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SYNTHESE:

L'analyse du retour d'expe"rience des ge"ne*rateurs de vapeur 6quip6s de
faisceaux en alliage 600 mill-annealed (MA) a montre" que la plus forte sensibility a la
corrosion au niveau des plaques entretoises 6tait li£e a de faibles valeurs de la limite
d'elasticity, et dans une moindre mesure a de faibles teneurs en carbone. Par ailleurs,
les tubes en alliage 600 traite* pre"sentent un bien meilleur comportement

Lors des essais de laboratoire conduits en soude, on a retrouve* Teffet ne"faste
des faibles limites d'elasticite* dans le cas de 1'alliage 600 MA et un effet be*ne*fique du
traitement a 700 °C. Dans les m&nes conditions, le meilleur comportement de T alliage
690 est en relation avec une structure a carbures intergranulaires, telle que rencontre^
sur les tubes industriels.

En milieu sulfates acides et neutres, la fissuration intergranulaire de 1* alliage
600 MA depend peu de la microstructure, mais un traitement de sensibUisation peut
§tre de"favorable. Le traitement thermique h 700 °C est nettement b^n f̂ique pour
1'alliage 600, et rend T alliage 690 totalement insensible.

L'alliage 690 pr^sente une bien meilleure resistance a la corrosion que 1* alliage
600, que ce soit en soude ou en milieu sulfates acides.

F. VAXLLANT, D. BUISINE, B. PRIEUX
J. C. FOURNEL : EDF/SEPTEN
A. GELPI: Framatome
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EXECUTIVE SUMMARY:

Modeling for secondary side cracking is needed to understand the behaviour of
alloy 600 in plants. They require a comprehensive understanding of the various
influences of die material properties on Stress Corrosion Cracking (SCC), based on
field experience and laboratory data. In an attempt to predict the materials effects on
SCC behaviour of new steam generators, laboratory corrosion data of alloy 690 were
overviewed.

French field experience with steam generators equipped with drilled tube
support plates (TSPs) has demonstrated that the lower the yield stress (YS) and the
carbon content, the higher the susceptibility to secondary side cracking of
mill-annealed (MA) alloy 600. Also heat treated (700 °C x 16 h) tubing has been
shown to have a much better resistance, but this excellent resistance could not be
attributed only to the material properties.

In laboratory environments, particularly in caustics, results have confirmed
several of the above mentioned key findings on alloy 600 :

- in caustic environments and under constant loading, tubes fabricated from MA
alloy 600 with low YS have exhibited the worst resistance to initiation ; YS was found
to be the most accurate parameter to account for the behaviour of MA alloy 600. A
heat treatment at 700 °C appeared to reduce the propagation rates of cracks in alloy
600. The best IGSCC resistance of alloy 690 was obtained for tubes with intergranular
precipitation of carbides. TT (700 °C) significantly improved the propagation
resistance of alloy 690 ;

- in acidic and neutral sulfate environments, IGSCC of alloy 600 was not
strongly dependent on the microstructure in the MA condition, but sensitization was
detrimental. When alloy 600 and particularly alloy 690 were thermally treated at
700 °C x 16 h, the resistance to IGSCC was significantly improved.

Tests performed on alloy 690 have shown a better resistance to IGSCC
initiation and propagation than alloy 600, in NaOH and acidic sulfate environments.
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INTRODUCTION

Since 1990, EDF has experienced secondary side cracking in nuclear power plants
equipped with MA alloy 600 and drilled tube support plates, I*2 and the general current status
of French field experience is reviewed in this conference.3

Future predictive models to address this kind of cracking require an accurate knowledge
of the influence of the material properties on stress corrosion cracking.

The purpose of this paper is to provide an overview concerning the influence of the
material properties (carbon content, microstructure, mechanical properties) on the secondary
side cracking. It will include the mechanical and metallurgical aspects of the French field
experience and also laboratory data from Electricity de France and from available literature on
alloy 600. Results on alloy 690 have been also included to account for the behaviour of new
and replaced steam generator tubing.

FRENCH FIELD EXPERIENCE

The influence of the main material properties on secondary side cracking are considered
here from the field experience viewpoint

On the basis of statistical analyses, the parameter having the greatest effect on SCC of
MA alloy 600 at tube support plate (TSP) elevations seems to be the YS of the tubes.4 From
more than 80 000 tubes and 30 investigated variables, it was found that the lower the YS the
higher the sensitivity to SCC from some manufacturers (figure 1). Also, tubes with low
carbon content (less than 0.020%) seemed to have a poor SCC resistance. Both univariate
and multivariate analyses have indicated that YS is the predominant parameter related to SCC
susceptibility of tubing. A typical example of this behaviour was described in ref. 2 : in
France, Saint-Laurent B1 (SLB1: steam generator 2) is the most affected steam generator on
the secondary side. The most severely cracked tubes had a low YS20°C (< 280 MPa), a low
carbon content with intergranular carbide precipitation. It should be emphasized that it was
not possible to separate the effects of IGA and IGSCC, nor effects on initiation and
propagation.

The main second finding from plants is that MA alloy 600 is much more susceptible to
cracking than thermallv-treatefl (TT: 700°C) alloy 600.5 Nevertheless, it should be noted that
MA alloy 600 is used in the oldest SG equipped with drilled carbon steel TSPs; in contrast,
TT alloy was essentially used in more recent plants equipped with broached 12%Cr-steel
TSPs. Moreover, it must be taken into account that operating chemistry has been improved
year after year.

Concerning allov 690. insufficient experience in plant is available to enable meaningful
conclusions to be drawn.

MATERIALS AND CORROSION RESULTS FROM THE LABORATORY

Materials and Experimental Procedure

The crevice environment is very difficult to identify, so laboratory environments have
been used in order to study corrosion behaviour of alloys 600 and 690. Test environments
included caustic solutions (deaerated 0.4% or 10% NaOH, 320° or 350°C) and acidic or
neutral sulfates (288 to 332°C, pHx < 6.5).



The materials properties of the investigated alloy 600 tubes cover a wide range of carbon
contents (0.014-0.045%), microstructures (intra or intergranular precipitation of carbides
resulting from MA-temperatures in the range 980-1150°C, and sometimes TT at 700°C), and
mechanical properties (175 MPa < YS20 < 400 MPa). In the case of alloy 690, tubing
properties also cover a wide range of carbon contents (0.012-0.032%), microstructures
(MA-temperatures in the range 980-1100°C, and followed frequently by TT at 700°C), and
mechanical properties (300 MPa < YS20 < 300 MPa). Some tests were performed on plates
(20 mm-thick) both on MA and TT alloy 600 (C: 0.072%, intragranular carbides) and MA
and TT alloy 690 (C: 0.015%, intergranular carbides).

These material properties and experimental procedures are described in detail elsewhere:

- in NaOH, in ref. 6,7 for C-rings and capsules tests, and in ref. 8,9 for WOL
specimens on plates in propagation tests;

- in acidic and neutral sulfate solutions on C-rings in ref. 10-13 and on CERTs in ref.
12.

Corrosion Behaviour in Pure Caustic Environments

When tests are performed on alloy 600 in 10% NaOH at 350°C, very different crack
growth rates are measured depending on the kind of specimens used (assuming a negligeable
initiation time): roughly 0.5 |im/h on C-rings,6 1-2 jim/h on capsules,14 and 5-6 |im/h on
WOL specimens when KI values are higher than KISCC.8*9

This suggests that the cracking process might first involve an initiation period, then a
slow propagation stage at the rate vs, and finally a rapid propagation stage at the rate v r
leading to the failure of the specimens. C-rings, with cracks less than 500 (J.m, generally can
be associated with vs, capsule tests lead to both slow and rapid propagation rates, and WOL
tests provide rapid crack growth rates vr.

The best experimental criteria to account for the initiation appears to be the stress
threshold Gth; the slow propagation stage then occurs until the crack grows so that the stress
intensity factor reaches the threshold value, Kisco leading to rapid failure.

In order to establish the role of the material properties on these three stages of SCC, the
influence of the carbon content, YS and microstructure, and the MA and TT heat treatment
were examined

Initiation :

The influence of the material characteristics of alloys 600 and 690 on the threshold Gth in
10% NaOH was investigated at 350°C using capsules, as described below :

Alloy 600:

In recent studies of various heats, though many low-%C tubes have exhibited poor
IGSCC resistance, no perfect correlation was found between carbon content alone and
IGSCC 2>7 : for similar carbon contents (see at C : 0.016 or 0.025%), Gth values were very
different depending on the tubes, Figure 2.

A better correlation was demonstrated between IGSCC and mechanical properties
(YS350) of the tubes in the MA- condition 2>7: the most susceptible tubes on capsule tests in



10% NaOH, at 350°C, had the lowest values of YS350. The relationship between Oth and

YS350 was, see Figure 3 o m = 0.64 YS350 + 50.

For example, pulled tubes from Saint-Laurent B1 (with a low YS350 of 220-230 MPa)
have shown a high susceptibility in this environment (Gth < 170 MPa).

Though many of the susceptible tubes in caustic solutions had intergranular carbides, the
metallurgical structure did not appear to be sufficient to characterize the corrosion behaviour:
with similar microstructures, tubes could have very different thresholds ; or different
microstructures could result in similar thresholds, Figure 2.7»14

Nevertheless, TT at 700°C induces a slightly superior resistance to IGSCC compared
with MA alloy, Table I.

Table I

Relative threshold Gth/YS3so of alloy 600 in 10% NaOH 7>14

Thermal treatment 320°C 350°C

MA 0.8 0.7

TT 700°C 1 0.9

Moreover, sensitization of the alloy did not appear to be always relevant for IGSCC
enhancement.

Alloy 690:

The carbon content alone could not explain the behaviour of alloy 690 in 10% NaOH,
350°C, Figure 4 . 1 5

Some authors have suggested that the mechanical properties of alloy 690 could better
explain IGSCC susceptibility.I6 But results in ref. 15 did not agree with this assumption,
Figure 4.

A better correlation was obtained between IGSCC susceptibility and the microstructure.
which is dependent on both carbon content and mill-anneal temperature, Figure 4 . i 5

Intergranular carbides were found to be beneficial for IGSCC resistance, and intragranular
carbides were detrimental. So the best resistance was obtained for tubes with rather low
carbon content (approx. 0.020%), high MA temperature and heat treatment at 700°C.15 Some
authors have recently demonstrated that this kind of correlation could be improved : in the
case of TT tubes, IGSCC resistance was markedly influenced by the manufacturing process.
From electron back scattering patterns, it was found that tubing with low-energy grain
boundaries was less susceptible to cracking than tubing with predominantly high-energy
boundaries.17

In addition, Oth measured on alloy 690 were always higher than on alloy 600.7



Slow-propagation stage:

Allov 600:

A low carbon content seemed to have a strong detrimental effect on IGSCC of alloy 600
capsules (MA temperature: 1100 or 950°C) at 320°C, particularly at %C of less than 0.030,
Figure 5.14 Furthermore, constant extension rate tests (CERTs) showed that high levels of
segregation of soluble carbon at the grain boundary were very detrimental.18

The role of the mechanical properties on v s could not be evaluated from available data.

The influence of microstructure on v s was difficult to assess, since it was generally
impossible to separate the effect of carbide precipitation from other parameters like
sensitization and stress relief. CERTs on a controlled-purity alloy have shown that a thermal
treatment at 700°C for long periods (100 h, which resulted in a strong intergranular
precipitation), was beneficial.18 On the other hand, a detrimental effect was observed when
intergranular precipitation followed a sensitization heat treatment

C-ring tests in 10% NaOH at 350°C indicated, on the whole, that TT at 700°C was only
slightly beneficial at 350°C (MA: 0.5 nm/h, TT at 700°C: 0.4 Mrn/h). But a greater beneficial
effect of TT (700°C) was observed at 320°C: TT at 700°C resulted in a 100-fold reduction in
v s values.19 Nevertheless, from all the available data, it appears that the activation energy is
somewhat similar in the MA and TT conditions (23 to 32 kcal/mol).14

Allov 690:

Similar experiments on alloy 690 at 350°C has led to a value for v s of approx. 0.25 |im/h
in the MA condition, and less than 0.03 nm/h in the TT (700°C) condition. The TT (700°C)
condition was more beneficial at lower temperatures.

Comparison of alloy 600 and alloy 690 :

The higher resistance of allov 690 compared with allov 600 was more pronounced in the
TT (700°C) condition.

Rapid propagation stage:

Values of Kiscc and of the rapid propagation rate, v r , were determined for alloys
600 and 690 in tests on WOL specimens machined from plate material in 0.4% and 10%
NaOH, at 350°C, (Table II).8

The influences of carbon content, mechanical properties and carbide precipitation were
not determined.

But thermal treatment (MA and TT) has been investigated: TT at 700°C seemed to have a
mildly beneficial effect on KISCG and seriously reduced (by 7 to 10) the crack growth rates
at the plateau (vr).

Finally, alloy 690 had a higher resistance to rapid crack propagation than alloy 600, as
indicated by both Kiscc and vr values.



Table II

Rapid propagation rates and KJSCC of alloys 600 and 690 (plates) in NaOH, 350°C 8

KiscC
(MPaVm)

v r
(u-m/li)

KISCC
(MPVam)

Vr
(um/h)

NaOH

(%)

0.4

0.4

10

10

Alloy

MA

22-28

>2

9

6

600

TT700°C

22-28

>0.5

12

0.85

Alloy

MA

NC*

NC*

15-16

1.5

690

TT700°C

NC*

NC*

22-28

0.15

* NC: no cracking

Corrosion Behaviour in Acidic and Neutral Sulfate Environments

IGSCC in these environments has been investigated mainly by MEA,l°>H CEGB-
CERL,12 CIEMAT.13 It appears difficult to separate the initiation and the propagation
behaviours of alloys 600 and 690 as a function of the various mechanical parameters, so only
the main tendancies will be briefly described.

Alloy 600:

Acidic and neutral sulfate environments can promote IGSCC whatever the microstructure
of alloy 600 in the MA condition : MA temperature and carbon content had little influence on
the susceptibility. But heat treatment at 700°C greatly improved SCC resistance, primarly by
increasing the initiation time.12

A sensitization treatment significantly increased IGSCC susceptibility, Figure 6.12

Alloy 690:

In the MA conditions, alloy 690 could be susceptible to IGSCC 12, but was extremely
resistant in the TT (700°C) condition. 10.13



CONCLUSION

Modelling of the secondary side cracking of alloy 600 requires a good knowledge of the
various influences of mechanical and metallurgical factors. The roles of the main factors
affecting alloys 600 and 690 were reviewed in terms of both field experience and laboratory
data,

French field experience with steam generators equipped with drilled TSPs has
highlighted the fact that the lower the yield stress and the carbon content, the higher the
susceptibility to secondary side cracking of MA alloy 600. The index of susceptibility used
was Gth/YS35o (the threshold stress for IGSCC divided by the yield stress at 350°C). Also,
HT (700°C) tubing has a much higher resistance than MA tubing, but this excellent resistance
could not be attributed only to the material properties.

Results in laboratory environments, particularly caustics, have confirmed several of these
findings on alloy 600:

- In caustic environments under constant loading, tubes in MA alloy 600 with low
yield stress have exhibited the worst resistance to initiation; the yield stress was found to be
the parameter that correlated best with the initiation resistance of MA alloy 600. Heat
treatment (700°C) appeared to reduce crack propagation rates of alloy 600. In the case of
alloy 690, the best IGSCC resistance was obtained for tubes with intergranular precipitation
of carbides. TT(700°C) significantly improved the crack propagation resistance of alloy 690.

- In acidic sulfate environments, IGSCC of alloy 600 was not strongly dependant on
the microstructure in the MA condition, but sensitization was detrimental. TT(700°C) on
alloy 600, and particularly on alloy 690, was found to be very beneficial.

Tests performed in NaOH have shown that alloy 690 has a greater resistance to IGSCC
than alloy 600, in terms of both initiation and propagation rates. Thermal treatment at 700°C
was also very effective in preventing cracking of alloy 690 in acidic sulfate solutions.
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