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SYNTHÈSE :

La corrosion sous contrainte des alliages de nickel (alliages 600, X7S0, 182,
82...) est un problème important pour l'industrie nucléaire. On présente un état
bibliographique des connaissances sur la question, en considérant en particulier
l'influence des facteurs mécaniques, microstructuraux et chimiques sur la corrosion de
l'alliage 600 dans les REP. On examine aussi le rôle de la contrainte et de la vitesse de
déformation sur l'amorçage et la propagation de la fissuration.

Par ailleurs, on analyse la contribution des différents mécanismes possibles
pour expliquer le phénomène (dissolution-passivation, fragilisation par l'hydrogène,
interactions corrosion-déformation).
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EXECUTIVE SUMMARY :

SCC of nickel-based alloys (alloys 600, X-750,182,82...) is of great concern to
the nuclear power industry. Misjugement on the susceptibility of the alloys to SCC and
underestimation of the actual stress level caused a world-wide economical problem for
the nuclear reactors. An up-to-date review of the phenomenon is presented on the basis
of literature data, with an emphasis on the influence of mechanical, microstructural and
chemical parameters on alloy 600 SCC in PWR's environments. The effect of stress
and strain rate on crack initiation and propagation is also considered.

Further to this survey, the contribution of mechanisms likely to be involved
(slip dissolution model, hydrogen-induced-cracking, corrosion-deformation
interactions) is examined. Better knowledge of the effect of parameters, such as
temperature, stress and the alloy structure, makes it possible to predict fairly well the
initiation and propagation time of the cracks and to evaluate the remedial actions to be
taken.
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Introduction

Nickel-based alloys were finding broad application in the nuclear power industry,
mainly because of their corrosion resistance. However, sometimes under very
complex conditions, there is the danger of their becoming susceptible to stress
corrosion cracking (SCO. So the cracking of alloy 600 steam generator tubing is a
problem of some importance in the pressurized water reactors (PWRs) [1] ; the
EPRI analysis shows that SCC covers approximately 60 % of the causes of steam
generator tube plugging throughout the world (Fig. 1). Historically, the earliest
SCC cases in the steam generators fitted out with alloy 600 tubing occurred
somewhat rapidly on the secondary side. The degradation process involves the
concentration of corrosive chemical substances on part of the tube-surrounding
ring, where fluid flow is very limited. A number of substances can produce a
secondary side SCC, but the most common are sodium hydroxide and acid
sulfates. Secondary side SCC takes many forms and was always the cause of
plugging for a quarter of tubes plugged annually. Later on, in the early seventies,
alloy 600 tubing was affected by another intergranular SCC generic phenomenon,
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Fig. 1 • World wide causes of steam generator plugging; from EPRI-SGRP 1989
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Fig. 2 - Failure times vs stress for mill annealed alloy 600 under constant load
in pure water [10]



which is taking place on the primary side in the more stressed areas of tubes (roll
transition areas, inner-row U-bends). This phenomenon was responsible for the
greatest part of plugging occurred in the eighties. For these last few years., an
increasing tendency towards SCC is observed at the secondary side, at the tube
support plates and above the tube sheet. Moreover, transgranular cracking also
has been found and related to a lead contamination of secondary side coolant.

Other components in nickel-based alloys were also affected by SCC. So
intergranular SCC was observed in alloy X-750 in high-strength components, such
as bolts, springs, and guide pins, in light water reactors [2]. Nickel-based weld
metals (alloy 82/182) are commonly used in boiling water reactors (BWRs) to join
alloy 600 safe-ends to low alloy steel reactor pressure vessel nozzles ; beginning
in the late 1970s, cracking was observed in alloy 600 safe-ends and the
associated alloy 182 weld metal [3-4].

To alleviate the alloy 600 SCC, many steam generator tubes of PWRs were
plugged or repaired, and safe-ends of BWRs were replaced. Furthermore the
leading choice for replacement these components is alloy 690, a high chromium
nickel-based alloy, which has been the more generally accepted as the best
choice.

Through all these problems, many laboratory studies were undertaken about the
SCC behaviour of alloys 600, X-750 and other Ni-Fe-Cr alloys, in water (deaerated
or oxygen-containing water or PWR primary water) and in NaOH or acid sulfate
solutions. Numerous publications concerning these subjects were published
through the world. There could be no question of reviewing here all research work
relating to the SCC of nickel-based alloys (see [5-9]). Nevertheless, a picture can
be drawn of the current knowledge, with an emphasis on the influence of
mechanical, microstructural and chemical parameters on alloy 600 SCC in PWR's
environments.

Influence of Stress and Strain Rate

SCC of alloy 600 is generally only seen in laboratory tests for tension stresses
much higher than the material's yield strength. Numerous stress-time to cracking
curves have been published since 1966 ; the one prepared by Brookhaven National
Laboratory (Fig. 2) is the most frequently quoted [10]. An empirical formula has
been be stated relating time-to-cracking of mill-annealed alloy 600 in pure water to
the stress applied, when stresses are higher than the yield strength :

tc = k\a-4

where k' value is related to the involved material susceptibility, environment
chemistry and temperature (see below).

Stress is a parameter allowing to properly interpret the constant load corrosion
test, knowing that during this test the stress applied produces load strain but also
strain increasing with time, in other words creep strain. Constant extension rate
tests (CERTs) have enabled, on this aspect, complementary information to be



obtained on the respective role of stress and strain rate. These tests show that
cracking is initiated when strain rates are lower than about 2 10'7 s 1 , but likely to
reach 10'6 s~1 when test conditions are very severe and the material particularly
susceptible [11]. Comparative slow strain rate tests and constant load traction
tests have been carried out by EDF using a mill-annealed tube highly susceptible to
SCC in primary water at 3600C [12J. These tests demonstrated that stress is not
the main factor in alloy 600 cracking and confirmed that cracking, at least in the
slow propagation phase, depends on the material strain rate and not on stress.

The apparent key role played by the strain rate in alloy 600 SCC suggests that
strain creep rate is the most suitable parameter for describing cracking in roll
transition zones. The results of creep tests carried out on tubes of varying SCC
susceptibility have not proved there to be any correlation between corrosion
resistance and creep strain rate. This observation, in addition to the intergranular
nature of the cracks, suggests that it is not the material's macroscopic creep rate
that should be taken into consideration but the intergranular sliding rate.

Effect of Temperature

The marked temperature effect on the SCC initiation and the cracking rate of alloy
600 has been widely studied since 1970. This strong effect, which shows that
the phenomenon is heat-activated, is generally expressed in an Arrhenius-type law
(Fig. 3a). Diagrams of time-to-cracking as a function of temperature lead to
apparent activation energy levels between 125 and 200 kJ.mol"1, which can be
highly different depending of the tubes. A value of 180-184 kJ.mol"1 is generally
used [13-15], most results being suitably illustrated by the following law of time-
to-cracking evolution as a function of stress and temperature :

tc = k.o"4.exp (22000/T) (T in K)

The accelerating effect of temperature extends to hydrogenated steam at 4000C,
subject to this steam being sufficiently dense. This result has been used to
advantage to run accelerated parametric tests (factor 7 for times to cracking in
comparison to a test in 3600C water).

Apparent activation energy includes in fact the initiation and propagation stages of
SCC. Studies have also been carried out on crack propagation, since crack growth
data in some situations are also useful for predicting the life of alloy 600
components in the primary loop. The data reported in the literature (Fig. 3b) show
large differences (74 to 160 kJ.mor1) which are probably due to the influence of
parameters such as cold working, stess intensity factor or hydrogen [16, 17].

Effect of Microstructure

Alloy 600 SCC susceptibility in water environment may vary considerably
according to the tubes *nd their heat-treatment condition. Coriou et al. were the
first to relate this behavjur difference to structural differences [18]. Existence of
correlations between metallurgical structure and the SCC behaviour of tubing is
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now well established. However it is worth mentioning that these relationships are
dependent on the environment. So an alloy 600 tubing resisting to SCC in primary
water can show a poor behaviour on the secondary side.

Structures of steam generator alloy 600 or 690 tubing, in mill-annealed or heat-
treated condition, may be classified in two groups : structures for which most
precipitates M7C3 are intergranular (structure I) and structures for which
precipitates are mainly intragranular (structures Il and III). The most important
parameters having a significant effect on microstructural development are the
alloy's carbon content, thermomechanical history and heat treatment of tubing.
Alloy 600 SCC susceptibility in pure/primary water is clearly related to tubing
structure : the most susceptible tubes have structure III whereas the most
resistant ones show continuous or semicontinuous intergranular precipitation (Fig.
4). Heat treatment at 7000C, applied to the alloy 600 tubing of steam generators
since 1977, has a beneficial effect in the most cases, as it increases intergranular
carbide precipitation. It cannot be concluded, however, that the presence of
chromium-free region at grain boundaries has a beneficial effect on alloy 600 SCC
in water.
Similarly the precipitation of chromium carbides, resulting from heat treatment and
composition, affects the SCC resistance in caustic solutions (Fig. 5).

The effects of microstructure, and especially of the grain boundaries, on the SCC
susceptibility of nickel-based alloys in deoxygenated environments may be
interpreted in different ways. Most of them assume that intergranular precipitates
affect microdeformation behaviour and the resultant crack tip stress rate.

Presence of carbides in grain boundaries can seriously slow down intergranular
slip, thus reducing cracking rate if it is partly controlled by such slip [21]. On the
other hand, intragranular precipitates increase intergranular slip, by passing on to
the grain boundaries the creep strain. According to Bruemmer et al. [22], grain
boundary carbides act as low energy dislocation sources and are able to produce
more homogeneous plastic deformation at the crack tip ; this plastification relieves
stresses and may lead to some crack blunting and slow down its progress.

Effect of Chemical Composition

Numerous studies were carried out to determine the effect of chemical
composition of Ni-Fe-Cr alloys on corrosion in sodium hydroxide solutions and in
pure/primary water. As early as 1959 Coriou et al. proved that solution-annealed
nickel base alloys show IGSCC in deaerated water at high temperature, in contrast
to the stainless steels [23].

In pure/primarv water, type 18 Cr - 10 Ni stainless steels, alloy 800 and alloy 690
are much more resistant to SCC. It is now recognized that the chromium content
in Ni-Fe-Cr alloys has a pronounced effect on the susceptibility to cracking, as
shown on Fig. 6 [24]. Good behaviour of alloys containing more than 18 %
chromium has been the reason for manufacturing and research on an alloy 600
modified with 19 % Cr. Tests on RUBs in primary water and 40O0C steam have in
fact shown that this alloy, whatever its microstructure, behaves better than the
normal alloy 600, but that it is however susceptible to SCC [25]. This effect of
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chromium is probably the cause of SCC resistance of alloy 690 in water, now
used for a majority of tubes in new steam generators.

In caustic solutions. Behaviour of austenitic materials suitable for making tubes
exposed to a range of caustic solutions has been the subject of laboratory studies
since the early sixties. As an example, Fig. 7 assembles results showing that the
SCC behaviour of stainless alloys depends on solution concentration : the most
resistant material in the 40 g/l NaOH solution is not the same as with a 4 g/l
concentration. This behaviour also depends on the stress applied [20].

Effect of Hydrogen (in PWR Primary Water)

Among primary water elements (boric acid, ïithium hydroxide, hydrogen) hydrogen
is the most influential. Airey [26] and Van Rooyen [27] were the first to
demonstrate that hydrogen is a negative factor in SCC of alloy 600 in water.
Since, the detrimental effect of molecular hydrogen dissolved in water or mixed
with steam on the IGSCC resistance of alloy 600 has been demonstrated by
several research groups. This is a point in favour of hydrogen embrittlement (see
below). However, in dry hydrogen gas, no failure of mill-annealed alloy 600 has
been found to occur at 4000C at a pressure of 6.3 MPa [15]. Moreover in
hydrogen-containing water, the detrimental effect of hydrogen on the SCC
initiation and the crack propagation reaches a maximum between 1 to 4 bar, then
decreases beyond [16, 28].

The intricate dependence of SCC on the hydrogen partial pressure and the
potential has been studied in depth by Smialowska [29]. lntergranular SCC only
occurs at potentials below approximatel" - 835 mVSHE, independently of the
hydrogen partial pressure. This threshold potential is close to the equilibrium
potential of hydrogen, showing that hydrogen plays a decisive role in the cracking
of alloy 600 in high-temperature water. Furthermore, SCC seems to occur when a
sufficiently high (critical) concentration of hydrogen is accumulated in the stressed
parts of tensile specimens.

Effect of Pollutants (Secondary Side Coolant)

The secondary side-SCC of steam generator tubing occurs mainly in zones where
contaminants concentrate from feedwater through local boiling : tube-tube support
plates and tube-tube sheet crevices, sludge pile regions. Research work is still
required to accurately identify the chemical environment responsible for cracking
and to develop appropriate chemical remedies (tighter specifications, hide-out
operation and boric acid treatment). The main contaminants considered are caustic
and sulfate acid solutions. For some years, effect of lead on alloys 600 and 690
SCC seems to have become a new concern in operating plants [30], although
many laboratory studies were performed on the subject since the earlier results
reported by International Nickel [31]. The mixed mode (intergranular and
transgranular) and rapid cracking observed in nickel-based alloys in solutions
containing lead oxide is unusual, and this requires more attention to be paid in the
studies of SCC mechanisms.
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Influence of pH and Potential

Many of the available data concerning SCC of mill-annealed alloy 600 in acid,
neutral (pure/primary water) and caustic solutions between 300 and 35O0C have
been integrated by Staehle into both two (E - pH) and three dimensional (E - pH -
SCC intensity) graphical presentations [32]. The diagram in Fig. 8 gives a pattern
of potential and pH ranges favourable to SCC and clearly demonstrates the
mechanistic implications relevant to different chemistries of water. Thus, SCC in
pure/primary water and in caustic solutions exhibit different dependences on
potential : the "caustic oxidizing zone of SCC" is about 150 mV above the
standard hydrogen line, in a range of potentials which does not allow the hydrogen
evolution during the initiation process ; on the contrary, as above mentioned, the
pure/primary water SCC range is at and below the hydrogen line. For that reason
and others [331, several authors were considering that caustic SCC is controlled
by a slip dissolution/film rupture process and that the pure/primary water SCC
range is dominated by hydrogen embrittlement.

Discussion

The present paper contains illustrations of the major influential variables which
control the SCC of alloy 600 exposed to water. There is presently no single theory
which could account for all of these effects, notably the effects of yield strength,
strain rate, carbon content, temperature, hydrogen...

SCC of nickel-based alloys is generally explained either by film/rupture dissolution
model or by hydrogen-induced cracking mechanisms. Film-induced-cleavage or
mechanisms of brittle rupture induced by interaction between corrosion and
plasticity (local softening) were more recently proposed, but their relevance for
nickel-based alloys SCC is a subject of debate. Supporting evidence and attributes
for slip dissolution model and hydrogen-induced cracking are outlined here,
focusing on intergranular SCC of alloy 600 in pure/primary water.

As other authors have already pointed out, it will first be noted that both
mechanisms are not necessarily incompatible. They may even act simultaneously,
in various proportions depending on environment (potential, pH), material etc...
The slip-step dissolution and the hydrogen embrittlement models of SCC depend
on similar rate-controlling parameters, and it is difficult to discriminate
experimentally between these two mechanisms [34].

Slip-step dissolution models implying passivation, oxide rupture events controlled
by the strain rate and oxidation/dissolution following oxide rupture have been
widely considered, as in other cases of SCC. The validity of such a mechanism
concerning the SCC of alloy 600 in pure/primary water was discussed by
numerous authors, but their opinions are less conclusive than about intergranular
SCC of sensitized 304 stainless steels in oxygenated high temperature BWR
water.
Some arguments are in favour of a dissolution mechanism [33-34] : (i) cracking
requires the presence of a passive film, (ii) the crack growth rate as measured by
CERTs according to the law V = A(n) (e^)0 is consistent with the elemental
dissolution transient on the damaged film i = i0 (t/to)"n , (iii) the rate of dissolution
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can be influenced by several factors such as potential, ions in solution, material
composition (especially chromium content) and the metal's grain boundary state.
So in the presence of intergranular carbides, passivation occurs more easily and
the passive film is more protective than in the absence of intergranular carbides ;
carbon in solid solution gives rise to a more difficult passivation and enhances
dissolution of alloy 600 [35]. Ballinger et al. [36] consider that for multiphase
nickel-based alloys (alloy X-750), galvanic currents of the different phases coupled
with the nickel-based matrix can produce electrochemical conditions which can
strongly influence the overall behaviour of the material.

However, other observations are questionable : (i) cracking is inhibited by anodic
polarization and increased by cathodic potentials, (ii) alloy sensitization is not
detrimental in pure or primary water.

The hydrogen induced cracking mechanisms are supported Jy the detrimental
effect of molecular hydrogen dissolved in water or mixed with steam on the SCC
resistance of alloy 600. Furthermore, high concentration of hydrogen was found in
the stressed parts of cracked tensile specimens. However, analyses of the
hydrogen ingress in the metal showed that it was neither correlated to the
hydrogen overpressure nor to the severity of the cracking [28]. This seems to
demonstrate that a direct detrimental effect of hydrogen on cracking is not
involved. But hydrogen seems to be important in reducing the initiation time,
probably through a change in the passivation properties of the surface film.

It is not yet fully possible to definitively make a conclusion on the true effect of
hydrogen on alloy 600 cracking in pure/primary water. Indeed, hydrogen may
involve two effects : (i) modification of environment (shift of corrosion potential to
less noble values, modification of the process of metal dissolution, modification of
the protective properties of the oxide layer), (ii) intrinsic embrittlement effect.
Moreover the combination of hydrogen concentration and triaxial stress state does
not imply that it is the only cause of cracking. A different explanation of the
intrinsic damaging effect of hydrogen on alloy 600 in deaerated water or steam at
high temperature has been suggested [37] : cracks are initiated by the nucleation
of a high density of bubbles on the grain boundary under the combined action of
the applied stress and high pressure of methane formed from carbon in solution
reacting with hydrogen injected by corrosion. This mechanism (void-linkage model)
involves no grain boundary dissolution of the metal, the only role of corrosion
being injection of hydrogen atoms at a high fugacity.

Since none of the classical models implying dissolution or hydrogen seems able to
clearly explain the SCC of alloy 600, attention has to be paid to other theories.
Theories of brittle rupture induced by interaction between corrosion and plasticity
(local softening) were more recently proposed [38-40], Such models, particularly
those of Lynch and Magnin, could account for the strong influence of hydrogen on
the initiation process by adsorption. And above all, the observed environmental-
assisted creep is consistent with these models. They first concerned transgranular
cracking of stainless steels. A recent work examined their relevance for
intergranular cracking of nickel alloys [41], and concluded that these models could
possibly be applied in that case.
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Conclusion

SCC of nickel-based alloys (alloys 600, X-750, 182, 82...) is of great concern to
the nuclear power industry. So in PWRs several steam generators fitted out with
alloy 600 have already been replaced for different corrosion problems, especially
those related to stress corrosion cracking which have been largely underestimated.
These problems have led to considerable improvement of knowledge which may
have been acquired 20 years ago on nickel-based alloys and especially on alloy
600 in high-temperature water. Major progress has been achieved on
understanding the effect of chemical and metallurgical variables. For corrosion in
primary water, the risk of cracking is fairly well described by somewhat empirical
laws gained from large experimental programmes ; better knowledge of the effect
of parameters, such ?s temperature, stress and the alloy structure, makes it now
possible to predict fairly well the initiation ar^ propagation time of the cracks and
to evaluate the remedial actions to be taken.. There remain some unknowns,
however, regarding the role of a few factors and the actual corrosion mechanisms.
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