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ABSTRACT 

In this paper ageing mechanisms relevant to passive mechanical components are summarised and ranked with re- 
spect to their safety significance for German NPPs. The work is based on an evaluation of the operating experience, an analy- 
sis of the relevant operating conditions in German NPPs, a characterisation of the existing knowledge about relevant ageing 
mechanisms, and safety-related considerations. It covers different embrittlement, corrosion and fatigue mechanisms as well 
as corresponding synergisms such as corrosion fatigue and irradiation-assisted stress corrosion cracking. The results of our 
analyses so far confirm the conservativeness of the safety concept chosen for the design of German NPPs with LWRs and the 
sufficiency of current ageing management. Beyond that, they provide a technical basis for further developing ageing man- 
agement. 

INTRODUCTION 

For almost 25 years, GRS has been systematically evaluating the operating experience of German nuclear power 
plants (NPPs) as well as international operating experience, e.g. [ 1 ]. During the last years GRS has been dealing with ageing 
in detail [2], [3], [4]. In this paper ageing mechanisms relevant to passive mechanical components are summarised and ranked 
with respect to their safety significance for German NPPs. 

The current situation of the nuclear industry in Germany is characterised in Table 1. 13 NPPs with pressurised water 
reactors (PWRs) and 6 plants with boiling water reactors (BWRs) are in operation. For the plants with PWRs the operating 
time ranks from 13 to 33 years, for the plants with BWRs from 17 to 25 years. Corresponding to their design features, the 
PWRs in operation may be grouped in 4 design generations and the BWRs in two construction lines [5]. The expected re- 
maining lifetime of the plants is also given in Table 1. It is based on the ,,Agreement between the federal government and 
utility companies" of June 14 th 2000. From the described situation the following generation-specific issues ensue for our 
work on ageing management: 

For plants of the 1st PWR design generation with an expected remaining lifetime of a few years the main issue is 
seen in the preservation of knowledge for the plants which are expected to be in operation for longer. For plants of the 2 nd 
PWR design generation and the BWR construction line 69 it is important to analyse the efficiency of measures taken on a 
system- or component-specific basis. For the plants of the 3 rd and 4 th PWR design generation as well as plants of the BWR 
construction line 72 with expected remaining lifetimes of about 20 years the identification and investigation of representative 
areas or leading components seems appropriate. For these areas indicators are developed for the early detection of safety- 
relevant ageing-related degradation. 

GENERIC EVALUATION OF OPERATING EXPERIENCE 

The general approach of GRS concerning the evaluation of operating experience with passive mechanical compo- 
nents is presented in Fig. 1. It is based on the generation and updating of qualified databases. Relevant input data are obtained 
from the systematical screening of basic knowledge, international and German operating experience as well as the results of 
inspection and monitoring, root cause analyses and research and development. The evaluation is performed in a dual way, i.e. 
"component-/system-oriented" and "damage-mode-oriented". 

Fig. 2 shows in a summarising format an overall evaluation of reportable events affecting passive mechanical com- 
ponents, i.e. pressure-retaining components as well as core internals, in German NPPs with light water reactors. It is distin- 
guished between different design generations and service periods. The overall number of events per plant operation years is 
low, in particular for the plants of 3 rd and 4 th PWR design generation and BWR construction line 72. Up to now, no signifi- 
cant increase in the number of events with service time is recognisable. However, the applicability or extrapolation of the 
current knowledge of long-term operation to other plants is limited and requires further plant- and system-/component- 
specific investigations. Detailed evaluations are performed for different families of components. 



Table 1. German NPPs in operation, design generations, time in service and remaining lifetime expected, 
issues for future work for further developing ageing management in Germany 
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Fig. 1 Generic evaluation of operating experience with passive mechanical components at GRS 
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Fig. 2 Reportable events affecting passive mechanical components in German NPPs with PWR and BWR 
(as at December 1998) 

DISCUSSION OF AGEING MECHANISMS RELEVANT TO PASSIVE MECHANICAL COMPONENTS 

Knowledge base on ageing mechanisms for passive mechanical components of LWRs 
In Table 2 the knowledge base on relevant ageing mechanisms for passive mechanical components of plants with 

LWRs is characterised according to [6]. It is distinguished between different embrittlement, corrosion and fatigue mecha- 
nisms as well as corresponding synergisms. For all mechanisms mentioned, the knowledge of material affected, incubation 
time and kinetics as well as information about governing and controllable variables is summarised. Furthermore, examples of 
components affected are given and an extrapolation factor is introduced which represents the ratio of the total value of the 
scheduled operating time or use of a component to the existing knowledge about the corresponding degradation mechanism. 
In this connection the kinetics of the corresponding degradation mechanism, i.e. linear, non-linear degressive, or non-linear 
progressive, was taken into consideration too. 

Embrittlement 
Embrittlement of materials used for passive mechanical components in light water reactors can be caused either by 

neutron irradiation or by thermal activation. Concerning thermal embrittlement it has to be pointed out that sensitive cast 
duplex stainless steels are not in use in German NPPs. However, for a few components of 1 st and 2 nd PWR design generation 
relatively high-strength carbon steels sensitive to thermal embrittlement are in use in the area of the pressuriser. To address 
this issue, supplementary examinations were performed and the schedule for in-service inspections was adapted. 

Concerning neutron embrittlement we have to consider first the reactor pressure vessel of PWRs because of its out- 
standing safety significance. In all German plants with PWRs surveillance programmes are carried out for the evaluation of 
the influence of neutron irradiation on the toughness of material. Within two older plants of the 1 st design generation early 
measures have been taken to limit the progress of the fluence. For all other plants the water gap between the reactor pressure 
vessel wall and the core container is chosen in a way that high fluences even at the end of the design life will not be reached. 

One important indicator for characterising the material behaviour is the transition of the break mechanism from 
brittle to tough behaviour. Higher toughness results in higher safety margins against crack initiation and propagation. For 
characterising the transition behaviour the nil ductility temperature is used. According to our experience on pressure vessel 
integrity studies [7], [8], [9] a value of 100 °C is considered as alert threshold for this transition temperature. At this threshold 
higher demands with respect to safety demonstrations seem to be useful. Only 2 German plants of the 1 st design generation 
are in the region of the above defined threshold of 100 °C. For these plants technical measures as well as safety demonstra- 
tions have been carried out. For all other German plants with PWR the nil ductility temperature at the end of the design life is 
lower than 50 °C. 
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Corrosion mechanisms 
In Fig. 3 the world-wide experience with intergranular stress corrosion cracking (IGSCC) of BWR austenitic pip- 

ing steel and the corresponding actions taken are compared with the experience in German NPPs with BWRs. In NPPs of 
German design stainless steels stabilised with titanium or niobium are used in contrast to unstabilised stainless steel in for- 
eign NPPs. Although IGSCC has been experienced for more than 20 years in piping systems made from unstabilised stainless 
steels, the role of the stabilisation was overestimated in Germany. Therefore necessary actions were not initiated as early as 
feasible. In the early 90s, IGSCC occurred in German plants with BWRs in the weld region of piping of larger diameter of 
the pressurised water supply system for bearings of the internal recirculation pumps and of the reactor water clean-up system, 
partly with considerable extension in the circumferential and depth direction. However, the extent of cracking was different. 
In plants of BWR construction line 72 minor cracking have been observed. Large percentages of the affected piping in 3 
long-term operated units of BWR construction line 69 have been removed due to change in the principle of pump bearing 
from hydrostatic to hydrodynamic in the 90s. Based on knowledge of R&D the other parts were replaced applying material 
with lower carbon content and optimised manufacturing and welding procedures. This shall ensure a high degree of stabilisa- 
tion, restricting the local sensitisation in the heat-affected zone, and decreasing the tensile stress in the weld region. Further- 
more, the requirements for the water chemistry were enforced following the U.S. EPRI guidelines. 

Significant First cracks Cracks in ~iili 
events in a US plant: piping of i!i~~ii~i~ili:i!i~iiiiiii~.iii~iiiii!ii of RBMK reactors, 
international / piping < 8 inch, large diameter, iji~i~~iiiiiiiii~i#iiiiiiiiiii#iiiiii!iiiiiii!iiiii stabilised steel 
actions unstabilised steel unstabilised steel ili#ii~~ii!!iiiiiiiiii~i~iiiiii!iiiii!ii 
taken ~ ~ ! i i ~ i ~ ~ i ~ : i : ~  ~, 

1" T T 
German First cracks First cracks Cracks in all 
operating in a German plant in a German plant German BWR 
experience / with unstabilised with stabilised plants* 
actions austenitic steel austenitic steel 
taken 

i ii i  !  !i!i!ii!i!iiiiil iiili * Large percentages of the affected piping system have been removed ~ i  
due to change in pump bearing principle ! i ~ ! i ~ ~ ~  

Cracks in DH 300 piping 

Fig. 3 Intergranular stress corrosion cracking of BWR austenitic piping 

Nickel-base alloys such as Alloy 600 or 182 are used in German plants in a very few parts only, particularly as a 
plating material in the tube sheet area of steam generators and as a welding material in the area of bimetallic welds. There- 
fore, in Germany stress corrosion of nickel-base alloys is not an issue than in other Western countries, where e.g. Inconel 600 
is used extensive for steam generator tubes and other components. However, the international experience is followed care- 
fully, even against the background of recent incidents at bimetallic welds where Inconel 182 was used as welding material. 

Chloride-induced transgranular stress corrosion cracking (TGSCC) has been occurred in German plants on fasten- 
ers as well as at inner and outer surfaces of piping all made of stabilised stainless steel due to contact with chloride- 
containing lubricants, sealing and auxiliary materials or fluids. The fasteners affected were located in the connections of core 
barrel/core baffle and in the rector pressure vessel internals. To prevent future damage, a chloride-free lubricant is to be used 
and changes are made in the design of the bolts to reduce notch stresses. TGSCC at inner surfaces has mainly been observed 
in small diameter pipes due to chloride-containing seals, which were replaced with chloride-free ones to prevent future dam- 
age. However, in some small pipes in which moistening and drying alternate for technological reasons, chloride concentra- 
tions may reach a critical level due to fortification even without any outer chloride source. In the 90s some crack incidents 
from outer surface occurred even at piping of larger nominal bore. They have had no direct impact on plant safety. None of 
the events with leakage, which occurred at operating systems, would have led to an actuation of the safety systems, even in 
the case of pipe rupture. The availability of the safety systems concerned was given because of their redundancy. However, 
there was a loss of reliability in operating and safety systems. Recommendations have been given to check the plant specifi- 
cations concerning the use of auxiliary materials or fluids during maintenance as well as to examine visually the outer sur- 
faces of austenitic piping with regard to residua of adhesive or adhesive tapes within the framework of in-service inspections. 



The term "strain induced corrosion cracking" (SICC) is used in Germany to refer to those corrosion situations in 
which the presence of localised dynamic straining is essential for crack formation to occur, but in which cyclic loading is 
either absent or restricted to a very low number of infrequent events. In contrast to practice abroad, relatively high-strength 
steels were widely used for the construction of piping in the 70s. From the mid-70s cracks were found in several plants, 
which were categorised as SICC (Fig. 4). An extensive replacement action was performed for the piping inside the pressure- 
retaining boundary. Between 1980 and 1985 the high-strength steels were replaced in 5 operating BWRs by steels of high 
fracture toughness with restricted chemical composition. Up to now the new piping has been behaving as expected. In con- 
trast, piping systems in the turbine hall made by high-strength ferritic steels were not replaced at that time. In the 80s, a pro- 
gramme was performed to investigate the critical boundary conditions for SICC. Based on the results of this programme, pipe 
sections in the turbine building sensitive to SICC were identified. These pipe sections are the object of supplementary exami- 
nations. Several operational and systems engineering provisions were implemented to avoid the critical boundary conditions, 
such as reduction of the oxygen content in the water phase during start-up and avoidance of corrosion during the shut-down 
period. In most cases, partial replacement or local repair was performed. However, some incidents of minor safety signifi- 
cance occurred due to SICC outside the containment even in the 90s, which demonstrates that the issue has not completely 
been solved up to now. 
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Fig. 4 Strain-induced corrosion cracking in ferritic steel piping of German NPPs with BWRs 

Flow-accelerated corrosion (FAC) is a world-wide problem in carbon or low-alloy steel piping of water/steam cir- 
cuits of power plants. The experience with FAC on carbon steel piping in plants with PWR is summarised in Fig. 5. To avoid 
FAC, in the 80s the German utilities replaced their condenser tubes made of copper alloys with new ones made of stainless 
steel or titanium. This replacement action creates suitable conditions for changing the water chemistry to "High"-All Volatile 
Treatment (HAVT, pH level > 9.8). Furthermore, the implementation of the basic safety concept led to improved flow condi- 
tions. In consequence, no damage with safety relevance has occurred in German NPPs due to FAC. 
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Fig. 5 Thinning in PWR carbon steel piping due to flow-accelerated corrosion 



Leaking of primary coolant of plants with PWRs may cause boric acid corrosion damage to low-alloy or carbon 
steel base material. Corresponding incidents occurred e.g. in the 80s in some US plants in areas on the reactor vessel head. In 
Germany, it is good practice not to operate with primary coolant leakage. In so far, boric acid corrosion is not an issue in 
Germany. 

Microbiological-induced corrosion (MIC) is the deterioration of a metal by a corrosion process occurring directly or 
indirectly as a result of metabolic activities of micro-organisms. MIC may affect in particular piping of service water sys- 
tems. Depending on the boundary conditions, there are a lot of thinkable processes. Up to now, the experience with MIC in 
nuclear industry and the knowledge of different mechanisms is rare. Corresponding incidents have to be discussed from case 
to case. However, we have to follow carefully the advance of knowledge in this field. 

Fatigue 
Fatigue results from repeated stress/strain cycles caused by fluctuating loads and temperatures. Some incidents due 

to mechanical fatigue with minor safety significance occurred in small piping of German plants, in particular caused by exi- 
tation through vibration in the vicinity of active components or caused by faulty pipe hangers. 

Primary coolant unisolable leak incidents caused by thermal fatigue occurred in several plants with PWRs world- 
wide (Fig. 6). In Germany, corresponding leak incidents occurred in two cases, in one 1 st and one 2 nd PWR generation plant, 
respectively. In the 80s, fatigue monitoring systems were developed and installed in all German plants to follow specifically 
thermal loads which were not covered completely in the design phase. The revised edition of KTA Safety Standard 3201.4 of 
1999 requires explicitly the surveillance of these loads. Based on the knowledge of existing thermal loads, operating proce- 
dures have been optimised to reduced the impact of fatigue-relevant loads. In 1998, 3 pipe tees of the volume control system 
of a 2 "d PWR generation plant, known to be relatively highly loaded by thermal cycling, were replaced by improved designs. 
Within the framework of subsequent investigations of dismantled tees, cracks on the inner surface caused by thermal fatigue 
were identified at 2 tees. 
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Fig. 6 Thermal fatigue of piping in PWR plants 

Synergism 
Thinking about synergism, we have to consider particularly corrosion fatigue and irradiation-assisted stress corro- 

sion cracking. It is well known from studies in the US and in Japan that LWR coolant environments may have a significant 
influence on the fatigue life of carbon and low-alloy steels and of stainless steels. Under certain loading and environmental 
conditions the reactor water environmental effects alone substantially exceed the reductions in the current design curves to 
account for the differences between specimen tests and component behaviour. Against this background a lot of efforts are 
underway in the US and elsewhere, to address the effects of the LWR environment on fatigue life and to update the current 
design code fatigue design curves. This work is followed carefully in Germany. For the plants in operation it is necessary to 
improve continuously the ranking list which shows identified areas sensitive to corrosion fatigue on the basis of the current 
knowledge and to limit or avoid operating conditions which can promote corrosion fatigue, e.g. due to reducing of transients 
relevant to fatigue or replacement of component areas sensitive to corrosion fatigue by ones made of higher resistant materi- 
als. Furthermore, it is important to optimise the in-service inspection schedule for early detection of damage due to corrosion 
fatigue. 
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Irradiation-assisted stress corrosion cracking (IASCC) is restricted to core internals and affects nickel-base alloys 
and stainless steels. Both stabilised and non-stabilised stainless steels appear to be susceptible to IASCC. IASCC is charac- 
terised by intergranular crack initiation and propagation like IGSCC. However, there are subtle differences between the two 
phenomena. IASCC is highly dependent on the neutron fluence exposure level. In the case of BWRs, the principle factors are 
known and a mechanistic understanding exists. However, the interaction of the individual parameters and their specific influ- 
ence on IASCC is not well clarified and crack growth data are lacking. The mechanism of IASCC under PWR conditions is 
not clear and is suspected that it may differ from that of BWR cracking. In Germany, there has been no operating experience 
with IASCC up to now. However, the world-wide activities in this field are followed attentively. 

CONCLUSIONS 

The operating experience with passive mechanical components in German nuclear power plants with light water re- 
actors is analysed in detail with respect to ageing mechanisms and affected components and systems. In the evaluation it is 
necessary to include changes in the design basis as well as repair and backfitting measures performed in order to group sys- 
tems and components according to their quality level, i.e. design generation. 

The introduction of the so-called "basic safety concept" in the late 70s has considerably contributed to the improve- 
ment of the reliability of passive mechanical components in German plants. Furthermore, expanded measures have given 
more insight into stressors occurring during operation, thus allowing the installation of measures to decrease them. In cases 
where design deficits have been identified, actions such as extensive replacement measures have been taken in all plants to 
avoid future degradation. The low number of incidents affecting passive mechanical components in German plants and the 
corresponding trends confirm the conservativeness of the safety concept chosen for the design and the sufficiency of ageing 
management applied up to now. 

The results of our analyses provide a technical basis for further developing ageing management. However, the appli- 
cability or extrapolation of the current knowledge of long-term operation to other plants is limited and requires further plant 
and system-/component-specific investigations. Gaps of knowledge still exist, particularly with respect to synergistic ageing 
mechanisms and the prediction of degradation at a quantitative level. Due to the relatively low number of German NPPs 
compared with those in operation world-wide, the systematic evaluation of international experience and the following of new 
findings in R&D is important. Moreover, for areas where operating experience is limited, investigations of dismantled com- 
ponents could provide further general information about ageing behaviour. 
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