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Neutron irradiation effects in pressurised water
reactor pressure vessel steels and welds.
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INTRODUCTION

The 'state of the art' on this subject was described at the last IAEA
Specialist meeting in 1993 [1]. In this paper we intend extending that
earlier paper by re-emphasising certain points and selecting and dis-
cussing some of the 'hot topics' that have emerged in the subject
since that Paris meeting.

The number of nuclear power plants operating and under construc-
tion in the world continues to increase [Fig 1,2]. The commonest type
is the Pressurised Water Reactor (PWR) [Fig 3] But the existing inven-
tory of nuclear power plants is ageing and earlier pressure vessels
were produced containing impurities which were shown, subsequent-
ly, to have deleterious effects.

Prior to the discovery [2,3] that the presence of copper and phospho-
rus impurities in the steel and welds of the PWR Pressure Vessel
(PWRFV) were deleterious to the mechanical properties during neu-
tron irradiation, the major design lifetime consideration of PWRPVs
was the impact of fatigue [4].

Since the early 1970s there has been more control in the composition
of steels and welds and a growth in the use of ring forgings with cir-
cumferential welds, rather than the use of plates with some axial and
circumferential welds for the manufacture of pressure vessels. With
the increase in the number of countries generating electricity from
nuclear power the number of PWRPV suppliers in the world also
increased and a greater variation in the compositions of steels and
welds occurred.

With the development of knowledge of plant operation and compar-
isons of design assumption with operational performance, improve-
ments in non-destructive examination and mechanical property test-
ing for structural integrity assessment, there has been a move
towards the use of fracture toughness for assessment purposes. But



according to Wallin [5] who states that while current Russian and
European methodology have similar bases in the Charpy-V test
approach they are not directly descriptive of the irradiated material's
true fracture toughness but that highly conservative reference frac-
ture toughness curves are usually applied. He argues that a improved
approach based on the direct determination of fracture toughness or
a validated correlation combined with a mechanistic treatment should
be used.

EMPIRICAL MODELS
The proliferation of data on steels and welds of different compositions
and different heat treatment from different sources, has led to the
proliferation of empirical, national equations used to predict the
change in mechanical properties of those welds and steels during
neutron irradiation. Indeed the variation in prediction from the differ-
ent empirical models can be quite large (see, for example, Fig 4 after
Williams et al [6], which just plots the expected change in mechanical
properties against neutron fluence calculated, for this example chosen
here, for one copper level for the various empirical models. These
workers ascribed the source of the quantitative differences as: materi-
al differences; irradiation environment differences; data distribution
differences or inappropriate extrapolation.Of course the differences
are compounded by the differences in mathematical formulation
which could imply different operating mechanisms-but as a first
approximation that possibility seems most unlikely!) .

Some workers have recently predicted irradiation response at fluence
levels outside the data bases which underpin these empirical models.
Under such extreme conditions other mechanisms might predominate
(Fig 5) [7, 8). Secondly, the use of such formulations implies a degree
of mechanistic understanding of irradiation effects and the existence
of data under these extended conditions, this is not necessarily the
case and, again, confirmatory data would be needed to validate the
prediction of the empirical formulation. There are inadequacies with
existing data bases and if these are to do with the shortage of data
then there is a need to address that particular problem rather than
meet the shortfall with a proliferation of data bases.

hi this context the IAEA has recently published the latest version of a
report on the requirements for their International database on nuclear
power plant lifetime management. There will soon be a call for partici-
pants/contributors to the database on reactor pressure vessel materi-
als .This, hopefully, large international data base containing a large
variety of data sources might help resolve some of the problems asso-



ciated with the existing data bases.

COPPER
At the Paris meeting we drew attention to the role of copper and to
work [9] which concluded that copper in solution in the unirradiated
state was a better measure of irradiation sensitivity than total copper
because of the different metallurgical form of copper in pressure ves-
sel steels and welds. This is shown schematically in Fig 6. where it
can be seen that the only form of copper that is available for its
embrittling role is that which is in solution at the start of irradiation,
and is therefore the only 'true' measure of copper. It is not a 'fixed'
percentage of the total copper-as Fig 6 clearly shows.

The significance of this point relates to the future improvement of the
empirical codes. As the knowledge of irradiation and recovery
processes and mechanisms grows then the significant factors will feed
into the 'easy to use' empirical equations. We believe that 'copper in
solution' is one such factor and phosphorous content will be another
when there is sufficient information and knowledge.

PHOSPHOROUS and NICKEL
The earlier version of the US NRC Guide 1.99 included both phos-
phorous and copper as elements which conferred irradiation sensitivi-
ty on the mechanical properties of steels and welds-which reflected
both the data and assessments at that time. Rev 2 of that Guide,
which was based on surveillance data which showed a lack of sensi-
tivity to phosphorus which is thought to reflect the lower and narrow-
er band of phosphorus content of US steels and welds when com-
pared to steels and welds from other sources. Phosphorous was
therefore not shown as a deleterious element but nickel was includ-
ed.

There are two aspects on the role of phosphorous which seem to
require further study. Firstly, nationally based empirical formulations
(eg, French, Russian, Japanese) other than the US NRC Reg Guide
include phosphorous as a deleterious element but there does not
appear to be a clear understanding on the mechanistic behaviour of
phosphorous. Does phosphorous behave in a way analagous to cop-
per-by the precipitation of phosphides [10]? If so, at what rate does
the mechanical property change occur when compared to that of cop-
per and the matrix hardening mechanisms? The location of phospho-
rous is linked to precipitation at prior austenite grain boundaries
[1 l]-and also the prior austenite grain sizes appear to be larger in
Russian steels-but the phosphorous levels tend to be higher in
Russian than in US steels- which may indicate some of the possible



behavioural differences between steels from different sources. We have
already seen from Kryukov[12] that it is possible to almost completely
remove irradiation effects with annealing heat treatments under modest
temperature conditions. Can this effect of annealing be explained by phos-
phide dissolution, or by diffusion from grain boundaries, or a mixture of
both possibilities? Do fractographic observations help explain the role and
behaviour of phosphorus, and explain the differences between different
steels and welds ? Secondly, the earlier work of McElroy [1] on the simulat-
ed HAZ work as part of the IAEA CRP Phase 3 showed that a non-hardening
embrittlement could be produced at 475 C.This is a temperature which is
close to the temperature used for annealing vessels [13] and a cautionary
approach becomes necessary to then avoid the possibility of temper
embrittlement.

High nickel content also appears to have an additional deleterious effect
[14,15] particularly at high neutron fluence, beyond the end of life, as
reported by Vishkarev [16] .This may be another feature that requires a full
mechanistic explanation but the phenomenon also emphasises the need to
be cautious in using trend curves outside the data base upon which they
were derived.

NEUTRON DOSIMETRY
The subject of the accuracy of fluence estimates continues to emerge peri-
odically as an issue which requires further attention. Results from interna-
tional programmes such as the phases of the IAEA CRP are published
about each decade and they provide the only opportunity to compare
mechanical property results on a trend basis. If the mechanical testing is
carried out in a calibrated way then any difference is caused by the irradia-
tion environment-temperature or fluence.If the temperature is controlled or
if there is a lack of sensitivity to irradiation temperature then differences in
values of fluence emerge and these reflect on the methodology used for flu-
ence estimates. Recent comments [17] indicate that there are possible con-
cerns in the methodology of fluence estimates. While the results of the CRP
phase 3 are still in the course of evaluation it is hoped that the scatter will
be reduced but it is also significant that there are two papers at this meet-
ing addressing the subject of neutron fluence.

A recommendation from the Paris meeting was for fluence to be given as
neutron energies > 0.1, > 0.5, >1.0 MeV and dpa this would allow an easier
comparison of data and will hasten the day when only one unit will be
used. In our view that earlier request,and the case for it, still remains. But,
the ongoing difficulties with dose estimates underline the need to use 'stan-
dard' materials in surveillance programmes. Including a material of known
response will help calibrate the other mechanical property values by 'fixing1

the fluence.



ANNEALING OF THE RFV
Since the Paris meeting there has been increased international activity on
annealing as a mitigation method for reducing the effect of neutron irradia-
tion. There is a range of mitigation measures that can be employed with
annealing being one of the options. But, as Planman et al point out in their
review[18] of the subject the options have to be deployed at the appropriate
time to have value.

Annealing of RPVs to remove irradiation damage has been extensively
reviewed [19, 20,21] and the requirement here in Finland to anneal the
Loviisa RPV has been described. In the US there are proposals to perform
demonstration anneals on the Marble Hill and Midland RPVs with a build
up to anneal the Palisades plant RPV.

We have already commented on two areas of interest in the international
activities on annealing. The first is to do with the temperature of annealing
getting close to the temperature associated with temper embrittlement and
the need to demonstrate that this phenomenon does not occur particularly
in heat affected zones of welds. The second area is to do with with the need
for more detailed study of the composition of grain boundaries and also of
fracture surfaces in order to elucidate the role of phosphorous and to char-
acterise differences in material behaviour.

CLOSING COMMENTS
Many of the ongoing studies in this subject focus on the direct technologi-
cal requirements for data but we hope we have demonstrated that there is a
continuing need for a greater understanding of mechanisms underlying the
degradation of mechanical properties. Internationally, the work pro-
grammes of the IAEA on plant lifetime management are germane to this
field. In Europe we are seeing a new approach to joint programmes in the
formation of networks and in particular, in the context of this subject, the
AMES programmes.

Next year will see the publication of the new version of US NRC Reg Guide
1.154 on pressurised thermal shock which will be of direct interest not only
to those countries which follow and use the US codes (such as Belgium and
Spain in Europe) but also for those other countries which adopt different
approaches to the PTS issue. For a Survey of National Regulatory
Requirements, see [22]. Annealing and re-irradiation is still to the fore of
current interests but, the USNRC Generic Letter 92-01 Rev 1, Supp 1. on
Reactor Vessel Structural Integrity also emphasises the continuing need for
a general interest in this area of neutron irradiation effects on the mechani-
cal properties of RPVs .with regard to PTS, USE, LTOP and P-T limits. Re-
licencing of plants will also require attention to be given to irradiation



effects.

Many of the comments we have made in this paper will be addressed in
papers at this Specialist meeting. The subject continues to be of direct
interest to nuclear power plant lifetime management and when one consid-
ers that a recent estimate of the income of a large modern nuclear power
plant could be approaching $1,000,000 per day then it is not surprising
that the pressure vessel-the irreplaceable 'big ticket' item heads the list on
every prioritisation exersize on plant lifetime management.

There continues to be much activity in this field and much will happen in
the next two years. It may be that there should be a recommendation for
another such meeting in two years time.
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Figure 1
Nuclear Power Plants in Operation In the World

(as of 31 December 1994)
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Figure 2
Nuclear Power Plants Under Construction

in the World
(as of 31 December 1994)
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Figure 3
Nuclear Power Plants in Operation

as of 31 December 1994
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Comparison of shift models Tim Williams etalRef 6
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Figure 5
S. B. Fisher and J. T. Buswell

Int. J. Pres. Ves. & Piping 27 (1987) 91-135
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Figure 6

CumalrU is more representative than 'bulk' copper as a measure for irradiation effects
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