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SYNTHESE :

Lorsqu'un alliage 600 subit une déformation importante, sa fissuration par
corrosion sous contrainte en milieu primaire est considérablement modifiée par le
traitement de surface précédant la déformation. Ainsi, le temps d'amorçage des
fissures peut être diminué de plusieurs ordres de grandeur pour certains états de
surface. La prise en compte de Fécrouissage de surface, dont on propose une
modélisation, s'appuie moins sur le taux d'écrouissage que sur la profondeur des
couches écrouies.

Dans le cas des traversées de couvercle de cuve par exemple, une opération de
rodage écrouit le métal sur des profondeurs voisines du micron et a peu d'influence sur
le comportement ultérieur, après déformation de la pièce. Par contre, un traitement plus
grossier de tournage, donne des profondeurs d'écrouissage pouvant atteindre plusieurs
dizaines de microns et peut réduire de façon très importante les temps à l'amorçage par
rapport à un rodage fin.

L'évaluation de la profondeur d'écrouissage est donc essentielle aussi bien sur
les éprouvettes pour interpréter les résultats de laboratoire que sur les pièces en service
pour prévoir leur durée de vie. La suppression par un traitement mécanique ou
chimique de ces couches écrouies puis déformées et contraintes apparaît être le remède
le plus adéquat pour diminuer la surcontrainte liée au traitement de surface effectué
avant déformation.

97NB00M2

(HT-44/96/010/A)



EXECUTIVE SUMMARY :

When a 600 alloy component is significantly deformed during installation, by
welding, rolling, bending... its stress corrosion cracking in Pressurized Water nuclear
Reactor's primary coolant, is significantly changed by the initial surface treatment
Therefore, the crack initiation time may be reduced by several orders of magnitude for
certain surface preparations. Allowing for cold working of the surface, for which
modelling is proposed, depends less on the degree of coldwork than on the depth of the
hardened layers.

Honing hardens the metal over depths of about one micron for vessel head
penetrations, for example, and has little influence on subsequent behavior after the part
deforms. On the other hand, coarser turning treatment produces coldworked layers
which can reach several tens of microns, and cannery significantly reduce the
initiation time compared to fine honing.

So evaluation of the depth of hardening is vital on test pieces for interpreting
laboratory results as well as on service components for estimating their service life.
Suppression by mechanical or chemical treatment of these layers, after deformation,
seems to be the most appropriate solution for reducing overstressing connected with
surface treatment carried out before deformation.
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SURFACE PREPARATION AND STRESS CORROSION CRACKING
MODELS
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1. INTRODUCTION

Pressurized Water Reactors (PWR) represent the world's major source of nuclear electric
power. In France, they account for 75% of the total electricity production. Very soon after
their introduction, stress-corrosion cracking phenomena were encountered in various
components during operation of these installations, both in the conventional parts of the
plant (condensers, turbine rotors, etc.) and in the nuclear reactor itself [1].

One of these stress-corrosion phenomena, highly specific to the nuclear island, involved the
Alloy 600 components. This austenitic nickel-base alloy is widely used for tubes and other
components in contact with the primary cooling fluid:

• Steam generator tubing.
• Nozzles for heaters or measuring devices in the pressurizers.
• Shrink-fitted penetrations in the reactor vessel head forming the passages for the control

rods which regulate the nuclear reactions in the core.
• Other heavy-section components associated with the reactor vessel or with other large

forgings and castings.

As early as 1959, Henri Coriou [2] drew attention to the risk of stress corrosion cracking in
Alloy 600 in water at temperatures above 300°C, even in the absence of contamination in
the primary medium. This risk was subsequently widely confirmed by the service behavior
of Alloy 600 steam generator tubing, and later by that of pressurizer nozzles and vessel
head penetrations (figure 1) [3]. Since most of these components constitute second-line
protection barriers against the dissemination of radioactive substances, plant safety
considerations impose the implementation of rigorous and costly inspection and
replacement programs. For plant operators, the ability to predict the formation and
development of stress-corrosion cracks in order to optimize these maintenance programs is
therefore considered to be an essential requirement.

The various theories concerning stress-corrosion cracking mechanisms have not yet led to the
development of a quantitative model enabling prediction of the influence of the different
parameters involved. However, numerous experimental investigations, together with
detailed case-studies [4] have revealed the effect of the major factors governing the
initiation and propagation of stress corrosion cracks in Alloy 600 exposed to high
temperature water. Thus, with the aid of models based on experimental and statistical data,
it is now possible to predict the appearance and development of cracking. Nevertheless, a
weak point of these models up to now, which makes them difficult to apply, is their relative
inability to take into account the effect of surface condition. Indeed, contrary to many other
failure modes, where cracks are initiated in the bulk of the material, often far from the
surface (e.g. in tensile and creep loading, or even in the case of fatigue induced by internal
inclusions), SCC cracks always form at the surface, in contact with the corrosive medium.
The mechanical, chemical and microstructural state of the surface thus has an essential
bearing on the resistance to various types of corrosion, and can lead to large differences
compared to the predictions of SCC models [5].

The aim of the present work was to develop a method for predicting the time to crack
initiation, quantitatively taking into account the mechanical stress state at the surface of



components deformed during manufacture. The corrosion of Alloy 600 components in high
temperature water is taken as an example.

2. MODELING OF A HOMOGENEOUS MATERIAL

The development of stress-corrosion cracks is generally considered to involve three phases,
corresponding to an incubation period, a period of slow growth, followed by a stage of
rapid propagation when the stress intensity at the crack tip exceeds a critical threshold
K)

2.1. Crack initiation

Crack initiation is usually defined as being the time necessary for the appearance and
detection of cracks, and can extend up to the rapid propagation stage. This definition is
somewhat vague, since it specifies neither the method of detection (micrography, non-
destructive eddy-current inspection, etc.) nor the depth of crack considered. A more precise
definition will be proposed below.

The initiation time tp depends on temperature via an Arrhenius law, exp(Q/RT), where Q is
the activation energy for the phenomenon, R is the perfect gas constant and T is the
absolute temperature of the metal surface. From the work cited above, a value of 180
kJ/mole can be taken for Q. The initiation time also shows a o"n dependence on the
principal stress at the surface. Both laboratory tests and service experience suggest an
empirical value of 4 for the exponent n.

The other factors that affect the crack initiation time are related to the structure and
composition of the alloy, and to the chemistry of the primary medium (hydrogen, lithium
hydroxide and boric acid concentrations). The susceptibility of the material, quantified by a
coefficient M, can vary by a factor of 20 for the different structures encountered,
depending in particular on the degree of chromium carbide precipitation. In contrast, within
the limits of reactor circuit specifications, the effect of water chemistry, represented by a
coefficient C, appears to be of secondary importance. Evaluation of currently available data
thus suggests that the initiation time can be described by the general formula:

tF = M Co"4exp(180000/RT) (1)

2.2. Propagation

Like initiation, the rate of crack propagation depends on the temperature, the mechanical
loading, and the sensitivity of the material. However, the influence of the material is less
well documented than for initiation, so that it has not been possible so far to include it in
models. There is considerable scatter in published values for the activation energy. A value
of about 110 kJ/mole, lower than for initiation, appears reasonably acceptable [6]. The
mechanical parameter which best describes crack propagation is the stress intensity factor
K. The curves shown in figure 2 include a large number of propagation rates for different
stress intensity levels, measured at 330°C on notched or precracked specimens. The most

probable value for the critical stress intensity threshold K1Scc is of the order of 9 MPa.Vm.

Thus, for values of K higher than 9 MPa.Vm, the propagation rate increases rapidly and
reaches a pseudo-rate plateau of about 10"4 mm/s. Empirical formulae, of the type proposed
by Scott [7], have been derived from the experimental data:

Crack velocity = 2.8 x 10'12 (K - 9 ) u 6 (2)



3. ROLE OF SURFACE CONDITION DETERMINED FROM LABORATORY
TESTS AND CASE STUDIES

Laboratory tests performed on specimens subjected to high mechanical loads [8] reveal
marked differences between the behavior of an industrial tube with a belt-polished surface
and that of a tube with electropolished surface. In the industrial tube, where the surface
strain-hardening extended to depths of 20 to 50 Jim, failure occurred in 820 hours, whereas
in the electropolished tube, with no strain-hardened layer, failure was not observed after
3000 h in the same conditions.

Stress-corrosion cracks, encountered in service, are usually initiated in cold-worked surface
layers, caused by mechanical finishing treatments and subsequent deformation during
construction operations (welding, shrink-fitting, etc.). For example, in the case of vessel
head penetrations [3], numerous examinations have shown two distinct situations with
different corrosion behavior, related to the preparation of the internal surfaces before
installation. Thus, few SCC problems are encountered in components whose internal
surface has been honed over its whole length prior to installation. In spite of the shorter
operating times concerned, most observations of SCC in these components correspond to
cases where the internal surface has been partially lathe turned to increase the diameter in
the lower part of the sleeve to correct for deformation caused by subsequent welding and
allow the passage of the internal elements. The majority of the cracks occur in the lathe
turned zones, even though the calculated stress level is not greatest in this region.

All the above considerations suggest that surface preparation play an important role in the
SCC process both in the initiation and propagation stages.

4. INTERPRETATION OF THE EFFECT OF SURFACE PREPARATION ON SCC
INITIATION

A cold-worked surface layer can have three effects on crack initiation :

• The intrinsic effect of cold work on the SCC susceptibility of the material.
• The introduction of residual stresses.
• Higher surface stresses under imposed strain conditions, due to the higher local yield

strength.

4.1. The intrinsic effect of cold work

Time to cracking by SCC is often plot as a function of the stress normalized to the yield
strenght. In the case of a given material with different cold work levels the normalized
same stress value does not give the same cracking times [9].

Constant load tests [10] were carried out on Alloy 600 capsules containing pressurized water
at 360°C, with an excess pressure of 5 x 10 Pa of hydrogen, for four different amounts of
cold work. The times for crack initiation are summarized in the following table.

Prior strain (%)

0

5

10

20

Yield stress (MPa)

290

360

440

712

Crack initiation
time at 440 MPa

2160 h
(14% strain)

2800 h
(7% strain)
> 13000 h

> 13000 h

Crack initiation
time at 570 MPa

950 h
(18% strain)

680 h
(8% strain)

>7000 h



These partial results show that when the applied stress is above the yield strenght, the time for
crack initiation depends on the absolute stress level. Conversely, when the prior strain
hardening raises the yield strength above the applied stress level, no cracking is observed,
and the cold work appears beneficial. It is therefore not this aspect which can explain the
premature cracking observed in cold-worked regions. Besides, the values of Kiscc do not
appear to be significantly different in cold-worked and annealed materials, and the model
presented assumes it to be the same in both cases (figure 2 - [7]).

4.2. Residual surface stresses

Any cold deformation of a metal surface tends to produce a local elongation, which is
prevented by the presence of the underlying material, leading on average to surface
compression stresses. However, as far as SCC behavior is concerned, the presence of these
compression stresses will only be felt provided that they are uniformly distributed over the
surface, as for example in the case of prestress peening. In contrast, machining and rough
grinding operations produce non-uniform stress distributions, with local tension peaks,
which are revealed by corrosion tests without an applied stress, but are not generally
detected by X-ray diffraction measurements, which give average values over the area of the
beam.

Furthermore, when the surface is strongly work-hardened, general loading of the substrate
beyond its yield point will produce very high stresses in the surface layer. Stress
distributions in the surface layers of specimens subjected to variable loads have been
calculated (figure 3) [11] and have been confirmed by X-ray measurements. The specimens
were segments of steam generator tubes mensioned in § 3. The results shown in figure 3
confirm the high stress levels in the thin deformed regions when sufficiently large
deformations are imposed on the tubes. They also show the effect of initial residual
compressive stresses, which disappears at large overall strains. It has therefore not been
considered in the present work.

4.3. Effect of the mechanical properties of the work-hardened layer

Deformation of the high strength work-hardened layer can lead to very high surface stresses.
For example, direct stress measurements by X-ray diffraction on the lathe turned internal
surfaces of rings deformed in a press showed a stress of 1000 MPa for a deformation of
1%. When similar rings with electropolished internal surfaces were deformed by the same
amount, the surface stress did not exceed 250 MPa, figure 4 [3].

This effect explains the laboratory test behavior of steam generator tubes described in § 3,
since in the case of the electropolished tube, the surface stress is equal to the mean applied
stress, whereas the stress at the surface of the industrial tube is much higher. In the case of
vessel head penetrations, mechanical stress analysis shows that the stress increases with set
up angle, reaching a maximum of 500 MPa at the periphery, without considering surface
deformation [12]. It has not yet been possible to perform the same analysis taking surface
strain into account. However, the deformations in vessel head penetrations after welding
have been measured and have shown the ovalization to be of the order of 3 mm for a
diameter of 66 mm. From the X-ray measurements on deformed rings mentioned above,
the equivalent stress level would be close to 1000 MPa for a lathe turned surface.
According to equation (1), this would lead to a crack initiation time 16 times shorter in
better agreement with the observed service behavior.

Similar compression tests on rings with a honed inner surface show strains of the same order
as those obtained by lathe turned (figure 5b)1.. Higher stress levels are therefore not

1 To observe this effect, the grazing X ray diffraction [4,13] must be used as the penetration
depth of back scattered X ray diffraction doesn't give the representation of the true profile
(figure 5a).



sufficient to explain the observed difference in service behavior between these two types of
surface finishes. Another significant difference is the thickness of the work-hardened layer.
The depths affected by strain-hardening have been measured from the widening of X-ray
diffraction lines for several types of surface finish, figure 5. The depths affected by honing
and lathe turning are seen to be very different, of the order of 1 u.m for honing and 50 îm
or more for lathe turning.

5. INTERPRETATION OF THE EFFECT OF SURFACE PREPARATION ON
CRACK PROPAGATION

The thickness of the cold-worked layer also affect crack propagation. In order to take this
possibility into account, a simple model will be considered. The strain-hardened layer can
thus be characterized by its thickness and the level of the associated stresses, which will be
assumed to be constant, to a first approximation.

The critical crack length ac at which the stress intensity at the tip attains Kiscc» leading to
rapid propagation, is given by 2 :

ac = (l/7t).(KlsCc/a)2 (3)

For example, if the stress in the work-hardened surface layer is 1000 MPa and that in the base
metal 500 MPa, the value of acn, in the surface layer is much smaller than it would be in the
base metal, the values being respectively 25 |im and 105 jam.

Three situations can arise (figure 6) :

(a) If the depth of the strain-hardened layer is less than 25 |im, the rapid propagation limit
will not be reached within this layer, and could possibly be attained only much later in the
base metal. Significant cracking will therefore not be observed in a short time.

(b) If the deformed layer is thicker than 105 \im, the rapid propagation limit will be reached
within the surface layer and the velocity will remain high when the crack reaches the
substrate. Extensive cracking will occur under these conditions.

(c) If the depth of the cold-worked layer lies between 25 and 105 \un, the rapid propagation
limit will be attained within the layer, but the rate will drop when the crack reaches the
substrate and will accelerate again when the length reaches 105 p.m. The observed extent
of cracking will therefore depend on the exact thickness of the surface layer.

Remarks : Note that slow propagation rate in the cold work layer and in the base metal are
different. In the base metal the propagation rate is v' = aVt'f and in cold worked layer v =
a/tf. So v'/v = (aya^xCt/t'f) = (o/c'f (a'/af = (c ' /c ) 2 . In our previous example, v'/v =
4.

The results of laboratory tests and field observations are examined below in the light of this
model.

2 The evaluation of the evolution of the stress intesity factor (Kl) as a function of the crack
depth (a) has been made based on single edge cracked plate tension specimen calculations
given in [13] : KI(a) = F(oc) c (rca)1/2. For geometrical conditions taken into account in this
paper, F(a) is very close to 1. Consequently the effect of this parameter has been
neglected. Furthermore, the accuracy of this formula is low because this approch takes into
account a purely elastic behaviour of the both material.



5.1. Interpretation of field observations

For both honing and lathe turning, if the stress level is assumed to be 1000 MPa, the critical
crack length ac is 25 |im. Since the thicknesses of the affected surface layers are 1 |J.m for
honing and 50 Jim for lathe turning, the conditions for honing correspond to case (a) -
cracks do not reach Kiscc and do not propagate significantly. In the case of lathe turning,
we are in the situation (b) in figure 6 and the time to cracking is much shorter.

5.2. Interpretation of laboratory results [8]

Tensile specimens taken from a steam generator tube with a cold worked surface layer were
subjected to corrosion tests under constant loads of either 480 MPa in pure water at 35O°C
(test n°l) or 880 MPa in primary medium at 360°C (test n°2). The tests were interrupted at
different times in order to determine the extent of cracking. The variation of the extent of
cracking with time for the two types of tests is shown in figure 7a : for test n°l, failure
occured very quickly (820h), for test n°2, a very long slow propagation stage occured
during about 7000h and failure is observed after a quick propagation stage at about 8000h.

For the 480MPa loading test, the stress profile in depth shows a surface stress of 930 Mpa
which drops to 480 MPa after 20 fim. For the 88OMPa loading, the high level of stress
suppresses the effect of cold work layer, consequently, the stress remains constant through
the thickness (figure 7 b).

Taking into account these results and equation (3), for 480MPa loading, critical crack depths
in cold worked layer is 30 (im and 105 p.m in base metal can be evaluated. For 880 MPa
loading, a critical crack depth of 30 Jim for both case is evaluated (figure 7).

This explains that in spite of similar surface stresses, different cold worked layer depth
induces very different time to failure.

6. CONCLUSIONS

Cold-worked surface layers can significantly modify stress-corrosion cracking behavior in
components subjected to large strains during subsequent joining and forming operations
(weld-shrinkage, bending, etc.). Based on several examples of SCC in real Alloy 600
components exposed to pure PWR water, it has been shown that the time to crack initiation
can be modified, and decreased by more than an order of magnitude by certain surface
treatments. Crack initiation is defined as the time necessary to attain the value of Kiscc
corresponding to the onset of rapid propagation

Model-based predictions of crack initiation times, which are extremely important for
programming inspection and maintenance operations on reactors, can lead to large
underestimations if surface factors are not allowed for. The important parameter to be
considered is not so much the degree of surface cold work, but rather the thickness of the
affected layer, which can vary greatly depending on the surface finishing process. Thus,
honing and fine polishing cold work the metal to depths of only about a micron, and have
little influence on the behavior of the component after deformation. In contrast, rougher
finishes, such as those produced by milling or turning, give deformed layers with
thicknesses of several tens of microns. The case of vessel head penetration sleeves has
been described. Lathe turning very significantly reduce initiation times compared to fine
honing.

In order to evaluate the time to cracking of industrial components manufacturing process, the
depth depth of the cold-worked surface layer should be well documented. However, the
surface roughness can often give a useful indication, by comparison with known cases.



Precise values can only be obtained by taking samples, and each case must be studied
individually.

The most effective means of reducing the high surface stresses associated with the
combination of bulk and surface deformation would probably be to remove the affected
layers by a suitable chemical or mechanical treatment. The depth of metal removed must
be at least equal to the thickness of the cold-worked layer, and the treatment must not itself
introduce residual tensile stresses or other harmful chemical or geometrical effects.
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