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1.1 BACKGROUND

Since the demonstration of a sustained fission reactor in 1942 nuclear power has
emerged as a major method for producing electricity. In the light of current
knowledge of the amount and location of global fossil fuel resources and their current
usage rates, current environmental and public concerns about the effect of burning
fossil fuels, the enhanced future demand for electricity from the developing world and
the expansion of demand for electricity in the developed world., it is not surprising
that there is likely to be an increased demand for nuclear power, an environmentally
benign available technology. At the end of 1996 there were 442 nuclear power plants
in operation and 36 under construction in the world (1). This represented nearly
400,000 MWe(net) generating capacity of nuclear power plants in 1996. In equivalent
terms, the electricity generated avoided the emission of over 2000 million tonnes of
carbon dioxide in 1992 alone into the world's atmosphere if that amount of electricity
had been produced from burning coal. Therefore, in a strict sense, nuclear power is
not merely a benign energy source, it is actually environmentally beneficial.

Of those reactors in operation and construction the commonest type is the Pressurized
Water Reactor (PWR). We will also be commenting upon the WWERs (Vodo-
Vodianyi Energeticheskiy Reactor) in this paper. WWERs are pressurized water
reactors and are generally located in Central and Eastern Europe. Three WWER
models have been developed (2). The first, the 440/230 has a capacity of 440 MWe
a n d w a s d e v e l o p e d i n t h e 1 9 6 0 s a n d p r o d u c e d
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exclusively in the then USSR. The second, the 440/213 has the same capacity but
an improved design mainly with regard to safety equipment.
The third type is the WWER 1000 with a capacity of 1000 MWe and developed
in the 1980s.

This book, in the IAEA Technical Report Series (TRS), is about the effects of
neutron irradiation on the steel and welds used for the pressure vessels (PV)
which house the reactor cores in light water reactors. There have been earlier
overviews, for example (3) which can be used to expand upon the historical basis
of the topic. The Reactor Pressure Vessel (RPV) is a key component in most
Nuclear Power plants and, as it is generally considered to be irreplaceable, its
operating life can therefore determine the lifetime of the plant. Its integrity is
paramount in avoiding the release of contamination in the event of an, albeit
remote, accident. It is therefore necessary to understand those features which
affect its mechanical properties and which are used topredict its integrity and
lifetime. The lifetime of a nuclear power plant is usually determined by those
factors which determine an acceptable margin of safety and allow the production
of electricity at an acceptable cost. The objective is to operate the plant safely
and produce electricity at a high availability factor over its design life. The design
life of the early light water reactors was not originally based on neutron
irradiation effects- but was more to do with other design features such as fatigue
usage factors (4).

The ability of a pressure vessel to withstand the normal pressure and thermal
stresses during the heating and cooling part of cycles associated with plant start
up and shut down together with the assessment of the stresses associated with
postulated accidents are considered at the design stage. For these reasons it is
important that the pressure vessel is made from appropriate materials and
manufactured to a high quality standard and also meets the demands placed
upon it from the design and operational requirements, (see Chapter 2 on Reactor
pressure vessel design by J Fohl, Chapter 3 on Reactor pressure vessel materials
by K Suzuki and Chapter 4 on the WWER reactor pressure vessel clesign by M.
Brumovsky and Y. Dragunov). Pressure vessels are subject to 'allowable
pressure-temperature limits during normal operation and operational test
conditions. Greater sensitivity to neutron irradiation increases the restrictions on
the operating 'window of the pressure-temperature relationship.
Pressure-temperature operating limits reviews are performed periodically through
life to assess the adequacy of operating parameters and to ensure against brittle
fracture. Establishing quantitatively the safety margins of a nuclear pressure
vessel, during normal operation and under fault conditions requires that reliable
mechanical properties information be available (see Chapter 5 on the
determination of reliable material properties by E Roos and J Fohl).

However nuclear power plants have been built and operated for many years (Fig
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1). The relevance of this particular point is that in the late 1960s the role of the
impurity and residual elements copper and phosphorus were identified (5)(6) as
increasing the sensitivity of 'model' pressure vessel steels to irradiation
embrittlement. The application of the results from this, and other early work, was
truly remarkable in its impact on PWR PV technology and the economics of
power plant operation. Benefits have been derived in terms of plant life
assurance and also in extending the life of modern plant by the removal of the
major component lifetime limiting feature.

Subsequently, nickel and many other elements (7)(8)(9) were also found to be
important in their effect on the mechanical properties of PV steels and welds on
irradiation. There are anecdotes of earlier steelmaking practice which utilised
automobile scrap still containing the electrical copper wire for the manufacture
of pressure vessel base metal and also of using copper coated electrodes for
welding (10). The copper content of PWR PV welds and base metal made after
about 1972 was substantially reduced but there remains a significant number of
operating vessels with higher levels of copper in their welds. Additionally some
early pressure vessels were produced by welding practices employing a flux which
resulted in a low toughness in the ductile temperature regime (11).

Thus the reactor pressure vessels typifying this earlier generation of nuclear
power plant were seen as the plant lifetime limiting components and the effect
of neutron irradiation on the materials in the beltline region of RPVs was an
area of concern and much study. The newer generation of pressure vessels, which
have benefited from the improvements in pressure vessel technology and
improved understanding of irradiation effects, have a much reduced sensitivity
to neutron irradiation and therefore are not restricted in life from this cause.
However the annealing of the Novovoronezh 3 WWER pressure vessel to
mitigate the effects of neutron irradiation, as recently as 1987, is an indication
of the relatively continuous nature of the impact of this particular problem.

1.2 IRRADIATION EFFECTS ON MECHANICAL PROPERTIES

Material composition, method of manufacture, metallurgical condition, design
and operating temperature can all influence the mechanical strength of the
Reactor Pressure Vessel (RPV) steels and welds during neutron irradiation. All
these are features to be considered in assessing the behaviour of a particular
pressure vessel. There is an increase in yield strength, an increase in tensile
strength and a decrease in strain hardening capability' of steels and welds. A
possibility which also has to be considered is for there to be also a non-hardening
component of embrittlement caused by irradiation enhanced temper
embrittlement or transmutation and precipitation effects during long term
operation.

The main neutron irradiation effects are illustrated by the Charpy test where the
amount of energy required to break specimens made from samples of the steel
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is measured. The higher the energy required, the less brittle or more ductile is
the specimen being tested. A pendulum is swung, with a known energy, which is
established by how far the pendulum swings in a free but unloaded state. When
a notched specimen of standard shape is inserted in the path of the swinging
pendulum then the distance now swung is a measure of the energy absorbed in
fracturing the specimen. Steels and welds used for RPVs demonstrate a
transitional behaviour as a function of test temperature, see Figure 2 and 3,
where the material exhibits brittleness at low temperature and ductile behaviour
at higher temperatures. In general terms the effect of neutron irradiation is to
shift this transitional behaviour to higher temperatures and to reduce the energy
absorbed for fracture in the ductile region. There may also be an increase in the
temperature range of the transition region. This shift in Ductile- Brittle
Transition Temperature (ADBTT) is frequently defined at the reference
absorbed energy level of 41J (30ft.lbs.) which generally correlates with the
transition temperature defined as the Reference Nil Ductility Transition
Temperature (RTNDT) from a separate drop weight test, ADBTT is therefore to
be considered to be equivalent to the shift in R T ^ x (ART^-p) which is
commonly employed to 'reference' the fracture toughness of the material.

ADBTT varies with the neutron dose (fluence) experienced by the RPV. The
energetic neutrons encompass a range of energies. The fluence is usually
specified in terms of energetic neutrons above a particular neutron energy level,
for example, greater than 0.1, 0.5 or, more usually, greater than 1.0 Million
electron Volts, (MeV). Neutron fluence is now usually expressed in units of
neutrons (n) per square metre but, much data, many workers and formulations
still use neutrons per square centimetre so both will be used here. There is also
a current trend to express neutron effects in terms of the damage produced by
incident neutrons in the matrix iron crystal lattice. Collisions between the more
energetic neutrons and the lattice atoms produce primary knock-on
atoms(PKAs), which in turn, lose their energy by interacting with the lattice
atoms to produce, under the appropriate conditions, vacancies and interstitials,
At higher energies, where collisions occur every lattice spacing, collision or
displacement cascades are produced in which the final configuration is generally
thought to be a vacancy rich region surrounded by interstitial atoms which may
be clustered. The calculated number of point defects produced by PKAs provides
a measure of neutron exposure expressed as displacements per atom (dpa).

1.3 NEUTRON FLUENCE

Knowledge of the neutron exposure of a pressure vessel is necessary in order to
analyse changes in mechanical properties (see Chapter 6 on Neutron Exposure
by G.Prillinger and R. A. Van Konynenburg).The aspect of reporting neutron
fluence is a particularly important feature in normalising data derived from
different irradiation positions or different reactors and then relating them to a
particular location in an actual RPV, where the neutron flux and energy
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spectrum are usually substantially different Information on irradiation effects on
the mechanical properties of RPV steels has also been gained from accelerated
irradiations carried out in Materials Test Reactors where, again, the neutron flux
could be significantly higher and the neutron energy spectrum could be
significantly different from that of an actual location in an RPV where the data
is to be applied.

Surveillance capsules are located inside the RPV of power reactors, where the
neutron flux and energy spectrum is also usually higher than the actual RPV. The
method of reporting neutron fluence continues to be important and for example,
earlier workers (12) found that "....neutrons with energies lMeV would account
for over 75%....but neutrons with energies greater than O.lMeV would account
for 94% of the transition shift temperature increase observed for virtually every
spectrum". Indeed some of the uncertainties associated with calibrating the
fluence can also be removed by the use of a 'standard' reference material, (i.e.
one having a 'known' response in its change of mechanical properties to
neutron irradiation), in surveillance programmes. Such a material is that
designated as JRQ in the IAEA Coordinated Research Programme, Phase 3.

1.4 IRRADIATION EFFECT TRENDS

The effects of irradiation on mechanical properties are described in Chapter 8
(by W. L. Server , T. J. Griesbach, Y. Dragunov and A Amaev) The effect of
irradiation on the mechanical properties can be followed by irradiating specimens
taken from representative archive samples of an operational RPV (or research
samples or candidate materials for future RPVs) under representative neutron
fluences, and irradiation temperatures. This is accomplished by loading
specimens in special assemblies in materials test reactors or in power producing
reactors (surveillance assemblies) (see Chapter 7 by R. J McElroy, B. C. Edwards
and B. Houssin) and testing them after irradiation to establish the change in
mechanical property. For example, the transition temperature increase at a
particular neutron fluence can then be derived from knowledge of the equivalent
unirradiated curve and this gives one point on the ADBTT-neutron fluence curve
(trend curve). The curves shown in Figure 4 (13) show the increase in ADBTT
with increasing neutron fluence and are for steels and weldments of particular
compositions. As we have mentioned earlier, different compositions, particularly
with respect to impurity and residual element concentrations, , can have a
significant effect on the sensitivity of the steel to neutron irradiation.

The significance of having appropriate and flexible surveillance programmes has
continued to increase over the years. The data obtained from tests on
surveillance specimens are used to set operating pressures and temperatures of
RPVs; the data is used to assess vessel integrity for actual plant transients; the
technique can be used to evaluate the effect of re-irradiation of samples from
annealed vessels; a rescheduling of the surveillance programme can meet the
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needs of a plant life extension programme; the characterised facilities can be
used for the irradiation of samples from other reactors which may be temporarily
shut down or unavailable, or samples of generic or candidate materials. Indeed
for the Spanish reactors (30) problems are emerging of rescheduling their
surveillance programmes against a background of surveillance results which show
a low irradiation sensitivity and the potential for a much extended PV life .

1.5 EMPIRICAL MODELLING OF IRRADIATION EFFECTS

Earlier empirical models describing irradiation effects on mechanical properties
for guidance for Regulatory purposes led to the preparation and use of United
States Nuclear Regulatory Commission (USNRC) Regulatory Guide 1.99 (14).
This merely took the copper and phosphorous content of the steel and related
them to the neutron fluence to give the trend of the shift DBTT for that
particular steel. This was later modified and refined into a Revision 2 (15) in
order to take into account the increasing base of surveillance data, to recognise
the importance of nickel in irradiation sensitivity and to treat the weld data as
a separate family. Phosphorus content was not included as a variable in the
USNRC Reg. Guide Rev.2 because the role of phosphorus could not be
distinguished from the data base, which included results for a restricted range of
phosphorus and, perhaps more importantly, for the higher copper content of the
US steels where the effect of phosphorus is not so marked. It is 'bulk' copper
that is used to describe neutron irradiation sensitivity. For a schematic
illustration of the effect of copper see Figure 3.

But, copper is present in these steels and weldments in many forms. A significant
observation was the discovery (31) of "Digenite1, copper sulphide inclusions, in
these steels. Copper can also be present as coarse particles, precipitated or
undissolved, after stress relief heat treatment of the steels and weldments.
Copper is also present as precipitates during irradiation. However it is the copper
in solution that provides the major potential for future irradiation embrittlement.
Thus, depending upon the quantitative and relative amounts of these forms of
copper then it may be that the best descriptor of 'effective' copper is the
unirradiated level of 'dissolved' copper. However, for the range of steels being
used for RPVs elsewhere in the world phosphorus, as well as the major effect of
copper, is seen as an important variable in describing hardening and
non-hardening changes in mechanical properties. For example, French (16),
Japanese and Russian (17) empirical models, deriving from their own national
steels' irradiation effects data bases include phosphorous, and, in some cases,
other elements also as variables. There is therefore an intent, because of the
shortcomings of some of this large number of Guides which may be based on
limited or somehow unique data, for an IAEA data base to be established
which will encompass a large amount and a greater variety of the international
irradiation data and which will reflect the large variety of materials in use. It is
now generally thought that phosphorous is also a significant element in
promoting irradiation sensitivity. Annealing studies (17)(32) suggest that
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phosphorus behaves in two ways as an embrittling agent. Firstly as ultra-fine
phosphide precipitates, in the same way as copper, and also as a grain boundary
segregate to produce temper embrittlement. Clearly there is still scope for
further work.

The empirical models and Guides serve a variety of purposes and usually
describe or predict the mechanical properties after the irradiation of RPV steels
and weld specimens. These models are produced in the context of a national
programme and are usually, as stated in the previous paragraph, within the
constraints of the data base used to generate those models. They could therefore
be subject to modification or further refinement as new data outside the existing
range becomes available. In some cases no surveillance data base exists for a
particular plant and also there may be no archive material available for
irradiation. The materials may belong to a particular 'family of steels' and these
empirical models can be used to predict behaviour in a 'generic' way but
confidence in the results can always be enhanced with additional information on
the materials such as chemical composition from samples taken from irradiated
vessels or by generating more data by irradiating equivalent materials, (see
Chapter 12 Safety assessment using surveillance programmes and data base by
D.-H Njo)

1.6 MECHANISTIC MODELLING

More sophisticated comprehensive models based on the underlying mechanisms
of neutron irradiation effects on pressure vessel steels and welds have and
continue to be developed (see Chapter 10 of this TRS by Professor
Odette)(18)(19). The detailed underlying irradiation effects and the resulting
metallurgical structures which lead to changes in mechanical properties of steels
and welds continue to be the subject of detailed investigation. New techniques
are available which permit a more detailed description of metallographic
structures (see Chapter 9 of this TRS by Drs English and Phythian). The
potential of these new developments is being realised to meet technological
requirements of operating plants. A full description of the detailed metallography
of the pressure vessel materials of a specific plant will augment and underpin the
formulation of empirical and mechanistically based relationships between neutron
fluence and mechanical property change and also possibly explain the role and
significance of other alloying, residual and impurity elements. Increasingly, as
these refinements continue to be developed, a detailed metallographic
description will become available to help characterise the condition of real
pressure vessels and will be of direct value in independently characterising their
irradiation and mechanical condition.

Neutron irradiation surveillance results have recently been reviewed and
discussed from a consideration of mechanistic models (10). The mechanical
property changes are attributed to the interaction of dislocations with the
following features resulting from neutron irradiation:
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• Defect production (i.e. vacancies,interstitials, dislocation
loops, vacancy clusters, caused by neutron
displacement cascades

• Formation of ultra-fine copper - rich, coherent precipitates
(age hardening)

• Ultra-fine phosphide formation

• Ultra-fine carbide formation

• Temper embrittlement caused by phosphorus segregation

It is now generally thought that the first two mechanisms are the most significant.
Phosphorus is thought to behave in the same way as copper, that is, by hardening
the matrix by precipitation as phosphides. However there is also the possibility
for phosphorus to contribute to a non-hardening but embrittling mechanism by
segregation to grain boundaries. Nevertheless, irradiation effects in model
(simulation), and actual pressure vessel steels involve complicated processes and
there may be differences between the two sets of materials, these continue to be
the subject of much investigation. This overall situation will continue to be the
case whilst predictions are required outside the boundaries of existing data bases
or where further refinement of data is required for interpolation of data.

1.7 CURRENT 'STATE OF THE ART

Thus neutron irradiation effects a change in the mechanical properties of PV
steels and welds and the changes derive from a multiplicity of factors. These
factors include the method of manufacture (plates, forgings and welds),
fabrication (including variations in heat treatment), chemical composition (the
degree of change being mainly dependant on the copper content) and
metallurgical structure, neutron fluence, neutron energy spectrum neutron flux,
irradiation temperature and time of irradiation. The changes can be predicted
by using data derived from materials test reactor irradiations or from lower
fluence rates from surveillance irradiations. Predictions can be obtained from the
use of empirical guides together with additional confidence from the added
knowledge of generic data, the composition of the steel or and metallurgical
structure. However, amelioration or mitigation of these irradiation effects can
contribute to the extension of operational life of some older plants. For nuclear
power plants with 'modern' pressure vessels the problems of irradiation effects
have been largely overcome and new problems of plant lifetime limiting features
need to be assessed

The stresses associated with a postulated transient which causes a rapid cooldown
of the pressure vessel at high or increasing system pressure, Pressurised Thermal
Shock (PTS), in a region sensitive to neutron irradiation containing flaws have
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been evaluated in the USA. This led to TTS screening criteria values' which,
in turn, have led to flux reduction programmes or other measures in several
plants to ensure that the screening values will not be exceeded during current
(licence) life. However, the USNRC is planning (29) to change (update) the
current PTS rules with the result that many US PWR PV will exceed the PTS
screening criteria before the end of (licenced) life.

1.8 MITIGATION OF IRRADIATION EFFECTS

Recovery of mechanical properties by annealing irradiation damage has been the
subject of many investigations (see Chapter 11 by T. Mager Y. Dragunov and C.
Leitz) (20)(17). Significant recovery of unirradiated mechanical properties, both
the shift in ductile brittle transition temperature and upper shelf fracture
strength, could be obtained under relatively modest conditions of temperature
and time. Interestingly the kinetics of upper shelf recovery is different from the
shift in transition temperature indicating that different mechanisms may be
operating in these different regimes.

The US Army SM-1A reactor was annealed in 1967 (21) and the BR-3 vessel in
1984 (22). The feasibility and economics of annealing vessels has been considered
in the USA (23)(24) and a recommended guide for in-service annealing has been
drafted by the ASTM (25). However, no 'commercial' PWR PV has yet been
annealed outside the former USSR or former Comecon countries.

After surveillance capsules were withdrawn from the WWER Loviisa plant in
Finland, and some of the former USSR plants, and the samples tested and
analysed was it realised that the degradation in mechanical properties was
greater than expected (see figure 5) (26)(27). The enhanced degradation in
mechanical properties was ascribed to a combination of high copper and
phosphorus and a high neutron fluence. From the subsequent evaluation of the
WWER plants, in the light of these results, ameliorating measures were proposed
and implemented to a greater or lesser extent on a plant specific basis. Amongst
these measures were included a modification to the pressure-temperature limits,
replacement of outer fuel assemblies by dummy elements which acted as neutron
shields, use of highly depleted fuel assemblies at the core periphery and
annealing to recover the unirradiated mechanical properties.

One of the major developments, and achievements, of the WWER programme
(28) has been the annealing and recovery of a large number of actual irradiated
pressure vessels (about ten) starting with the Novovoronezh 3 reactor pressure
vessel, after 16 years service, in May 1987. This was carried out at a temperature
of 420C for 150 hours after extensive studies on irradiation and annealing. The
recovery was only partial. Higher degrees of recovery have been achieved in
subsequent annealing of the other vessels by raising the annealing temperature
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to 475C. From the underlying studies (17) the residual embrittlement after
annealing was found to be independent of neutron fluence (Fig. 6) but significant
dependence on phosphorus content was found. The residual embrittlement was
inversely proportional to annealing temperature.

1,9 INTERNATIONAL PROGRAMMES
Studies of neutron irradiation effects on pressure vessel steels and weldments
continues to absorb much effort worldwide. The emphasis changes from the
needs of the older generation of vessels to those associated with the longer
anticipated life of the newer vessels.

The IAEA continues to be a focus for international activities in the field of
neutron irradiation effects on pressure vessel steels and weldments. The activities
were coordinated in the Division of Nuclear Power under the aegis of the
International Working Group on the Reliability of Reactor Pressurised
Components (IWG - RRPC). which now operates under as the International
Working Group on Nuclear Power Plant life Management (IWG - NPPLM).
There are three main activities in this field. The first is through regularly held
Specialist Meetings at different venues (e.g.Balatonfured, Hungary in 1990, Paris,
France in 1993). The most recent meeting has been held in conjunction with the
CSNI Working Group 3. from the OECD. The second has been through the
Coordinated Research Programme on irradiation effects. This longstanding, but
highly successful, venture has now reached the end of Phase 3. The third area of
IAEA activity is in the generation of a more comprehensive international data
base on irradiation effects which will cover a greater range of materials and
conditions. This work has been initiated and will be coordinated by the IAEA.

The International Group on Radiation Damage Mechanisms (IG-RDM) was
founded in 1987 with USNRC sponsorship, to bring together in a 'workshop*
atmosphere scientists and engineers involved directly with RPV embrittlement
issues. Involvement with the Group has led to many inter-laboratory comparison
exercises. This aspect of the international activity has resulted in greater
understanding of damage mechanisms because of the obvious advantages of
applying a variety of techniques to the same material.

The European Action Group on RPV Materials Irradiation Effects and Studies
(AMES) is one of a number of network groups being set up in Europe. There
are a large number of objectives and while essentially European it is hoped to
include a larger international membership at a later stage.

Indeed with the maturing and rationalisation of nuclear technology worldwide
there is a perceived increase in cooperative activity in this area. By these means
there is a 'sharing' of advanced equipment and techniques and participation in
extra-national activities.
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