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Effect of Silicon Compounds
on Stress Corrosion Cracking
of Alloy 600 in Caustic Solutions

M. Navas, D. Gomez-Bricefio, M. Garcia-Mazario,* and A.R. Mcllree**

ABSTRACT

Silicon compounds are abundant in both steam generator
tube deposits removed from operating plants and in the hide-
out return analyses performed during plant operation.
Despite their abundance, the effect of these compounds on
the susceptibility to intergranular attack (IGA) and stress cor-
rosion cracking (SCC) of alloy 600 (UNS NO6600) has not
been established clearly in laboratory tests or under operat-
ing conditions. The present worlk studied the effect of
different compounds of silicon, such as silica (SiO,) and
sodium metasilicate (Na,SiO;), on the susceptibility to IGA/
SCC of alloy 600 in caustic solutions, with and without
impurities. Experimental work included measurement of
potentiodynamic polarization curves and development of
stress corrosion tests with potentiostatic control at 315°C.
Results of both tests indicated an inhibiting effect of silicon
compounds on stress corrosion of mill-annealed (MA) alloy
600. Polarization curves in solutions with silicon compounds
showed a wider range of passivation and a reduction in pas-
sive current density and anodic dissolution compared to the
curves obtained in sodium hydroxide (NaOH). In corrosion
tests performed in solutions containing silicon compounds,
cracking appeared at only some of the potentials tested and
with much reduced depth. Judging by the results obtained
from analyses of the surface deposits, the inhibiting effect
appeared to be related to the incorporation of silicon in the
oxide layer. Regarding the effect of impurities, these have
been observed not to be harmful for the response of alloy
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600MA to IGA/SCC, and would appear even to improve this
response in solutions containing silicon compounds, probably
caused by the formation of insoluble silicates.
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INTRODUCTION

Intergranular stress corrosion cracking (IGSCC) and/
or intergranular attack (IGA) are the most frequently
observed types of degradation in the steam generator
tubes of pressurized water reactor (PWR)-type reac-
tors in the support plate crevices and the rolling
zone. Historically, the environment existing in the
support plate crevices has been considered highly
caustic, in accordance with the results of laboratory
tests and thermodynamic calculations performed
using codes such as the Electric Power Research
Institute (EPRI)-developed MULTEQ' computer pro-
gram. Nevertheless, the information obtained from
the analyses of deposits on pulled tubes and the im-
provements made to the calculation codes, because
of the consideration of new species such as silicates,!
indicate that less caustic, and even acid, environ-
ments may occur in the crevices of the steam
generator tubes.

Despite the abundance of silicon compounds in
hideout returns and in the deposits of pulled tubes,
their effect on the behavior of steam generator tube
materials has never been considered adequately. The
information available is contradictory, and it is pos-
sible to encounter in the literature old results that
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TABLE 1
Chemical Composition of Alloy 600MA (Heat Treatment 927°C, 4 min)
Heat C Mn S Si Cr Ni Fe Cu
96834L 0.038 0.27 0.001 0.30 15.88 74.83 8.2 0.01

indicate an inhibiting or an aggressive effect of sili-
con compounds in caustic environments. Differences
in behavior may be associated with the type of silicon
compound used in the tests. In general, silicates
showed an inhibiting effect in tests performed with
C-ring specimens??® and capsules,* except in the case
of highly concentrated solutions of sodium metasili-
cate (Na,Si0;).° Silica (SiO,) showed an aggressive
effect in solution with 50% sodium hydroxide
(NaOH),¢7 with the exception of the tests carried out
by Airey using 10% NaOH.® Recently, certain authors
have indicated that the degradation of alloy 600 (UNS
N06600)" by IGA/SCC may be related to the forma-
tion of aluminium-silicate gels associated with
nonprotective, chromium-rich oxide layers.® However,
in the analyses performed on steam generator tube
deposits from operating plants, it is possible to find
high concentrations of silicates and aluminium-
silicates in tubes affected by IGA!*!! and in tubes
without any kind of degradation.'?

Lack of understanding of the role played by sili-
con compounds may be caused by the complexity of
their chemistry,!® which complicates laboratory test-
ing and interpretation of the analyses of the deposits.
High concentrations of SiO, in the crevices may react
with the NaOH forming different polymerized species
of sodium silicates that show retrograde solubility at
the operating temperature of steam generators,
which, in turn, precipitate, leaving free SiO, and/or
NaOH in the solution.

The present work presented part of a research
project and studied the effect of different silicon com-
pounds, in particular SiO, and Na,SiO;, on the
susceptibility of steam generator tube materials to
IGA/SCC in caustic solutions, with and without im-
purities. Although the scope of the project included
study of the behavior of alloy 600MA, thermally
treated (TT) alloy 690 (UNS N06690), and shot-
peening (SP) alloy 800 (UNS N08800), this article
presents only the work performed on alloy 600MA.

EXPERIMENTAL

Tests were performed on alloy 600MA tubes
measuring 3/4 in. (19 mm) in diameter, the chemical
composition of which is shown in Table 1.

Tests were carried out in caustic solutions with
additions of SiO, and Na,SiO;. In accordance with

(1) UNS numbers are listed in Metals and Alloys in the Unified
Numbering System, published by the Society of Automotive
Engineers (SAE) and cosponsored by ASTM.
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the phase diagram for SiO,/sodium oxide (Na,0O)/
H,0,3both test solutions were chosen such that the
SiO,/NaOH ratios were equal to 1, and the concen-
tration of SiO, in the reference solution (10% NaOH)
was as high as possible with all the remaining SiO,
dissolved. Consequently, the test solutions were as
follows:

— Reference solution: 10% NaOH;

— Reference solution plus 7.5% SiO, added as
amorphous silica; and

— 15% solution of Na,SiO; (which dissolved cor-
responding to 10% NaOH + 7.5% SiO,).

To study the effect of typical chemical species in
steam generator crevices, and taking into account
the hideout return results from various operating
plants, tests were performed using the aforemen-
tioned solutions with 0.8 g/L CI, 0.3 g/L Mg?*,

14 g/L SO,~, and 5.8 g/L Ca?* (added as magnesium
chloride [MgCl,] and calcium sulfate [CaSO,]).

Experimental work included the measurement of
potentiodynamic polarization curves and the develop-
ment of stress corrosion tests with potentiostatic
control at 315°C. C-ring specimens with 2% deforma-
tion, isolated through the use of pieces of oxidized
zircaloy, were used in both types of tests, performed
in static nickel autoclaves with a capacity of 8 L. A
cover gas of 5% hydrogen/95% argon was used in all
tests to allow the use of the nickel reference electrode
as a hydrogen electrode.

Polarization curves were performed at a sweep
rate of 0.16 mV/s, using stressed C-ring specimens.
A nickel rod and the nickel body of the autoclave
were used as the reference electrode and counter
electrode, respectively. Three polarization curves
were obtained for each material-solution pair and
were used as a basis for selecting the four values of
the potential for subsequent SCC tests: corrosion
potential (E..,); active potential (E,.) prior to the ini-
tiation of passivation; anodic peak potential (E,..J);
and passivation potential (E,,).

During the SCC tests, 36 samples were tested
simultaneously in each of the solutions, 12 of each of
the materials tested (alloys 600MA, 690TT, and
800SP). Samples were distributed in four series of
the nine specimens, 3 of each of the materials. One
of the four potentials defined above was applied to
each series of specimens. Tests were performed using
a system capable of simultaneously applying a differ-
ent potential to each of the series of specimens, and
it was possible to record the current intensity of the
specimens of each alloy as though an independent
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FIGURE 1. Scheme of system used in multipotential corrosion tests (RE = nickel reference electrode; AE = auxiliary
electrode, autoclave body, D/A = digital/analog, and A/D = analog/digital).

potentiostat were used for each series. Figure 1
shows a diagram of the experimental device.

The total duration of the tests was 1,000 h, with
two interruptions at 250 h and 500 h for the perfor-
mance of visual inspections. Specimens that cracked
during these inspections were removed and the rest
continued the test with renewed solutions. On
completion of the tests, a metallographic inspection
was performed on all the cracked specimens to deter-
mine the maximum depth and morphology of the
cracks. One of every three of the specimens, which
had not revealed cracking during the visual inspec-
tion, was examined using metallographic techniques.
If this specimen was found to be cracked, the other
two also were examined.

In addition, the surface of the specimens was
analyzed by means of Auger electron spectroscopy
(AES) to determine the composition of the oxides and
the concentration profiles of the deposit.

RESULTS

Potentiodynamic Polarization Curves

Figure 2 shows polarization curves obtained for
alloy 600MA in the three solutions without impuri-
ties. Results indicated that the silicon compounds
produced a significant change in the shape of the
curves, with a wider passivation range and lower val-
ues of anodic peak and passivation current densities
than those obtained in the reference solution. How-
ever, no significant differences were noted between
the curves obtained in silicon compounds solutions,
only the anodic peak current density was slightly
lower with SiO, than in Na,SiO,.

Addition of impurities caused a reduction in cur-
rent density and passivation potential, especially in
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the case of the reference solution. Curves obtained in
solutions with silicon compounds showed variations
similar to those observed in solutions without impu-
rities (Figure 3). The curve obtained with SiO,
showed a lower current density and a slightly lower
anodic peak potential.

Stress Corrosion Tests

The four values of applied potentials to the
C-ring specimens in the corrosion tests are shown in
Table 2. The final metallographic examination of
some specimens showed cracks, which previously
had not been observed during the visual inspection
because of being covered with deposit, as was the
case of the samples tested at E...in 10% NaOH, or to
their small size, as was the case of the solutions with
silicon compounds.

Results of these tests are shown in Figures 4 and
5 for solutions without and with impurities, respec-
tively. These figures show the average value of
maximum depth of the cracks detected in the three
specimens, with the test time and applied potential.
In both figures, the specimens tested in solutions
containing silicon compounds showed greater resis-
tance to SCC than those tested in the reference
solution.

Caustic Solution — Alloy 600MA showed cracking
in 10% NaOH at all potentials tested after 250 h,
with the exception of E,,,, where cracking was
detected by metallography after 750 h. During
metallographic examination of the specimens, it was
observed that the cracks were covered by a 100%
nickel layer, according to energy dispersive spectros-
copy (EDX) analysis. In Figure 6, the continuous
layer of nickel covering the cracks can be seen. In
certain cases, the material showed signs of cold-
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FIGURE 2. Potentiodynamic polarization curves of alloy 600MA in
different environments at 315°C.
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FIGURE 3. Potentiodynamic polarization curves of alloy 600MA in
different environments, plus impurities at 315°C.

working beneath the layer of nickel, this indicating
that this film had been deposited over the base mate-
rial. The existence of this layer prevented the
determination of crack formation time during the in-
termediate visual inspections. As the value of applied
potential increased, the number of intergranular
cracks decreased and maximum crack depth grew
(Figures 7 and 8). However, it was not possible to
establish a clear effect between applied potential and
crack depth from these results.

In tests performed in caustic solution with impu-
rities, samples tested at E., and E,., showed
cracking after 1,000 h of testing, with smaller crack
depths than in the reference solution. In both cases,
intergranular cracking was associated with IGA at
the grain edge (Figures 9 and 10). In specimens
tested at E.,,, there was also a nickel layer, although
this was not continuous as in the case of solutions
without impurities. In specimens tested at E,, there
were, in addition to branched intergranular cracks,
signs of material dissolution (Figure 10). At poten-
tials E,.. and E,,,, unbranched cracks were
observed with larger depths than in cases of two
lower potentials and shorter times (Figure 11, 250 h).

CORROSION-Vol. 55, No. 7

Caustic Solutions with Silicon Compounds —
Different types of deposits formed on the specimens
tested in solutions containing silicon compounds
with different colors and thicknesses depending
on the potential. These deposits were especially
adherent in the case of the two, more anodic
potentials.

In the solution with pure SiO,, the visual inspec-
tion performed after 250 h of testing revealed minor
cracking only in the case of the specimens tested at
E.. (Figure 12). After 1,000 h of testing, cracks also
were detected at E., and slight penetrations at E,.
Addition of impurities led to better behavior of alloy
600MA, since defects appeared at E,; only after
1,000 h of testing (Figure 13), and no cracking was
detected at the other potentials.

In the case of the silicate solutions without
impurities, cracks were observed at E,., only after
1,000 h of testing (Figure 14), their depth being simi-
lar to that obtained with solutions containing SiO,.
Addition of impurities did not modify the results ob-
tained, as can be observed by comparing the cracks
obtained at E, in silicate solutions with and without
impurities (Figures 14 and 15).
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TABLE 2
Applied Potentials in Multipotential Potentiostatic Stress Corrosion Tests
Ecorr Eacl Epeak Epass
Chemical Environment (mVy) (mVy) (mVy) (mVy)
10% NaOH 2 100 150 200
7.5% SiO, + 10% NaOH 2 80 130 180
15% Na,SiO; 2 80 130 180
10% NaOH plus impurities 3 130 170 220
7.5% SiO, + 10% NaOH plus impurities 3 100 150 200
15% Na,SiO; plus impurities 2 130 170 220
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FIGURE 4. Results of multipotential corrosion tests of alloy 600MA
tested in different environments at 315°C.
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FIGURE 5. Results of multipotential corrosion tests of alloy 600MA
tested in different environments, plus impurities at 315°C.

Results of Auger Analysis

Caustic Solution — The composition with depth
of the oxide layers formed on the outer surface of the
four specimens tested with 10% NaOH at different
potentials was determined by AES. In the sample
tested at E_,,, the absence of oxygen in the outer
surface layer confirmed that the layer observed dur-
ing the metallographic examination was of pure
nickel (Figure 16). However, the oxide layer at the
fracture surface was nickel-enriched with the pres-
ence of oxygen.

For the rest of the specimens, it was not possible
to analyze the outermost surface because of charging
problems, as a result of which the depth profiles were
obtained where the layer had been broken or where it
had been removed by handling. According to the
literature, these problems arise because of the forma-
tion of a layer of chromium oxide.

Figure 17 shows that the oxide layer on the outer
surface of a specimen tested for 250 h at E,, was
made up of an inner layer showing nickel enrich-
ment, similar to that found at the fracture surface of
the E.,.. specimen, and an outer layer enriched in
chromium and iron. In the inner layer, the Ni/Cr
ratio was greater than in the base material. In the
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outer layer, this ratio was smaller than in the base
material. Oxide layers on the specimens tested at
potentials E,., and E,,,, were very similar and were
formed by a single layer showing enrichment in chro-
mium, like the outermost layer of the specimen
tested at E,; (Figure 18).

Analyses performed on the outer surface of the
specimens tested at E,,,, and E,,;; in 10% NaOH with
impurities showed the same trend as those obtained
in the reference solution (Figure 19). Of the impuri-
ties added, only calcium was incorporated into the
deposits, the presence of sulfur, chlorine, or magne-
sium were not being detected.

Caustic Solutions with Silicon Compounds —
Specimens tested in solutions containing silicon
compounds were covered with abundant deposit,
which caused charging problems in the Auger analy-
ses. Consequently, analyses were performed on those
specimens in which the thickness of the deposits was
smaller or where such deposits were absent. Two
specimens tested at E,,; were analyzed: one tested in
SiO, solution and the other in Na,SiO;. In both cases,
silicon had been incorporated into the oxide layers,
and there were only minor differences regarding con-
centration in the outermost layer. Both specimens
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showed weak nickel enrichment (Figure 20). In addi-
tion, in the case of the specimen tested in Na,SiO;,
the sodium was incorporated through the entire
thickness of the oxide layer; while in the specimen
tested in SiO,, it was not visible in the outermost
layer.

To study the effect of the impurities, analyses
were performed on specimens tested at E,, and E
in the solution of Na,SiO,. As was the case in these
solutions without impurities, only a slight enrich-
ment in nickel occurred at E, (Figure 21). However,
silicon, sodium, and magnesium also were seen to be
incorporated into the layer. In the case of the speci-
men tested at E,,, only silicon and sodium were
incorporated into the outermost layer.

DISCUSSION

Caustic Solution

The shape of the polarization curves obtained in
10% NaOH was similar to those included in the lit-
erature,'*1¢ although the anodic peak potential value
was slightly higher. Differences in the experimental
setup used by the authors, and the fact that in other
works different types of specimens frequently are
used to obtain polarization curves and to perform
corrosion tests under potentiostatic control, may ex-
plain these differences. Usually, polarization curves
are developed using small, flat, polished specimens.
In SCC tests, stressed specimens are used, manufac-
tured from as-received steam generator tubes.!51¢ In
the present tests, stressed C-ring specimens were
used for polarization curves and for SCC tests, since
certain differences were observed in the curves
obtained from stressed and nonstressed specimens.
Furthermore, this methodology ensured the poten-
tials applied during the corrosion tests were those
selected from the polarization curves.

Effect of the applied potential on the susceptibil-
ity of alloy 600 to SCC, observed in short tests by
other authors,'*'® seemed to disappear when the
testing time was sufficiently long, in spite of the dif-
ferent characteristics regarding the composition and
thickness of the oxide layers formed. Surfaces of the
specimens tested at E,, were covered by a layer of
pure nickel and not by a layer of oxide, as was to be
expected given the presence of cracking. Neverthe-
less, at the crack fracture surfaces, the presence of
oxygen was identified associated with the elements of
the matrix. Indications of cold-working visible on the
outer surface of the specimen ruled out the existence
of a process of dealloying and indicated that the layer
of nickel was deposited over the base material. The
presence of cracking supported the idea of the pro-
tective characteristics of this layer being similar to
those of the oxide layers required for crack forma-
tion. It is accepted that the presence of an oxide layer
is necessary for the existence of IGSCC processes,

CORROSION-Vol. 55, No. 7
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FIGURE 6. Detail of specimen tested in 10% NaOH at E,,,, during
750 h (200x).

and at pH >10, the absence of the layer will give rise
to IGA as long as the potential-pH conditions allow
for slight dissolution of the nickel.'”!® Formation of
IGA is not likely in the presence of hydrogen because
of the stability of the metallic nickel, this agreeing
with the absence of IGA detected in the present tests.
Consequently, two different processes may have
given rise to the formation of the layer of metallic
nickel. It is possible the reduction of the different
species of nickel dissolved in the test solution from
the specimens tested at other potentials and the
autoclave body or the reduction of the nickel oxide.
The reduction of the dissolved nickel occurred only in
those specimens whose applied potential was equal
to E.r and not in the rest of the specimens with
more anodic potentials, where nickel oxide was the
stable compound. This hypothesis was supported by
the results obtained by Pinard-Legry and Plante,?
who also found a thin layer of nickel on the surface
of Fe-Cr-Ni alloy specimens tested in caustic environ-
ments at cathodic potentials, this suggesting the
possibility of two cathodic reactions: the reduction of
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FIGURE 7. Alloy 600MA tested in 10% NaOH at E,., during 250 h
(100x).

FIGURE 8. Alloy 600MA tested in 10% NaOH at E,.. during 250 h
(100x).

hydrogen and nickel. However, the nickel layer may
have been the result of the reduction of oxides or

hydroxides formed previously on the material, caused

by increasing concentrations of hydrogen throughout
the test.!® This appeared to agree with results ob-
tained from analysis of the surface, which indicated
the presence of metallic nickel on the outer surface,
and of nickel oxides and hydroxides at the fracture
surface.

Results of the surface analyses indicated that
the oxide layers formed at E,., and E,,,; showed a
similar trend, with a smaller Ni/Cr ratio than in the
base material, which appeared to contradict what
was referred to in the literature as being representa-
tive of caustic environments. Nevertheless, the
outermost layer of specimens tested at E,, showed a
smaller Ni/Cr ratio than in the base material, but
larger in the layer adjacent to it. To explain this
unexpected behavior, an analysis was made of the
records of evolution of current intensity acquired
during the corrosion tests at each of the potentials.

680

At the three most anodic potentials, current in-
tensity decreased from the initial value to a minimum
value that appeared to correspond with the formation
of a passive, nonprotective layer. The time required to
reach this minimum value and the initial and mini-
mum values of intensity depended on the applied
potential. In the case of specimens tested at poten-
tials E,..x and E,,,, the reduction of current intensity
was very fast, as corresponding with the formation of
the layer made up of nickel, chromium, and iron ox-
ides and hydroxides, with depletion of nickel. At E,,
there was a process of material dissolution for 1 or
2 days, in which current intensity values remained
high because of the preferential dissolution of metal-
lic chromium. This gave rise to the formation of the
nickel-enriched layer adjacent to the base material,
prior to the formation of the outer layer with a Ni/Cr
ratio lower than in the base material, similar to that
found in the specimens tested at the other two more
anodic potentials. Current intensities measured indi-
cated that the application of potentials to the
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FIGURE 9. Detail of alloy 600MA tested in 10% NaOH, plus impurities
at E,,,, during 1,000 h (200x).

FIGURE 10. Alloy 600MA tested in 10% NaOH, plus impurities at E ..,
during 1,000 h (100x).

specimens accelerated dissolution of the material,
preferentially chromium, establishing a gradient of
chromium concentration throughout the thickness of
the oxide layer prior to the precipitation of the outer
layer of chromium, iron, and nickel oxides and
hydroxides, which were stable under the test condi-
tions. Recent potential-pH diagrams showed the
stability of chromium oxide in regions in which it was
considered previously not to be stable.?°

Under those conditions, in which the dissolution
of the base material was small, as would be expected
when the material was not polarized, the oxide layers
were rich in nickel, as has been observed in the steam
generator tubes from operating plants. If, however,
the dissolution of the base material was favored, the
preferential dissolution of chromium would have
given rise to double oxide layers, with the outer layer
enriched in chromium. Furthermore, taking into
account that throughout most of the test specimens

CORROSION-Vol. 55, No. 7

tested at the three anodic potentials had low current
densities and probably the same layers of oxides on
the outermost surface, their response to SCC should
have been similar over longer testing times.
Impurities added to the reference solution would
appear not to have any harmful effect and may even
mitigate the aggressiveness of caustic solutions. Po-
larization curves did not change in this environment,
and only a slight reduction in current densities was
observed. In general, the behavior of the material was
similar at all the potentials tested, with the exception
of the specimens tested with impurities at E,, where
there was dissolution of the material in addition to
SCC. According to results of oxide layer analysis, the
possible beneficial effect of the impurities might have
been caused by the incorporation of calcium. A simi-
lar effect has been observed in tests performed on
steam generator model boiler,?! where the addition of
calcium hydroxide (Ca[OH],) changed the mode of
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FIGURE 11. Alloy 600MA tested in 10% NaOH, plus impurities at
Epear during 250 h (100x).

SCC attack to surface IGA in environments contain-
ing hydrazine and carbonates. This effect might have
been caused by a change in the potential of the mate-
rial or by a plugging mechanism preventing contact
between the solution and the surface of the material.

Effect of Silicon Compounds

The inhibiting effect of silicon compounds was
underlined clearly in the stress corrosion tests.
Under all the conditions tested, the material showed
greater resistance when compared to its behavior in
NaOH. Characteristics of the polarization curves,
with a wider passivation range and higher dissolution
and passivation current densities, suggested a higher
protective capacity for oxide layers formed in solu-

682

FIGURE 12. Detail of alloy 600MA tested in 7.5% SiO, + 10% NaOH
at E,, during 250 h (500x).

tions containing silicon compounds. The AES per-
formed on the deposits of the specimens confirmed
that the silicon was incorporated into the oxide lay-
ers and that the Ni/Cr ratio was higher than in the
base material, this agreeing with gradual dissolution
of the material as discussed in the case of the refer-
ence specimens. The information obtained from this
work was not sufficient to allow the determination of
whether the better behavior observed in the solutions
containing silicon compounds was caused by the
incorporation of silicon in the oxide layer, making the
latter more protective or simply that it had a barrier
effect, preventing contact between the solution and
the surface of the material. In addition, consideration
might be given to a possible effect of the silicon com-
pounds on the pH of the solutions, mitigating their
aggressiveness.

Results appeared to disagree with the observa-
tions of other authors, who have carried out tests
with small concentrations of SiO, at pH values close
to neutral and in the presence of magnetite.!*!° In
the present work, the authors associated the pres-
ence of an alumino-silicate gel and the formation of a
chromium-enriched layer, defined as nonprotective,
with the greater aggressiveness of the environment.
However, other authors indicate that when only SiO,
is used, crack growth rate decreases by an order of
magnitude compared to 10% NaOH, while the joint
presence of SiO, and magnetite produces an increase
in the rate of SCC.?2

Results of the analyses performed on pulled
tubes from operating plants indicated that the pres-
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FIGURE 14. Detail of alloy 600MA tested in 15% Na,SiO; at E,.
during 1,000 h (500x).

FIGURE 13. Detail of alloy 600MA tested in 7.5% SiO, + 10% NaOH,
plus impurities at E, during 1,000 h (500x).

ence of large quantities of silicon compounds is not
associated always with the appearance of tube
defects.!?23 The molar ratio of Na/Cl in the blowdown
has been used as a way of controlling IGA/SCC
degradation processes in steam generator tubes, but
not all operating plants obtain a good correlation be-
tween the defects observed and their chemistry when
this ratio is considered. A recent study has shown
that this correlation improves when other species are
taken into account, such as SiO,, calcium, and mag-
nesium, and that the high concentration of SiO, in
the blowdown is related to lower SCC in the tubes.??

Finally, the resistance of alloy 600MA in solu-
tions with silicon compounds with and without
impurities was similar. There was a slight improve-
ment in the specimens tested at E,, since the cracks
appeared over longer time periods. Other authors
have shown that the damaging effect of certain impu-
rities increased because of the presence of silicon.®22
However, taking into account that the impurities
used were not harmful in the reference solution, this
effect was not observed to increase in the solutions
with silicon compounds. Furthermore, the presence
of calcium and magnesium cations may have pro-
duced deposits containing insoluble silicates,!!
preventing contact between the surface of the metal
and the solution, in keeping with the incorporation of
magnesium in the oxide layer observed on the sur-
faces analyzed.

CONCLUSIONS

O Potentials applied in these tests did not have any
effect on the IGA/SCC susceptibility of alloy 600MA
in the long-term tests performed in caustic environ-
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FIGURE 15. Detail of alloy 600MA tested in 15% Na,SiO;, plus
impurities at E,., during 1,000 h (500x).

ments, in spite of the different oxide layers found on
specimens tested at anodic potentials in 10% NaOH.
O An inhibiting effect was obtained with the silicon
compounds (SiO, and Na,SiO;) on the IGA/SCC
behavior of alloy 600MA in all of the solutions. This
effect was suggested by the shape of the polarization
curves and shown clearly by results of potentiostatic
stress corrosion tests.

O The inhibiting effect of silicon compounds seemed
to be related to the different layers formed on the
specimen surfaces. The Auger depth profiles showed
the incorporation of silicon and sodium in the outer
layers.

0 Impurities added to the NaOH solutions were not
deleterious to the IGA/SCC susceptibilities of the
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FIGURE 16. AES depth profile at the outer diameter of alloy 600MA

tested at E,,,, during 750 h in 10% NaOH at 315°C (nickel, chromium,

iron, and oxygen normalized to 100%).
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FIGURE 17. AES depth profile at the outer diameter of alloy 600 MA
tested at E,, during 250 h in 10% NaOH at 315°C (nickel, chromium,
and iron normalized to 100%).
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FIGURE 18. AES depth profile at the outer diameter of alloy 600MA
tested at E,.; during 250 hin 10% NaOH at 315° C (nickel, chromium,
and iron normalized to 100%).
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FIGURE 19. AES depth profile at the outer diameter of alloy 600MA

tested at E,,.; during 250 h in 10% NaOH plus impurities at 315°C
(nickel, chromium, iron, and calcium normalized to 100%).

alloys. In the case of silicon environments, they ap-
peared to improve resistance to IGA/SCC, probably
caused by the formation of insoluble silicates of cal-
cium or magnesium.
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