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Stress corrosion cracking occurs in the flow-restricted areas on the secondary side of steam 
generator tubes of Pressured Water Reactors (PWR), where water pollutants are likely to 
concentrate. Chemical analyses carried out during the shutdowns gave some insight into the 
chemical composition of these areas, which has evolved during these last years (i.e. less 
sodium as pollutants). It has been modeled in laboratory by tests in two different typical 
environments : the sodium hydroxide and the sulfate environments. These models 
satisfactorily describe the secondary side corrosion of steam generator tubes for old plant 
units. 
Furthermore, a third typical environment - the “complex” environment - which corresponds to 
an All Volatile Treatment (AVT) environment containing alumina, silica, phosphate and 
acetic acid has been recently studied. This particular environment satisfactorily reproduces the 
composition of the deposits observed on the surface of the steam generator tubes as well as 
the degradation of the tubes. 
A review of the recent laboratory results obtained by considering the “complex” environment 
are presented here. Several tests have been carried out in order to study initiation and 
propagation of secondary side corrosion cracking for some selected materials in such an 
environment. 600 Thermally Treated (TT) alloy reveals to be less sensitive to secondary side 
corrosion cracking than 600 Mill Annealed (MA) alloy. Finally, the influence of some related 
factors like stress, temperature and environmental factors are discussed. 
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1 Introduction 
 
Steam generator tubes of Pressured Water Reactors (PWR) suffer from Intergranular 
Generalized Attack (IGA) and Intergranular Stress Corrosion Cracking (IGSCC) in flow-
restricted areas at the top of tubesheet or between tubes and support plates, where water 
pollutants are likely to concentrate under heat flux. During the first decade of operation, the 
resulting crevice environments was supposed to be alkaline. However, chemical specifications 
and operating conditions used in PWRs have been improved (i.e. low sodium content, 
introduction of polishing mix-beds for make-up water and boric acid injection) during the last 
decade, which has led to less caustic environment, according to hide-out return analyses of the 
secondary water after shutdown [1,2] and from examinations of pulled tube [3]. 
Many investigations have been performed on pulled tubes from several French plant units 
selected for different kinds of cooling water and chemical conditioning of the secondary side 
in PWR. These investigations revealed IGA and IGSCC to occur under alumino-silicate 
deposits, with an underlying hydroxide gel rich in chromium that is brittle and non-protective 
[4,5]. Laboratory experiments carried out independently by EDF or in collaboration with CEA 
and Framatome ANP have succeeded in reproducing the main characteristics of such deposits 
and non-protective films on alloy 600 [6,7]. These experiments were carried out in an All 
Volatile Treatment (AVT) environment containing silica in combination with other pollutants 
like alumina, phosphate and acetic acid, called the “complex” environment [6]. IGA and 
IGSCC of 600 mill annealed (MA) alloy also occur under alumino-silicate deposits, which 
strongly suggests the detrimental effect of silica associated with the other  pollutants. 
Nevertheless, doubt still remains on the role of alumino-silicates in the corrosion process 
since cracking also occurs in AVT environment with phosphate and acid acetic. The relevance 
and relative importance of each pollutant has been recently discussed by EDF, especially with 
respect to plant experience [6]. 
A review of the laboratory results obtained by considering the “complex” environment are 
presented here, together with an update (concerning the recent data obtained at EDF). Indeed, 
several tests have been carried out in order to study the initiation and the slow and fast 
propagation processes for 600 MA and thermally treated (TT) alloy. The influence of some 
related factors like temperature and environmental factors are also discussed. Finally, two 
hypotheses – i.e. the effect of alumino-phosphate and alumino-silicate compounds or cyano 
ligands - are proposed in order to explain the dissolution of nickel in alloy 600 during the 
corrosion process. Each hypothesis is discussed in the light of the previous results obtained in 
the laboratory by EDF. 
 
2 Experimental Procedure 
 
2.1 Materials. Specimens (C-ring, Wedge Open Loaded (WOL) and tube specimens) were 
prepared from MA or 600 TT alloy steam generator tubes. The chemical composition and the 
mechanical properties of specimen were checked at EDF laboratories. The chemical 
composition and mechanical properties of the main materials used in this study are 
respectively detailed in tables I and II : 
 

Table I: Chemical composition of the tubes (weight %) 
  C Si Mn S P Cr Ni Fe Co Ti Cu Al N 

Alloy 
RCC-M 

4101 
0.010 
0.050 

< 
0.50 

< 
1.00 

< 
0.015 

< 
0.025 

14.00 
17.00 

> 
72.00 

6.00 
10.00 

<  
0.10 

< 
0.50 

< 
0.50 

< 
0.50 

- 

600 U581  0.021 0.18 0.21 0.003 0.007 15.20 bal. 8.95 0.020 0.30 0.015 0.26 0.0046 

 U573 0.022 0.14 0.23 0.0002 0.005 15.20 bal. 6.90 0.03 0.32 0.03 0.27 0.0046 

 

 2 



 

Table II: Mechanical properties of the tube in MA and TT-conditions 
  20°C 350°C 
  YS (MPa) UTS (MPa) Elong 

(%) 
YS (MPa) UTS (MPa) Elong (%) 

 RCC-
M4101 

275< < 450 > 550 > 30 > 215 - - 

 U581 MA 232 - 239 638 - 644 46 198 - 201 600 - 583 43 - 38 
Alloy 600 U581 TT 227 - 231 653 - 657 39 178 - 178 588 - 579 - 

 U573 MA 307 728 - 735 38-40 252 664 25.7 
 U573 TT 274 - 287 > 716 38 - 40 239 - 240 648 - 652 - 

 
 
2.2 Environment. The reference “complex” environment was prepared with de-ionized water 
and is described in Table III : 
 

Table III : description of the reference “complex” environment defined by EDF 
 

NH3 N2H4 Al2O3 SiO2 Ca3(PO4)2 CH3COOH pH320°C Species 
ppb mol/L ppm mol/L g/L mol/L g/L mol/L g/L mol/L ppm mol/L  

Concen
-tration 

500 2.6.10-5 2 6.3.10-5 1.3 0.013 6.15 0.103 2.6 0.008 10 1.7.10-4 5.2 

 
2.3 Analysis. After each test, specimens were examined and IGSCC depths were measured on 
a section of the considered specimen by optical microscopy. 
 
3 Results 
  
3.1 Introduction 
 
The risk of IGSSC occurrence is larger than the risk of IGA occurrence. Therefore, this study 
is focused on IGSSC in order to model the corrosion rate. According to some previous results 
obtained in a sodium hydroxide environment, IGSCC of alloy 600 involves three successive 
steps, namely incubation and, after initiation of cracks, slow propagation and rapid 
propagation, as shown is Figure 1 : 
 

d : IGSCC depth

t : time

Slow propagation

Rapid 
propagation

Incubation
dc 

Initiation

Figure 1 : Scheme of the different stages of IGSCC of alloy 600 
 
A clear assessment of incubation would require statistical analysis on numerous specimens, 
which could not be afforded here. The empirical model established for IGSCC in the 
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reference “complex” environment was supposed to involve the incubation, slow propagation 
and rapid propagation stages. Moreover, the transition between slow and rapid propagation 
was supposed to occur when the stress intensity factor at the tip of the crack reached the level 
of the threshold stress intensity factor KISCC (the depth of the crack corresponding to this 
transition is called the critical depth dc, as shown in Figure 1). 
 
3.2 Incubation stage. In order to determine the incubation time of C-ring specimens in alloy 
600 in the reference “complex” environment, some tests were interrupted at selected times, as 
shown in Figure 2 : 
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Figure 2 : Results of stress corrosion cracking on C-rings of alloy 600 
 in the reference “complex” environment at 320°C. 

 
Figure 2 suggests that, in the reference “complex” environment (T = 320 °C),  the incubation 
time for C-ring specimens in the 600 MA alloy is located in the 0 – 2000 hours range and  in 
the 2000 – 3000 hours range for C-ring specimens in the 600 TT alloy. This strongly suggests 
that the initiation time for 600 TT alloy is larger than the one for 600 MA alloy is this 
environment.  
The initiation time for alloy 600 in the “complex“ environment (of the order of a few 
thousand hours)  is very low compared to the running time of PWR. 
 
3.3 Initiation. IGSCC of alloy 600 in sodium hydroxide (MA and TT conditions) and sulfate 
(MA and TT conditions) environments appears above a stress threshold (σth) which was 
expressed as an increasing function of the yield stress of the material [8, 9]. Therefore, 
constant load tests were carried out on alloy 600 tubes in the MA and TT conditions, in the 
“complex” environment at 320°C, to determine a possible relation between stress threshold 
and yield stress. An  approximate value of σth has been determined for two heats of 600 MA 
and 600 TT alloy respectively, as shown Figure 3 : 
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Figure 3 : Stress threshold (σth) versus yield stress at 350°C (YS350°C) for 600 alloy tubes 
 in the reference “complex” environment at 320°C. 

 
Firstly, these results show that the stress threshold values are smaller in the reference 
“complex” environment than in the sodium hydroxide or the sulfate environment [9]. In 
particular, a very low value of σth (160 MPa) has been determined in the case of one tube 
made of 600 MA alloy. The IGSCC initiation process is more likely to occur in the case of a 
“complex” environment than in the two other environments (sodium hydroxyde and sulfate). 
Secondly, the thermally treatment of alloy 600 does not seem to have any effect on the stress 
threshold value (the values of σth  in the case of 600 MA and 600 TT alloy are very similar).  
 
3.4 Rapid propagation. CERT results were exploited according to the procedure developed 
by Santarini et al [10]. This procedure consists in representing the number N(l>L) of crack 
traces of depth greater than L  versus the length L. In the case of 600 MA alloy, it was not 
possible to discriminate between a slow and a rapid propagation step, as shown in Figure 4 : 
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Figure 4 : Number N (N > l) of cracks traces of depth greater than L versus the length L on 

CERT specimen in 600 MA alloy in the reference “complex” environment at 320°C 
 (strain rate of 5.10-8 s-1). 

 
In addition, the same result was obtained in the case of 600 TT alloy. In conclusion, a rapid 
propagation step is not determined in the case of alloy 600 in the reference “complex” 
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environment. This results is further confirmed in the reference “complex” environment by an 
investigation of propagation on WOL specimens. Indeed, no crack deeper than 40 µm was 
locally obtained, leading to a local crack growth rate of ca 0.02 µm/h fully consistent with a 
propagation in the slow regime.  
 
3.5 Slow propagation. The slow propagation step was studied in a “complex” environment 
by using C-ring specimens in 600 MA and TT alloy at 320°C. The effects of several 
parameters on slow propagation, including chemical conditions, potential and temperature 
have been studied in detail.  
 
Organic compounds effect : firstly, the results obtained in a “complex” environment at 320°C 
(with or without acetate) suggest that the choice of the amine (ammonia or morpholine) is not 
decisive on IGSCC. Moreover, cracking of alloy 600 is reduced if a large concentration of 
ammonia is used ; acetate alone does not play a significant role in the cracking.  
Secondly, the results obtained in an AVT environment with or without phosphate confirm 
their inhibitor effect on cracking at a high concentration (7.8 g/L), whereas they are harmful at 
an intermediate concentration (2.6 g /L) [7]. Moreover, phosphates are not necessary in the 
“complex” environment for the cracking to occur.  
Thirdly, the effect of carbonate has also been studied. Indeed, carbonate increases IGSCC at 
high pH (9.2). However, no effect is observed at neutral pH. It has been shown that no 
cracking is observed when carbonate is replaced by sodium hydroxide (pH = 9.2). Therefore, 
this effect is likely to be due to carbonate and not to the pH value. Finally, several tests have 
also been carried in the “complex” environment at 320°C by varying the Al/Si ratio (see 
Discussion), as shown in Figure 5 :   
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Figure 5 : Al/Si ratio effect on the crack length on C-ring specimens (600 MA alloy)  

in a “complex” environment (T = 320°C). 
 
These tests, conducted in EDF laboratories, show that the Al/Si ratio has little effect on 
cracking in a “complex” environment. However, some significant detrimental effect was 
observed in CEA laboratories [6]. This different behavior could be due to different hydrogen 
concentrations (and potential) used during these tests.   
 
Redox potential effect : four tests carried out for C-ring specimens (600 MA and TT alloy) at 
different potential values between 0 mV and 360 mV/Ecorr . These tests strongly suggest that 
the crack velocity decreases rapidly as the potential value increases from 0 to 400 mV/Ecorr, as 
shown in Figure 6 : 
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Figure 6 : Potential effect on the crack velocity of 600 alloy in the reference “complex” 
environment at 320°C. 

 
Temperature effect : four tests carried out for C-ring specimens (600 MA and TT alloy) at 
different temperature values between 305°C and 335°C shows that the crack velocity varies 
with temperature, as shown in Figure 7 : 
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Figure 7 : Temperature effect on the crack velocity of 600 alloy in the “complex” 

environment at 320°C. 
 

In particular, the maximum of IGSCC for alloy 600 in the “complex” environment occurs 
between 312.5°C and 320°C. This effect, which has already been observed in the sulfate 
environment [9], could be due to a change in the corrosion mechanism (i.e. from IGSCC to 
general corrosion). In most tests, 600 TT alloy is a bit less sensitive than 600 MA alloy 
towards IGSCC, but in some conditions (e.g. at 312.5°C, see Figure 7), 600 TT alloy can be 
more sensitive that 600 MA alloy towards IGSCC. 
 
Material effect : the IGSCC results obtained for 600 MA alloy do not depend on the heat 
considered during the tests. Moreover, 600 TT alloy revealed to be generally a bit more 
resistant towards IGSCC than 600 MA alloy. In particular, the ratio in the same experimental 
conditions between the crack velocities for 600 MA and TT C-ring specimens in a “complex” 
environment is 0.45 ± 0.35.  
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4 Discussion 
 
IGA and IGSCC of mill annealed alloy 600 occur under alumino-silicate deposits. Such 
alumino-silicate deposits are expected to have similar structures to zeolites which are widely 
used as catalysts or ion exchange products since they correspond to potential Lewis acids 
(compounds with an electron doublet vacancy). On a structural point of view, zeolites 
correspond to crystalline inorganic polymers based on a repeating framework of AlO4

- and 
SiO4

- tetrahedra linked by some common oxygen atoms. These compounds can be chemically 
described by the formula Mn+

1/n(AlO2,ySiO2),zH2O, where Mn+ corresponds to an alkali, an 
ammonium or a transition metal cation.  
As a consequence, these compounds may accept cations from the oxidizing surface of alloy 
600, according to the following mechanism [6]: 
- electron transfer reaction : 
Mn+

1/n(AlO2,ySiO2),zH2O -----> zeolite-Al[]Lewis acid center + H2O 
zeolite-Al[]Lewis acid center + Ni -----> Ni2+ + zeolite-Al[:] 
- ion exchange reaction :  
Ni2+ + Mn+

1/n(AlO2,ySiO2),zH2O -----> Ni2+
1/2(AlO2,ySiO2),zH2O + 1/n Mn+ 

According to this mechanism, the Al/Si ratio should have a strong influence on IGSCC. An 
increase in the Al/Si ratio in the zeolite framework would occur with an increase in the Al/Si 
ratio in the alumina and silica sources. However, some of the previous tests (cf Results) show 
that the Al/Si ratio has little effect on cracking in a “complex” environment. One have to 
consider that the experimental conditions used here are not optimal for the zeolite compound 
synthesis. 
 
IGA and IGSCC also involve an underlying hydroxide gel rich in chromium, which is brittle 
and non-protective. Another mechanistic hypothesis considers that the dissolution of Ni could 
be increased by the cyano coordination of Ni2+, according to the following mechanism : 
- amid formation : 
CH3COOH + NH3 -----> CH3COO-NH4

+    
- amid deshydratation (probably via the formation of P2O5 from phosphates) : 
CH3COO-NH4

+ -----> CH3CN + 2H2O     
- Ni dissolution by formation of the complex : [NiII(CN)4]2-

. 
Indeed, IGSCC was detected in an AVT, phosphate and acetic acid environment, i.e. without 
any alumino-silicate deposits. However, some of the previous tests (cf Results) show that 
phosphate is not necessary to obtain cracks.  
 
5 Conclusion 
 
The effects of several parameters as chemical conditions, potential value and temperature, on 
the slow propagation step for alloy 600 in a “complex” environment (T = 320°C) have been 
investigated in detail. The “complex” environment succeeds in obtaining a cracking at the 
approximate rate of 0.02 µm/h, similar to field experience.  
Based on the mechanistic hypotheses detailed in §3, further investigations are necessary to 
verify the detrimental effect of alumino-silicate zeolite compounds and cyano ligands on 
IGSCC of alloy 600. Indeed, the results obtained in this study do not allow to discriminate 
with confidence between the two hypothesis. 
Finally, it seems to be not possible, with the results obtained in this study, to model the slow 
propagation step of alloy 600 in the “complex” environment. Indeed, the effects of the 
previous parameters (in particular the chemical conditions) are not definite enough to allow 
the modeling of IGSCC velocity for alloy 600 in the reference “complex” environment.  
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