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SYNTHÈSE : 

Afin d'étudier les mécanismes de corrosion sous contrainte de l'Alliage 600 en 
milieu primaire, l'influence des paramètres -chimiques et nûarostructuraux a été 
étudiée. De récentes observations microfractograpbiques effectuées sur des faciès de 
rupture d'éprouvettes sont présentées parallèlement à l'influence du milieu sur le 
fluage des alliages base nickel Ces résultats mènent à la conclusion que la corrosion 
sous contrainte de l'Alliage 600 pourrait résulter d'un processus de micro-clivage 
impliquant des interactions entre la dissolution, 1'adsorption d'hydrogène et la 
plasticité. 

(HT45/COM1708-A) 
94NBM109 





EXECUTIVE SUMMARY : 

In order to study the mechanisms involved in the SCC of Alloy 600 in primary 
water, the influence of chemical and microstructural parameters was assessed. Recent 
fractographic examinations performed on fracture surfaces of specimens are presented 
together with the influence of the environment on the creep rate to the nickel-base 
alloy. These results lead to nie conclusion mat intergranular stress corrosion cracking 
ÇLGSCC) of Alloy 600 could result from a cleavage-cracking mechanism involving 
interactions between dissolution/hydrogen adsorption and plasticity. 
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Introduction 

The intergranular stress corrosion cracking (IGSCQ of Alloy 
600 steam generator tubing is a problem of great importance in 
Pressurized Water Reactors. Though numerous papers have been 
published during the last two decades (for a review, see for 
instance [1,2]), tbe mechanisms that control IGSCC in nickel 
base alloys are still under controversy. Thus it has been shown 
that the classical mechanisms, such as hydrogen-assisted cracking 
and slip-step dissolution cannot correctly describe the observed 
behaviour of Alloy 600 in high temperature primary water p ] . 
To take into account the brittle trans and/or intergranular 
cracking of fee alloys in aqueous environments, recent studies 
have focused on the role of corrosion deformation interactions at 
the stress corrosion crack tips [4,5]. Among the proposed 
mechanisms, a model of cleavage tracking based on a local 
environmentally-enhanced plasticity at the crack tip has been 
developed for transgranular SCC [6] and very recently for 
IGSCC [7]. This paper presems experimental results in order to 
get a better understanding of the implied mechanisms. The 
influence of key parameters such as hydrogen (or oxygen) 
overpressure, sensitization, carbide précipitation or cold work are 
discussed with regard to this particular model. 

Experimental method 

Material 
One tubing of Alloy 600 (WF242R) was used for SCC 
experiments. Additionally, another tubing (6L) was used for 
creep experiments. Their chemical composition and main 
characteristics are given in Tables I and n. 

Table II : Main characteristics of the Alloy 600 tubings. 

Name of 
tubings 

WE242R 

6L 

MA 
temperature 

CO 

915 

980 

ASTM grain 
size 

lOOljun) 

10 (11 jim) 

Yield Stress at 
350°C (MPa) 

290 

330 

In the null-annealed condition, the tubing microstructure, as 
revealed by an electrolytical 10% H3PO4 etching, consists of 
intragranular carbides with a pattern which follows previous 
grain boundaries (Figure 1-a). The tubing was also studied in two 
thermally treated conditions : 1 h at 700°C (Figure 14») and 16 h 
at 700"C (Figure 1-c). The first heat treatment induces a 
sensitization of the material to intergranular corrosion, the 
carbide precipitation resulting in a dechromization at the grain 
boundary ; increasing the duration of the treatment up to 16 h 
allows the desensitization of the material. 
The inner and outer surfaces of the tubing were either in the as-
received condition or electrolitically-polished in order to remove 
the cold-worked superficial layer, the thickness of which was 
about 80 fim on the outer diameter and 20 pm on the inner 
diameter. 

Stress corrosion tests 
Constant Extension-Rate Tests were performed with a strain-rate 
of 2.5xlOm7 r 1 ; the tensile specimens were cut lengthways in the 

Table I : Chemical composition of the Alloy 600 tubings (weight 55). 

Name of 
tubings 

WF242R 

6L 

c 
0.030 

0.026 

S 

0.0008 

0.003 

P 

0.005 

0.005 

Si 

0.32 

0.37 

Mn 

0.87 

0.89 

NÎ 

72.90 

72-55 

Cr 

16.05 

15.81 

Co 

0.02 

0.03 

Cu 

0.02 

0.02 

Ti 

0.39 

0.12 

Al 

0.18 

0.07 

Fe 

9.20 

9.88 
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Figure 1 —Metallurgical structure of the Alloy GOO tubing. 

c - Heattreated 16 h ai 70B°C 
20 Jim 

tubes, their section was 3.5 x 1.27 nun2 and their gauge length On the tubes in the as-received condition, transition from the 
was 8&5 mm. slow to the rapid propagation rate occunsd at a c^ck depth of 
Reverse TJ-Bend tests (RUBs) and constant-load tests were also about 80 /on, well correlated with the thickness of the cold-
performed, worked layer. 

Creep tests 
I Creep tests were carried out at 360°C ; specimens were cut 
I lengthways in the tubes, with a gauge length of 34 mm. They 
were held at the test temperature for approximatively 20 hours 
before a stress of 600 to 650 MPa was applied. 

Environments 
The environment was primary water (1,000 ppm B as bone acid, 
2 ppm I i as lithium hydroxide) at 360°C The tests were carried 
put with a hydrogen overpressure, introduced at 125°C, ranging 
from Oto 20 bar. 

Experimental measurements 
— The CERT specimens were examined in micrographie sections 
in order to evaluate the number and the depth of cracks. This 
crack distribution was automatically obtained by image analysis. 
The crack velocities were men calculated according to Santarini's 
method [8J, using the depth distribution of the crack traces 
determined on a longitudinal section of a CERT specimen. 

— The hydrogen content of specimens after SCC-tests was 
measured by a classical melting method. Samples, 10 mm-long, 
were cut lengthways from the middle to the head of the 
specimen. 
— The fracture surfaces of specimens were examined using 
Scanning Electron Microscopy at a high magnification in order to 
observe the fractogjaphic aspects. 

Corrosion tests 

a/ Description of the cracking 

Three main stages were formerly evidenced in SCC of Alloy 600 
in primary water [9] : 

— a short initiation period, which was defined, in 
correlation with the roughness of the tubes, as the .time when no 
crack deeper than 10 /mi occurred ; 

— a period of slow propagation rate ; 
— a period of rapid propagation rate, leading to the 

rupture of the specimen. 

Tests were performed in order to assess the influence of the cold-
worked superficial layer on the SCC of Alloy 600 in primary 
water 19-11]. The results obtained demonstrate mat the slow 
propagation rate, in the first 80 fim, strongly decreased when the 
cold-worked layer was removed (Figure 2). So the cold-worked 
layer has two effects : 

— it increases the slow propagation rate ; 
— it favours the transition from the slow to the rapid 

propagation rate. 

10 000 

1000 

100 

Number of cracks with 
a depth greater than £ 

0J 

0.12 pm/h (as-received) 

0.02 um/h (electropolished) 

_L J-
100 200 • 300 400 500 

S : crack trace depth Cum) 

Figure 2 — Number of creeks with a trace depth greater than£, as a function of i 
{CERT at 5 x 10"8 s"1, primary water 360°C, 4 bar of hydrogen 
overpressure at 125°C). 

b/ Influence of electrochemichal and imcrostruchital parameters 

Influence of the hydrogen overpressure 
In order to study the influence of hydrogen in the solution on 
SCC sensitivity of Alloy 600, tests were carried out in PWR 
environment with hydrogen overpressures ranging from 0 On fact 
0.05 bar calculated from a 0.01 ftm loss of metal by general 
corrosion) to 20 bar. Table EH gives the results for slow strain-
rate tests at s = 2.5xl0"7 r 1 and for RUB tests. 
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Table III : Effect of a hydrogen overpressure on Alloy 600 
sensitivity to SCC at360°C 

a/ CERTs ÇL5xlO-7 r 1 ) 

Hydrogen 
ovemressure 

arl25°C(bar) 
0 
1 •>»• 

20 

Longest 
secondary 
crack (urn) 

46 
89 
170 

37 

Main crack 
depth 
(Wri) 
50 
95 
235 

40 

Calculated crack 
velocity 
(um/ti) 
0.14* 
0.25* 
037» 
3 . 9 " 
0.10* 

* velocity in tbe slow stage 
*~ vekxsry is l ie rajsd stage 

b/RtJBs 

Hydrogen 
overpressure 

at 125°C (bar) 
0 
1 
4 
20 

Initiation time 

> 4,250 
< 5 0 0 
500 

< 1,000 

Time to failure 

no cracking in 4,250 h 
<50O 

500 «cnroture < 1.000 
> 1,000 

For CERTs, the crack growth rate increases from 0 to 4 bar of 
hydrogen overpressure and strongly decreases from 4 to 20 bar, 
dropping at 20 bars to a value lower than that observed without 
hydrogen. So a 20 bar H2 overpressure could seem not 
detrimental, but in fact the crack initiation probability (density of 
cracks) is not reduced at 20 bar H2, being roughly constant 
between 1 and 20 bars and twice higher than without hydrogen. 
Results obtained on RUBs (Table EH>) confirm : 

— the increase of susceptibility to SCC from 0 to 1 bar of 
hydrogen overpressure ; 

— its decrease from 4 to 20 bars. 

However, the maximum susceptibility occurs at 1 bar, and not at 
4 ; moreover, a great difference of susceptibility appears between 
0 and 20 bar, contrary to results of CERTs. This difference could 
be doe to aie fact mat initiation ânes are much longer for RUBs 
than for CERTs, and to a tgnenaa. effect of hydrogen on me 
initiation and propagation stages. So these results could indicate a 
much more important effect of hydrogen on the initiation time 
(probably due to as electrochemical effect) man on the 
propagation rate. 

As a conclusion, these results agree well with previous ones [12-
13] showing an increase of susceptibility in pure water at low 
hydrogen overpressures. The decrease observed in this work at a 
20 bar Ho overpressure is quite new and was only observed, up 
to now, in 400CC steam. Two effects of hydrogen were lound : a 
detrimental effect on crack growth rate up to 4 bars on CERTs, 
and a detrimental effect on initiation time, very drastic on RUBs 
as soon as mere is an hydrogen overpressure. 

ByàxogencbsorpnonmeasuTemeiïïs 
The amount of absorbed hydrogen was measured in SCC 
specimens after tests by a melting method. Results show that die 
amount of hydrogen uptake in tbe material, which can go up to 
40 ppm, is not correlated neither to the severity of the test 
(Figure 3-a) nor to the hydrogen overpressure. It seems to 
increase with the maximum stress (or strain) reached during the 
slow strain-rate test (Figure 3-b). Moreover, it seems to appear 
that no hydrogen can enter the iîtaterial in the absence of 
cracking : the amount of hydrogen in uncracked specimens being 
roughly equal to that measured in the heads (unstressed) of 
specimens or in the tube before test, even for specimens whose 
(mechanical) fracture occurred at high stresses. 

The decrease in the severity of the test observed at a 
hydrogen-overpressure could be explained with a hydrogen entry 
mechanism : we can suppose that, as a result of a decrease of 
general corrosion (which produces the hydrogen), the hydrogen 
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Figure 3 — Bulk hydrogen measurements. 
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: ingress in the metal decreases when increasing the hydrogen 
( overpressure. In fact, the hydrogen measurements demonstrate 
: that hydrogen ingress in the material is not impeded at a high 
| overpressure, so mis explanation is not supported. On the other 
•side» if the increase of severity between 0 and 4 bar of hydrogen-
overpressure was interpreted in terms of an hydrogen-induced 
cracking mechanism, it should imply that the ingress of hydrogen 
in the material should increase with the overpressure, which is 
not the case. 
However, this conclusion is "valid only for a long range effect 
(> 100 ftm, as in classical theories) of absorbed hydrogen ; in 
fact, a short range effect (of the order of the micron) of hydrogen 
on the cracking is not excluded by these results : hydrogen seems 

' not directiy responsible rbr the cracking, but it couid assist the 
cracking, as it will be riignissH later on. 

Influence qfsenànzaàon to imergramdar corrodon 
In order to assess the behaviour of chromium depleted zones with 
respect to a possible dissolution mechanism, the comparison of 
the behaviour of the tubing in the as-received condition (not 
sensitized) and in the thermally-treated condition (1 h 700°C, 
heavily sensitized) was performed. The results are reported in 

I Table IV. ^ 
They show that the dechrornizanbn resulting from sensitization 
has clearly no detrimental effect on Alloy 600 resistance to SCC 
in hydrogenated primary water ; on the contrary, it appears to be 
beneficial. 

Table IV : Effect of sensitization on Alloy 600 sensitivity to SCC 
in primary water (1,000 ppm B, 2 ppm Li) at 360°C ; 
RUB tests. 

Thermal 
txcitiocxiL 

null-annealed 

11700°C 
nxtll*aaoealed 

1Ï70CPC 
mill-annealed 

1Ï70O-C 

Hydiosea 
overpressure 

at 125°C 
(bar) 

1 

4 

20 

Initiation time 

<500h 

<500h 
5 0 0 h < t < l,00Oh 

1.500<t<2-000h 
< 1,000 h 

> 1.000 h 

Time to cracking 

<500h 

500h<t < 1.000h 
S0Oh<t< l,000h 

1.500 < t < 2.000 fc 
> 1,000 h 

> l.OOOh 

In the sensitized material, an intergranular carbide precipitation 
| occurs simultaneously with the dechromization ; then a possible 
I detrimental effect of dechromization could be hidden by the well-
' known beneficial effect of intergranular carbides. So the intrinsic 
effect of dechromization was assessed by the comparison of SCC 
behaviour of the sensitized material (1 h at 700°C, intergranular 
carbides and dechromization) and of the desensitized material 
(16 h at 700°C, intergranular carbides and reheating). Results are 
summarized in Table V. 

I Since the intergranular precipitation is the same in both cases (1 h 
| and 16 h), these results confirm that dechromization (and thus 
increased susceptibility to dissolution/oxidation) has no 
detrimental effect on Alloy 600 sensitivity to SCC in 
hydrogenated primary water. Although very strong traces of 
dissolution are present on fracture surfaces on RUBs from 
sensitized Alloy 600, which are not observed neither on the mill-
annealed nor on the thermally-heated material, the crack 

Table V : Effect of dedmaraization and srnicrtrre on AHoy 600 
sensitivity to SCC in primary water (1 >000 ppm B, 
2 ppm Li) at 360 °C,-with 4 bar of hydrogen 
overpressure at T25°C 

a/HUB tests 

Heat treatment after annelrng 1 
Mill-annealed 1 
1 h at 700°C 
I6hat700°C J 

TimetoruDtnre 
5 0 0 < t < LOOOh 
L 3 0 0 < t < 2 . 0 0 0 h 
LSOO < t < 2.000 h 

h' CERTS (2.5.xl0-n- r1) 

Heat treatment after 
annealing 

Mill-annealed 

lhat700oC 
16hat700°C 

Main crack depth 
fem) 
235 

30 
40 

Average crack 
velocity (ion/h) 

0.37* 
3.9** 
0.08* 
0.11* 

* velocity in the slow stage 
** velocity in the rapid stage 

propagation rate is not increased. 
This result seems not compatible with a mechanism in which the 
crack growth involves a dissolution process. 

The effect of sensitization was also assessed in the presence of 
oxygen [3]. No detrimental effect was observed either on CERTs 
or on RUBs : 

— a CERT specimen (2.5xl0"7 s*1) in sensitized material 
did not crack at all ; 

— RUBs in mill-annealed and sensitized materials did not 
crack in 3,250 h. 
This result in oxygenated water confirms that sensitization has no 
detrimental effect on Alloy 600 resistance to SCC in primary 
water at 360°C. A strong detrimental eifect of oxygen was found 
only when impurities (20 ppm chlorides) were added to the 
solution, even in the mill-annealed material. 

c/ Corrosion-DefoTmation Interactions 

Previous papers [3, 9-10] demonstrated that strain-rate rather 
than stress was responsible for the propagation stages of the 
cracking in Alloy 600 in primary water. Creep experiments in air 
and SCC tests conducted at 36CTC on 6 heats of tubings (mill-
annealed and heat treated at 700°C) evidenced no one-to-one 
correlation between macroscopic creep strain-rate and SCC 
susceptibility. This apparent contradiction could be solved if : 

— local strain-rate (at the grain boundary) rather than 
macroscopic strain rate had to be considered [14] ; 

— or/and an effect of the environment on creep strain-rate 
could occur. 
To check if such an hypothesis is relevant for Alloy 600, its 
creep behaviour was compared at 260°C in air and in 
hydrogenated rjiimary water. Figure 4 [3] summarizes the 
different results obtained in air and PWR environment for a 
stress level from 650 to 680 MPa. It clearly appears that creep is 
significantly enhanced by the corrosive environment However, 
some slight cracks (< 10 ftm) were observed in the corrosive 
medium, and although their influence was probably negligible, 
the conclusion was not definitive. To confirm this observation, 
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the same comparison was performed on Alloy 690 which did not 
crack at all after 4,000 h at 600 MPa. Results show an increase 
of creep rate higher than a factor two (well above the uncertainty 
of creep strain-rate measurements in air) in the presence of 
primary water (Figure 5). 

So, an increase of creep rate of Alloy 600 or Alloy 690 in the 
presence of water seems to occur. 

Such an example of corrosion déformation interaction (CDI) was 
xecently confirmed by Was 115}. In other material-medium 
systems, local interactions between plasticity and environment 
had also been demonstrated in some fatigue experiments [16] and 
in creep tests [17-18]. Although the link between the macroscopic 
effect of the medium on creep rate and a local environmentally-
enhanced softening is not easy, it proves that interactions 
between corrosion and plasticity have to be considered. 

Figure 5 — Creep strain rate vs time for Alloy 630 
in the eleetropolished condition <360°C, 
nominal sttess:600 MPa) 

A proposed TGSCC mechanism 

These observations lead to taking into account CDI models ; 
among them, one was developed for both trans and intergranular 
SCC [6-7]. It consists of i propagation model based on cleavage-
cracking as a result of a local environmentally-enhanced 
softening. 
According to the near crack tip plasticity at a stress corrosion 
crack, the following steps are considered (Figure 6). 

1 - A localized anodic dissolution (or oxidation) occurs on the 
{111} slip planes at the very crack tip in the vicinity of the grain 
boundary, after the local breakdown of the surface film due to 
the slip line emergence (Figure 6-a). 
2 - An enhanced localized plasticity occurs because of the 
localized corrosion on {111} slip planes. The localized shearing 
on these planes is favoured by dissolution and adsorption. More 

Figure 6 — Schematization of the physical modelling. 
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mobile dislocations are injected because of stress concemxaaon 
due to localized dissolution and because of adsorption (of 
hydrogen) which is then possible and can lower the local critical 
shear stress. Blunting is then reduced. Thus the role of corrosion 
jfaaàdsâoa snô sSsorptkst) is essaa^al bis iafescr. It WThPTxys 
local plasticity at the very crack tip. 
3 - This enhanced plasticity is localized near the surface. Emitted 
dislocations will then interact with obstacles such as precipitates, 
grain boundaries or dislocation configurations previously formed 
(Figure fr-b). Two zones are considered : an enhanced plasticity 
zone blocked by a previously hardened zone. This wîQ induce the 
formation of pile-ups and die local stress will increase. 
4 - If the obstacles are strong enough, KJC will be reached locally 
a1; shown by calculations elsewhere [7]. Moreover KIC ar the 
'abstacfe is Zowisnai by iyviiogcn aosorpjrofl (si a about 3 pzs 
distance from the main crack tip). Then a crack embryo win 
form at the obstacle by a kind of Stroh mechanism. 
5 - Relaxation of the stress at the obstacle is then possible. This 
can occurin two ways : 

— en the grain, boundary itself according to its oriwitarinn 
with respect to the tensile axis, energy of cohesion, impurities 
content This leads to a purely intergramilar propagation (Figure 
6-c-2) ; 

- or on {111} {or {100}) microïàcets by dacohesion of 
these planes (Figure 6-c-l). The energy of cohesion of the {111} 
planes can decrease because of hydrogen absorption. The normal 
stress on these facets can be sufficient to open the crack along the 
{111} plane. Numerical simulations [7] have shown that the 
normal stress is in tact tnarircum on a plane making an angle of 
about 70° with the slip plane. This angle is always oriented 
towards the main crack. Dislocations are then emitted on a 
symmetrical plane versus general crack plane, shielding the new 
crack tip. 
6 - fit mixed mode MI, the process of the Figure 6-c-l is 
expected to lead to regular changes of crack planes. A zig-zag 
TOicrocracking can occur on {111} and/or {100} microfacets. 

One of the most important questions in the proposed model is 
related to the behaviour of dislocations emitted by crack-tip and 
piled-up against strong obstacles. It was calculated that a 
microcracking process is strongly favoured for a pile-up very 
near the main (sack tip rather than in the bulk of the specimen 
p ] . This difference is related to both the stress concentration 
near the main crack-tip and the lowering of the local KIC induced 
by hydrogen very near the crack-tip. 

This model combines the effects of hydrogen and dissolution ; 
one of its specific aspects is to predict the existence of a pseudo-
intergranular cracking, which had not yet been detected on Alloy 
600 in high temperature water. So micrographie examinations 
were conducted, in order to check if such a kind of cracking 
really does occur'. 

Micrographie aspects 

The stress corrosion cracking of Alloy 600 in PWR environment 
is well known to be intergranular. Figure 7 shows a general view 
of the SCC zone at a classical scale for a tubular sample tested in 
tension during a slow strain-rate test in PWR environment at free 
potential (360°C, 4 bar of hydrogen overpressure). 
Nevertheless a careful observation performed at a 1 ;tm scale on 

a fades of a tensile specimen shows that, even if the cracking is 
mainly purely intergranular with smooth grain boundaries, 
numerous grains exhibit a pseudo-intergranular cracking. 
Cleavage-like inicrotacets (the size of which is the order of a 
mkroiaatsr) can be observed at the vkiaisy -of oiain boundaries 
as clearly shown in Figures 8 and 9. 

Figure 7 — General intergranular aspect of SCC in Alloy 600 in prrory water 
" (360°C* 4barH2at125°C:constanttoadtest570MPa). 

Figure B — Cleavage micro-faces on the grain boundary; 

Figure 9 — Cleavage micro-facets on the grain boundary; 
CERTtSxIO-8**1); primary water 360°C 
+ 4barH2(AS6=15»>. 
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Main crack 

Secondary crack 

Figure 10 — Schematic description and SEM observation of desvage micro-facets on a secondary sack 
(CEHT Z5 x 10"7 s"1. primary water 36&°C - 4 bar H2 at 125°C). 

It must be noted that such microfâcets axe not observed on Alloy 
500 when tested in an argon atmosphere : the ftactore surface is 
then fully ductile. Moreover the psecdo-intergranalar cracking 
has been observed not only after CERTs but also after constant 
stress tests and even after RUB tests (although less numerous in 
this last case). The percentage of grain boundaries showing 
cleavage-like microfacets can vary from one specimen to another 
(from 1 to 15% of the grain boundaries). Cracking is more often, 
perpendicular to the main stress axis and rather pseudb-
intergrannlar when they are inclined. Thus, microfacets are also 
often observed on grain boundaries which correspond to 
secondary cracks, as schematically presented on Figure 10. For 
more detailed comment on micrographie aspects, see p6]-

Pseudo-intergranular nncrocracldng corresponds to a zig-zag 
propagation at the vicinity of the grain boundaries, with crack 
advances of the: order of a micron. Even if it is observed only for 
a small part of me SCC surface, it will be considered as a kind of 
signature of the mechanism responsible for both purely and 
pseudo-intergranular cracldng. 

Discussion 

The major evidence for the relevance of the proposed model for 
Alloy 600 SCC in PWR errvironment is : 

— the increase of creep strain-rate in the medium as 
compared to air, which proves that an interaction between 
corrosion aid plasticity occurs ; 

- and mainly the observation of pseudo-intergrannlar 
cracking which had not been predicted by any model except this 
one. Moreover, the fact that these cleavage micro-facets are more 
often observed on inclined grain boundaries than on grain 
boundaries belonging to the macroscopic fracture plane was 
predicted by the proposed model. 

One of the most interesting questions is related to the respective 
roles of dissolution (oxidation) and hydrogen on the SCC. In the 
proposed model, oxidation first occurs at the vicinity of the grain 
boundary, which allows hydrogen adsorption and absorption. A 
hydrogen effect can probably occur only if a critical defect due to 
oxidation is present. 
The explanation of such results must be divided in two parts. 
First, what is the role of the hydrogen pressure on the oxidation 
kinetics and secondly is there any effect of hydrogen absorption 
on the SCC sensitivity ? 

a) A classical explanation of the observed hydrogen effect 
in the low range of pressures could be proposed through a. 
dissolution model in 'which the hydrogen •weakens the MO 
protective film and then enhances the dissolution FTJ. But such a 
dissolution model cannot rake into account the lack of detrimental 
effect of parameters which are known m enhance the aSssohrfion, 
such as a chromium depletion at the grain boundaries or an 
oxygen overpressure, or the presence of cleavage-like facets on 
the grain boundaries. Moreover, no increase of hydrogen ingress 
was measured with increasing hydrogen overpressure from 0 to 
4 bar, as should result from an enhanced dissolution. 

In this dissolution model, the decrease of severity observed at a 
high hydrogen overpressure could be explained by the fact that at 
the low potential resulting from a high hydrogen overpressure, 
the Ni is stable and the SCC is stopped. But if the dissolution is 
stopped, the hydrogen formation (and its ingress in the material) 
should be impeded, winch is not the case because the specimen 
tested under 20 bar H2 was found to contain more hydrogen than 
all the others. 

b) If the increasing severity between 0 and 4 bar of 
hydrogen overpressure was interpreted in the terms of a classical 
hvdrozen model, it should imply that the ingress of hydrogen 
would increase between 0 and 4 bar, which was not observed. 
The decrease of severity between 4 and 20 bar could be due to 
the tact that an increasing hydrogen overpressure leads to a. 
decreasing corrosion rate, and then to a decrease in hydrogen 
production and ingress (the hydrogen ingress in the material 
being directly responsible for the cracking in a classical hydrogen 
model). However this explanation is not valid, because the 
hydrogen absorption is not reduced for a 20 bar H2 overpressure. 

c)So the classical theories are not satisfactory. The 
nroposed CD! model allows to overcome some of these 
difficulties : 

— It takes into account the intrinsic roles of both oxidation 
and hydrogen. Oxidation is first necessary and a hydrogen effect 
can follow. The crack propagates neither by dissolution nor by 
hydrogen accumulation, but by cleavage. 

— It explains the lack of correlation between hydrogen 
absorption and SCC susceptibility, because the total quantity of 
absorbed hydrogen in the bulk specimen is not significant to the 
SCC sensitivity. In fact, according to the proposed model, the 
hydrogen absorption plays a role very near the surface, on a 
distance of the order of 1 jtm ahead of the main crack tip. So a 
small amount of absorbed hydrogen can be sufficient to favour 
local stress corrosion microcracldng by decohesion on micro-
facets. 
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The well-known effect of carbide precipitation [20] is taken into 
account by the proposed model : the influence of a stress relief at 
the grain boundary can be better understood in this model (the 
intergianular caibides lowering me stress at the pDe-np near the 
grain boundary) than in a dissolution model which is based on the 
crack tip strain-rate. 

The proposed model takes into account the role of cold-work [9-
11]. The stresses in the hardened zone ahead of the softened zone 
are higher with a previous cold-work, so a smaller number of 
dislocations are sufficient to reach the local K1C at the head of the 
pile-up, and the crack propagation rate increases. The transition 
between the slow and the rapid-propagation stages observed m 
the as-received material (.Figure 2) is probably due tu s. 
localization of the strain-rate on the very few longest cracks when 
they overreached the superficial cold-worked layer. 

Conclusion 

Experimental results demonstrated that neither a slip-dissolution 
model nor a hydrogen model was able to account for SCC of 
Alloy 600 in high temperature water. Moreover, scanning 
electron microscopy analyses at fine scales revealed thai brittle 
SCC of Alloy 600 in that environment can be achieved either by 
a purely intergranular microcracking or by a zig-zag 
microcracking on microfacets at the vicinity of the grain 
boundary (pseudo-intergranular cracking). Together with creep 
rate increase in the PWR environment, these observations lead to 
proposing a unified model for trans and intergranular SCC. This 
model is based on the influence of oxidation and hydrogen 
absorption which enhance local plasticity and then favour a brittle 
microcracking. The role of corrosion is essential but indirect : it 
modifies the dislocation behaviour and the fracture mode very 
locally. 
Finally the model is shown to integrate most of the effects taken 
into account in both dissolution and hydrogen models. Moreover, 
it is consistent with the well-known influence of the metallurgical 
microstructure of precipitates and with the deleterious effect of 
previous cold work in Alloy 600 in primary water. 
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