the critical combina-
tion of H,0+Na,0+SiO,, which produces AKSCC. Fur-
ther, in view of the high solubility of Cr in alkaline
solutions, as shown in Figures 7 and 73, it is sur-
prising that Alloy 690 is not substantially more prone
to AKSCC than Alloy 600. However, the data from
Table 20 show that Alloy 690TT was not prone to
SCC in any of the complex environments in contrast
to the results of Bergen in Figures 57(c) and (d),'®
although this comparison is not comparable in detail.
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FIGURE 99. (a) Relationship between carbon solubility and 1/T for various alloys including Alloy 600 and Alloy 690. From Yamanaka and
Yonezawa,?’ including data from [A] Tuma, et al., and [B] Nishimo, et al. Refer to Yamanaka and Yonezawa®®’ for Tuma and Nishimo references.
(b) Time-to-peak sensitization (open symbols) and time-to-onset of sensitization (solid symbols) as a function of temperature for Alloy 600MA.
From Airey.’”® ©1985 NACE International. (c) Crack depth as a function of carbon concentration of Alloy 600MA (10% NaOH, 320°C). From
Vaillant, et al.?”* ©1996 NACE International. (d) IGSCC sensitivity of TT (700°C) Alloy 690 vs MA temperature and C content in 10% NaOH,
350°C. From Vaillant, et al.?”* ©1996 NACE International. (e) Propagation rate vs 1/T for Alloy 600 exposed to 10% NaOH in MA and TT heat
treatments. The circle symbols identify specimens strained at 0.2%, and the squares represent a composite of all test specimens. From
Jacko.?®® (f) % room temperature yield strength vs time-to-fail for heat-treated and as-received heat treatments exposed in 10% NaOH. From
Theus.””®
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FIGURE 100. (a) Number of tubes of given yield strength for total examined; total not affected by corrosion and totals with
various voltages in Bobbin Coil examination for tubes taken from 30 steam generators. Data from tubes produced by a
single manufacturer. From Vaillant, et al.>”° Courtesy of TMS, Warrendale, Pennsylvania. (b) Threshold for SCC vs yield
stress at 350°C for Alloy 600MA in 10% NaOH over a range of 320°C to 350°C. From Vaillant, et al.”*%"* (c) Percent of
tubes affected by IGSCC from French plants vs yield strength at 20°C for four manufacturers of tubing. From Vaillant,

et al.** ©1996 NACE International.

From the point of view of minor elements in the
metal, Figure 97(d) shows that boron somewhat ac-
celerates AkKSCC, but the effect is small.

5. Alloy Structure

The major considerations of alloy structure with
respect to AKSCC are distributions of carbides, sensi-
tization, and cold work. The research on cold work is
not extensive, but the effects would not be expected
to be different from other submodes, such as LPSCC,
where effects of cold work have been investigated ex-
tensively. Effects of carbide distribution and sensiti-
zation are shown in Figure 99. Since the work of
Blanchet, et al.,® the improvement in resistance to
AKSCC as well as LPSCC from sensitization and ther-
mal treatment has been well known. This response is
contrary to the proneness of sensitized Alloy 600 to

CORROSION—Vol. 60, No. 1

HPSCC. This increased resistance to AkSCC provided
by sensitization is partly related to the high nickel in
the grain boundary of sensitized Alloy 600.

Figure 99(a) shows that the solubilities of carbon
in Alloys 600 and 690 are both significantly lower
than for Alloy 800, and the solubility of carbon in
Alloy 690 is lower than for Alloy 600. This difference
in solubilities has required different mill annealing
temperatures and thermal treatment times and tem-
peratures for Alloy 690 relative to Alloy 600, e.g., mill
annealing at 1,000°C for Alloy 600 and >1,070°C for
Alloy 690. Thermal treatment at 700°C for 15 h is
required for Alloy 600 and at 716°C for 10 h for Alloy
690. Figure 99(b) shows the time to peak sensitiza-
tion for Alloy 600; these data provide a basis for
choosing optimum conditions for thermal treatment.
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FIGURE 101. (a) SCC propagation rate vs 1,000/T for AkSCC of Alloy 600MA in various concentrations of NaOH. From
Jacko, et al.?® (b) IGC rate constant vs 1,000/T for Alloy 600MA for various concentrations of NaOH. From Jacko et al.?*®
(c) Depth of penetration vs 1,000/T for Alloy 600MA C-rings tested for 240 h in 9% NaOH + 1% KOH + 1% Na,SO,. From
Pathania.”””

The effect of carbon concentration on the crack depth The sensitivity of Alloy 690MA to AKSCC from

in NaOH of Alloy 600MA is shown in Figure 99(c). the combined influences of carbon concentration and
Here, about 0.030% carbon seems about optimum for temperature of MA is shown in Figure 99(d) as a
reducing the rate of crack growth but lower concen- function of carbon concentration and MA tempera-
trations promote substantial increases in crack depth. ture. Here, lower mill annealing temperatures are
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TABLE 21
Stress Corrosion Tests for Alloy 600 in Argon/Steam Atmosphere®
Test
Test Test %RT Duration Temp. Corrodent +
No. Stress Yield® (h) (°C) Steam/Argon Results
Variable Stress Tests—Uniaxial Tensile Samples
1 20 59 400 371 NaOH No cracking
2 25 73 400 371 NaOH No cracking, incipient intergranular penetration
3 30 88 400 371 NaOH Intergranular cracking
4 40 118 305 371 NaOH Intergranular cracking
5 20 59 1,200 426 NaOH No cracking, incipient intergranular cracking
6 25 73 1,500 426 NaOH No cracking, incipient intergranular penetration
7 275 81 89©@ 426 NaOH Intergranular cracking
8 30 88 151 426 NaOH Complete fracture
Corrodent Variable
4 40 118 305 371 NaOH Intergranular cracking
9 40 118 307 371 NaOH-Na,CO, Intergranular cracking
10 40 118 308 371 Na,CO, No cracking
Temperature Variable
11 40 118 353 260 NaOH No cracking
12 40 118 311 302 NaOH Slight intergranular cracking
13 40 118 306 316 NaOH Intergranular cracking
4 40 118 305 371 NaOH Intergranular cracking
8 30 88 151 426 NaOH Complete fracture

® From Kramer and Michael.?’* ©1975 NACE International.
® 34 ksi at 0.2% offset.
© Thermocouple failure.

shown to produce AkSCC at progressively lower car-
bon concentrations. Finally, as shown in Figure 99(e)
for Alloy 600, the rate of AkSCC propagation is sig-
nificantly slower for TT than for MA treatments; and
sensitizing clearly increases the threshold stress for
AKSCC in 10% NaOH as shown in Figure 99(f).

In general, the preferential occurrence of car-
bides at grain boundaries of Alloy 600MA (not sensi-
tized) does not affect AKSCC or the other submodes
as it does LPSCC. In fact, there is no correlation be-
tween the distribution of carbides and AkSCC ac-
cording to Jacko®®® and Vaillant.?*°

The array of possible microstructures of Alloys
600 and 690 produces significant effects on corro-
sion and contributes to the wide range of heat-to-
heat variations observed in practice as described in
Figure 108 in Section 5.2.2.

Alloy composition and microstructure that are
produced by various fabrication histories affect the
yield strength. In turn, the yield strength seems to
affect the proneness to AkSCC. Figure 100(a) from
Vaillant and coworkers®*”°?”*> shows data from tubes,
which were pulled from 30 steam generators for a
number of tubes with ranges of yield stress in terms
of the total number examined, the total not affected
by corrosion damage, and the totals having Bobbin
Coil (BC) indications of various intensities. This fig-
ure shows first the general distribution of yield
strength for the population of tubes. Second, the
damage seems to be greatest in the lower range of

CORROSION—VOoI. 60, No. 1

yield strengths. The damages shown in Figure 100(a)
include those from the tops of the tubesheet of both
longitudinal and circumferential types and from
drilled hole tube supports.

Following the implication of affected tubes in
Figure 100, proneness to AkSCC increases with lower
yield strength. A correlation for this effect has been
developed by Vaillant and coworkers®**” and is
shown in Figure 100(b) together with a correlation
equation for Alloy 600 in 10% NaOH in the tempera-
ture range from 320°C to 350°C. The extent to which
this can be extrapolated to lower values of yield
stress is not clear; but, in the range of the data, the
correlation appears credible.

The values of yield strength and the relative
proneness to IGSCC as determined by measurements
in French plants for four manufacturers is shown in
Figure 100(c). This variability is similar to that
shown in Figure 108.

From the data of Figure 100 it is not clear
whether the main influence on SCC is the yield
strength or the microstructure. However, the yield
strength is a more accessible variable. There are also
fundamental reasons for the lower yield strengths to
exhibit lower thresholds for SCC relating to the ease
and morphology of surface slip. Further, Figure 100
implies that the field failures shown in Figures 100(a)
and (c) are due to AkSCC. This is questionable.

Finally, with respect to effects of surface condi-
tion on AkSCC, the data from Table 20, from Vaillant
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FIGURE 102. (a) Stress vs time for AkSCC and LPSCC for Alloy 600MA. LPSCC at 343°C and AkSCC at 289°C in 10% NaOH. From Theus.””
(b) Stress vs time for Alloy 800 in 10% NaOH at 288°C and 316°C for Alloy 600MA in 10% NaOH at 316°C. From Wilson, et al.*”® ©1975 by the
American Nuclear Society, La Grange Park, Illinois. (c) SCC depth vs time for Alloy 600MA at 325°C exposed to 4% NaOH and E_+100 mV for
©1990 NACE International. (d) Propagation rate vs temperature for
Alloys 600MA, 600TT, and 690TT for various stresses exposed to 10% NaOH. From Smith, et al.?*° ©1985 by the American Nuclear Society,
La Grange Park, lllinois. (e) Slow crack growth vs NaOH concentration for Alloy 600MA and Alloy 600TT with temperatures normalized by an
exponential fit. From Vaillant, et al.?”° Courtesy of TMS, Warrendale, Pennsylvania. (f) Relative IGA/SCC crack velocity vs stress intensity for
three temperatures for Alloy 600MA in 20% NaOH + 4% Na,CO, solution. (For a relative crack velocity of 1.0, the absolute crack velocity is

two stresses. Specimens taken from SG tubes. From Nagano, et a
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and Stutzman,*” show that electropolished surfaces

are virtually immune to SCC over the ranges of con-
ditions studied. This shows that abraded OD sur-
faces on Alloy 600MA strongly increase susceptibility
to SCC.

6. Temperature

AKSCC of Alloy 600 has been observed at tem-
peratures as low as 100°C.?”® However, in general,
AKSCC follows a conventional 1/T relationship de-
pending on the concentrations of NaOH, as shown in
Figure 101(a).”>® A corresponding relationship is
shown for IGC in Figure 101(b). The IGC also is re-
lated more to the region of lower potentials, as shown
in Figure 97(b). These activation energies are in the
range from 20 kcal/mol to 70 kcal/mol depending on
the concentrations and a rationalization is specula-
tive. However, the occurrence of ODSCC at the tube
supports as shown in Figure 18(b) exhibits apparent
activation energies in the range from 110 kcal/mol
to 346 kcal/mol. This comparison suggests that the
latter are somehow related to superheat and possibly
to the accumulation of chemicals.

The observation that the apparent activation en-
ergies for both AkKSCC and IGC increase with increas-
ing concentrations suggests that their mechanisms
are controlled by chemical processes at the low con-
centrations and by metallurgical processes at the
high concentrations. However, what this means in
detail is not clear. Further, while creep could be the
metallurgical process for AKSCC, such an influence
of stress is less applicable for AKIGC.

Comparable experiments for AKSCC and AKIGC
are shown in Figure 101(c) where, again, the activa-
tion energies are essentially the same for the two
modes although the rate of AkSCC is greater.

Table 21 from Kramer and Michael*”* shows the
qualitative effects of increasing temperature from
260°C to 427°C where complete penetration by

AKSCC is observed at 427°C. Similar data are shown
in Figure 102(d) for Alloys 600MA, 600TT, and
690TT. The dependence of the crack growth rates on
temperature for these materials decreases in the
same order. An activation energy of 27 kcal/mol is
shown for plateau velocities in Figure 102(f).

7. Stress

At a given stress, AKSCC occurs more rapidly
than LPSCC, and the threshold for specimens having
smooth surfaces is lower, as shown in Figure 102(a).
The relative stress dependencies for Alloy 600 and
Alloy 800 are compared in Figure 102(b). The behav-
ior of Alloy 600 is significant for its relatively lower
threshold stress of the two alloys. This relatively
greater susceptibility of Alloy 600 is shown also as a
function of concentration of NaOH in Figure 88(a).

In the case of propagation of AKSCC, Figures
88(b), 88(c), 102(c), 102(d), and 102(e) show crack
propagation as a function of alloy, concentration of
NaOH, stress, and temperature. In Figure 102(c),
crack growth vs time starting with smooth surfaces
is measured at two stresses. The pattern suggests a
slow initiation step followed by a rapid propagation.
Plateau velocities as a function of temperature and
NaOH in Figures 102(f), 88(b), and 88(c) indicate that
Alloys 600MA and 690TT exhibit relatively broad
plateau ranges for crack velocity vs stress intensity.
Figure 102(d) exhibits a significant dependence on
stress for Alloy 600MA, where there are negligible
dependencies on stress for Alloy 600TT and Alloy
690TT in 10% NaOH. The crack growth rates at the
plateau velocity are more rapid at the higher concen-
trations of NaOH (Figure 102[e]) than for LPSCC (Fig-
ure 117). As the concentration of NaOH decreases,
the plateau velocities decrease as in Figure 102(e)
and in Figures 88(b) and (c). Figure 117 shows that
as concentrations of NaOH decrease, the plateau ve-
locities decrease and are more like those of LPSCC.
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