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ABSTRACT 
 

Steam generators (SGs) are crucial components of pressurized water reactors. The 
failure of the steam generator as a result of tube degradation by corrosion has been a major 
cause of Pressurized Water Reactor (PWR) plant unavailability. Steam generator problems 
have caused major economic losses in terms of lost electricity production through forced unit 
outages and, in cases of extreme damage, as additional direct cost for large-scale repair or 
replacement of steam generators. 

Steam generator tubes are susceptible to failure by a variety of mechanisms, the vast 
majority of which are related a corrosion. 

The feedwater that enters into the steam generators under normal operating conditions is 
extremely pure, but nevertheless contains low levels (generally in the µg/l concentration 
range) of impurities such as iron, chloride, sulphate, silicate, etc. When water is converted to 
steam and exits the steam generator, the non-volatile impurities are left behind. As a result, 
their concentration in the bulk steam generator water is considerably higher than those in the 
feedwater. Nevertheless, the concentrations of corrosive impurities are still generally 
sufficiently low that the bulk water is not significantly aggressive towards steam generator 
materials. 

The excellent performance to date of CANDU steam generators can be attributed, in 
part, to their design and performance characteristics, which typically involve higher 
recirculation ratios and lower heat fluxes and temperatures. 

The purpose of this paper consists in assessment of generalized corrosion behaviour of 
the tubes materials (Incoloy-800) and tubesheet material (carbon steel SA 508 cl.2) at the 
normal secondary circuit parameters (temperature-2600C, pressure-5.1MPa). The testing 
environment was the demineralized water without impurities, at pH=9.5 regulated with 
morpholine and ciclohexilamine (all volatile treatment – AVT). The results are presented like 
micrographies and graphics representing loss of metal by corrosion, corrosion rate, the total 
corrosion products, the adherent corrosion product, the released corrosion products and the 
release of the metal. 

 
1 INTRODUCTION 

 
The SGs, equipment that ensure the connection between the primary and the secondary 

circuits, create several safety problems during operation, mainly due to corrosion and 
mechanical damages. Maintenance is also difficult in the SG because of the limited access to 
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various components and because of the presence of the high radiation field existing on the 
side of the primary circuit. 

Corrosion and the mechanical damage in the SG are the result of complex interaction 
between various factors: strict control of water chemistry, adequate thermo-hydraulic design, 
selection of generator construction materials, utilisation of compatible materials for the entire 
secondary circuit, conditions of achieving equipment and facilities and also the operation 
technique. 

This is why a careful analysis of corrosion problems is required, necessary both from an 
economic point of view and for the safe operation. 

Although water chemistry can contribute to or in extreme cases cause steam generator 
degradation, materials of construction and associated failure mode susceptibility can be more 
closely correlated to long-term steam generator degradation. Approximately 27 forms of  
tubing steam generator problem have been reported industry-wide that consist in: Secondary 
side IGA/SCC (Intergranular Attack/Stress Corrosion Cracking) in crevice, Denting at 
tubesheet face, ID (inside diameter) SCC-expanded region, Caustic IGA under sludge, Sludge 
accumulation, Phosphate wastage under sludge, Secondary loose parts damage, Pitting under 
support plate deposits, Tube damage at supports, improper heat treatment, Support plate 
clogging, Acid wastage, Denting at TSP, Sulphur/sulphate attack, Secondary IGA/SCC at 
TSP, High cycle fatigue, Wastage, deposits AVBs, U-bend fretting, Failures due to 
improperly installed AVBs, Surface fouling, TSP (carbon steel) deterioration, Primary SCC-
tight bends, Impingement erosion, Lead induced IGA, Secondary IGA/SCC at tube supports, 
Sulphate/silicate hideout etc. 

The testing periods were 650 hours, 2050 hours and 3550 hours. 
The experimental programme consisted in the testing of SA 508 cl.2 samples for 3550 

hours in demineralized water environments with pH=9.5 (AVT –morpholine and 
cyclohexilamine) at the secondary circuit specifically parameters (temperature 2600C and 
5.1MPa pressure). 

The results consist in the assessment of: loss of metal by corrosion, corrosion rate, the 
total formatted corrosion products, the adherent corrosion products, the released corrosion 
products, the release of corrosion products and the release of metal. 

 
2 EXPERIMENTAL 

 
The principal goals of the experimental programme referring of the most important 

steam generator materials (Iy 800 and carbon steel SA 508 cl.2) consisted in: the assessment 
of the corrosion kinetics, corrosion testing’s simulation devices of tube-tubesheet joint with 
and without deposits in normal and abnormal steam generator operation conditions, chemical 
cleaning of deposits placed in the simulation crevice devices and the assessment of corrosion 
intensity at the operation resuming after the chemical cleaning, concentration of impurities 
and corrosion products on simulated defects and the influence on the corrosion of tubes and 
tubesheet materials, the achievement of correlation between the presence of deposits and the 
intensity of crevice corrosion at tube-tubesheet joint. Corrosion experiments included in the 
present paper have been carried out by autoclavization at the parameters specific for the 
secondary circuit of the CANDU steam generator: temperature 260ºC, pressure 5.1MPa. The 
testing environments (solutions) utilised were demineralised water, pH = 9.5 (AVT).  

 
3 RESULTS AND DISCUSIONS 

 
The goal of the work consists in the assessment of the kinetics corrosion for the 

Incoloy-800 (material of the tubes) and carbon steel SA 508 cl.2 (material of the tubesheet) 
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and the experimental results processing in the purpose to including in a future database steam 
generator. 

The corrosion process is strongly dependent of materials composition, environment 
properties and operational parameters of equipment [5] ÷ [9]. 

Based on the results obtained in the study of corrosion, the scientist may appreciate 
the corrosion intensity of the crevices materials or may draw up an experimental program, 
which could lead at immediate results.  

 
3.1 Incoloy 800 – tubing material 

Some examples of experimental results for the testing in time of the Incoloy 800 
parallelepipedic samples for different times in demineralised water environments with pH=9.5 
(AVT –morpholine and cyclohexilamine) at the secondary circuit steam generator specifically 
parameters (2600C and 5.1MPa) are presented in the Figure 1 and Figure 2.  

 

 
 

Figure 1: The microscopic oxide layer on the Iy-800 sample exposed 648 hours in 
demineralised water, pH=9.5, t=2600C and p=5.1MPa (original magnification, x1000) 

 

 
 

Figure 2: The microscopic oxide layer on the Iy-800 sample exposed 3192 hours in 
demineralised water, pH=9.5, t=2600C and p=5.1MPa (original magnification, x1000) 

 
The Incoloy 800 tubes samples tested in demineralised water (pH=9.5), after a first 

period of exhibition (240 hours), visually present as a shiny aspect coloured in yellow-brown 
shades, while in steam they have a radiant aspect coloured in blue-green shades on a brown 
light background. Continuing the testing of the samples, their aspect becomes dark-brown to 
brown for those, which were tested in water, and light-grey with bluish shades for those tested 
in steam. The oxides obtained on the Incoloy 800 samples after the 1200 hours and 2400 
hours testing are uniform, continuous, adherent and very thin. By X-ray diffraction there were 
determined the thickness of the oxides layer (0.50µm) and the chemical composition, which 
consists of Fe3O4 and NiO. 

That consists in the assessment of: loss of metal by corrosion, corrosion rate, the total 
formatted  corrosion products, the adherent corrosion products, the released corrosion 
products, the release of corrosion products and the release of metal, Figure 3 ÷ Figure 5. 
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Figure 3: Loss of metal by corrosion vs time 
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Figure 4: Corrosion rate vs time 
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Figure 5: Release rate of corrosion products vs time 
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3.2 Carbon steel SA 508 – tubesheet material 
 
The experimental programme consisted in the testing in time of the carbon steel SA 

508 cl.2 parallelepiped samples at the secondary circuit specifically parameters (pressure 
5.1MPa and temperature 2600C). 

The tested samples were examined by microscopic metallography. After descaling 
operation of the oxidated samples drawing after different times and gravimetric analyses, was 
resulted the kinetics corrosion of SA 508 cl.2 samples. 

The carbon steel SA 508 tubesheet material tested in demineralised water (pH=9.5) 
presents a grey toward black aspect, generally matted and comparatively uniform. The 
bulking layer values of oxides formed are thicker than those of the samples tested in water 
comparatively with those tested in steam. 
 The thickness of the oxide layer determined by X-ray diffraction on the SA 508 
samples tested in demineralized water 240 hours has the value 0.96µm up to 1.71µm, being 
also confirmed by metallographic determination. The microscopic aspect of oxide layers on 
the SA 508 samples exposed different times in demineralised water, pH=9.5, t=2600C and 
p=5.1MPa are presented in the Figure 6 and Figure 7. 

 

 
 
Figure 6: The microscopic oxide layer on the SA 508 sample exposed 650 hours in 

demineralised water, pH=9.5, t=2600C and p=5.1MPa (original magnification, x1000) 
 

 
 

Figure 7: The microscopic oxide layer on the SA 508 sample exposed 3550 hours in 
demineralised water, pH=9.5, t=2600C and p=5.1MPa (original magnification, x1000) 

 
The experimental programme consisted in the testing of SA 508 cl.2 samples for 3550 

hours in demineralised water environments with pH=9.5 (AVT –morpholine and 
cyclohexilamine) at the secondary circuit specifically parameters (temperature 2600C and 
5.1MPa pressure).  

The testing periods were 650 hours, 2050 hours and 3550 hours. 
The results consist in the assessment of: loss of metal by corrosion, corrosion rate, the 

total formatted corrosion products, the adherent corrosion products, the released corrosion 
products, the release of corrosion products and the release of metal presented in the Figure 8 ÷ 
Figure 10. 
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Figure 8: Loss of metal by corrosion vs time  
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Figure 9: Corrosion rate vs time 
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Figure 10: Release rate of corrosion products vs time 
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3.2 Mitigation measures for steam generator tube degradation 

Design measures for corrosion prevention and control: 
Minimize number of crevices; 
Minimize concentrating action at unavoidable crevices; 
Eliminate very high quality dry out regions; 
Optimize recirculation ratio; 
Modify flaw distribution for improved management of sludge; 
Increase blow down capacity; 
Design for improved accessibility for inspection and maintenance; 
Design tube expansion technique for most favourable stress distribution in tube at 
tubesheet. 
Systems measures for corrosion prevention and control: 
Condensate polishing systems (full flow or side arm); 
Magnetic filter systems for feedwater; 
Systems for detecting and location of condenser leaks; 
Balance of plant systems; 
Materials selection for condensers feedwater heaters, moistures separator reheaters; 
Drain routing for heaters and MSR; 
Optimization of turbine plant chemistry; 
Analytical systems for continuous monitoring of feedwater; 
Shutdown heat recovery systems; 
Improved make-up water systems. 
Water chemistry control and treatment measures for corrosion prevention and 
control: 
All Volatile Treatment (AVT): specification for impurity limits; 
Amines for condensate pH control: morpholine, cyclohexylamine; 
Oxygen scavengers: hydrazine, catalyzed hydrazine; 
Inhibitors for denting: crevice neutralizers, boric acid; 
Chelating treatments: continuous, intermittent; 
Lay-up treatment. 
 
Operating practice and maintenance measures for corrosion prevention and control 
Condenser maintenance; 
Air in leakage control practices; 
Sludge removal by water jet lancing; 
Chemical cleaning, intermittent high blow down rate; 
Periodic tube inspections; 
Inspections of internals; 
Tubes removals and examinations; 
Preventive plugging operations; 
Lay-up procedures. 
 

4 CONCLUSIONS 
• The occurrence of corrosion in the steam generator creates problems of economic 

nature, safety in operation and prediction of the operation period of components after 
damage. 

• The factors that influence the corrosion behaviour of steam generator components 
during operation and after maintenance are presented under the form of corrosion 
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types susceptible to appear. Among them the most dangerous is the localized 
corrosion with its specific patterns: SCC, denting, wastage, pitting, intergranular etc. 

• The paper presents the correlation between the nature of materials used for the 
construction of various components of the steam generator, the chemical 
characteristics of the circulating environment and the way in which certain of their 
abnormalities can lead to the occurrence of different types of corrosion. 

• If the chemical parameters of the cooling water on the secondary side of the steam 
generator are keeping at the imposed values, the corrosion is not a problem for the 
Incoloy 800 tubing but the corrosion, especially localized corrosion, appears in the 
case of the presence of impurities and this process have a great contribution in the 
ageing management of the steam generator like Nuclear Power Plant key component. 

• The paper also includes a short review of the measures to be taken in order to 
diminish or, if possible, to avoid the corrosion of the steam generator components. 
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