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FOREWORD

Within the framework of the IAEA extrabudgetary programme on the Safety of
WWER-440/230 NPPs, a list of safety issues requiring broad studies of generic interest
have been agreed upon by an Advisory Group who met in Vienna in September 1990.
The list was later revised in the light of the programme findings.

The information on the status of the issues, and on the amount of work already
completed and under way in the various countries, needs to be compiled. Moreover, an
evaluation of what further work is required to resolve each one of the issues is also
necessary. In view of this, the IAEA has started the preparation of a series of status
reports on the various issues.

The main objective of the reports is to provide a clear overview of each issues
and of the work which is still needed before final conclusions can be reached. The
reports should provide the basis for defining the scope of the studies still required to
resolve each generic safety issue. They will also compile information on the work
already performed or under way in various countries, to prevent duplication of efforts.

This report on the generic safety issue "Reactor Pressure Vessel Embrittlement"
presents a comprehensive survey of technical information available in the field and
identifies those aspects which require further investigation.

The report was prepared by the IAEA Secretariat and later circulated
internationally for review. Valuable comments have been received from M. Brumovsky
(Skoda, Czechoslovakia), K. Kussmaul (Staatliches Materialpruefungsanstalt,
Universitaet Stuttgart, Germany), J. Laaksonen (Finnish Centre for Radiation and
Nuclear Safety, Finland), J. Strosnider (OECD/NEA) and M. Vacek (Nuclear Research
Institute, Czechoslovakia) which were very helpful for the preparation of the final
version of the document and are greatly appreciated.
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SUMMARY

Background

Maintaining the integrity of the reactor pressure vessel (RPV) is critical when
severe accidents, which have the potential for major contamination release, have to be
prevented or controlled. The RPV is a major safety related plant component for which
a duplicate or redundant backup system does not exist. It is therefore necessary to
understand and to be able to predict the capabilities and limitations of the integrity
inherent in the RPV.

In the safety assessment of the pressure vessel it is necessary to demonstrate
adequate margins for anticipated loading conditions which may occur during plant
operation as well as during accident conditions. Loading conditions to be considered
are for example low temperature overpressurization, cold water injection, etc.

The integrity of the reactor pressure vessel depends on material properties and
their time dependent degradation (ageing). The major degradation mechanisms are
neutron embrittlement, low cycle fatigue and possible corrosion attack.

The key degradation sites are the beltline weld region, outlet/inlet nozzles,
instrumentation nozzles and flange closure studs, which are subjected to neutron
irradiation and to mechanical and thermal loads.

Neutron irradiation of RPV ferritic steels results in the increase of
ductile-to-brittle transition temperature and upper shelf energy decrease, both being
primarily attributed to irradiation hardening, i.e. to the increase in yield stress and to
the loss of strain hardening capacity.

The extent of neutron embrittlement or irradiation induced degradation is
controlled by fabrication and operational variables, mainly chemical composition of the
RPV beltline material (particularly copper, phosphorus and nickel concentration) and
neutron fluence; other important variables are: irradiation temperature, neutron
spectrum and flux, thermomechanical history, concentration of some other impurities
or minor alloying elements.

WWER-440/230 reactor pressure vessels could be described as a first generation
RPV with corresponding features. They were designed in the late sixties and produced
exclusively in the USSR1 according to the standards applicable at the time of design.

High priority was given to plant availability and reliability; the design applied
to low seismicity sites. The safety concept of these reactors is based on accident
prevention through design, high quality fabrication and control with only limited DBA
scope and accident mitigation measures.

New standards were adopted in 1972; however, a decision was made not to
change the design relating, for example, to the provision of surveillance specimens.

This text was compiled before the recent changes in the former USSR



TABLE I. WWER-440/230 UNITS

PLANT
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All WWER-440/230 reactor pressure vessels were fabricated using cylindrical
forging of Cr-Mo-V steel 15Ch2MFA, welded together circumferentially by automatic
submerged arc welding process, welding wire Sv-10ChMFT, flux AN-42.

Only limited scope evaluation of initial properties was performed at the time of
production; therefore not all of these, which are required for individual vessels
assessment, are available now.

Out of the 16 WWER-440/230 vessels produced, 9 do not have stainless steel
cladding (Table I).

The requirement of shipment by rail limits the outer diameter of the vessel and
results in a relatively small water gap between the vessel wall and the outer fuel
element assemblies and consequently fairly high flux and end-of-life fluence at the RPV
wall.

Radiation embrittlement of the beltline region and in particular of the beltline
weld No.4 is of the highest concern for WWER-440/230 vessels not only because of the
weld being the weakest link generally but also because of fairly high and not exactly
known concentration of detrimental impurities (copper and phosphorus mainly), the
effect of which had not been recognized at the time of production.



Irradiation Embrittlement

There are no surveillance specimens in WWER-440/230 reactors. Therefore,
it was not possible to monitor RPV time dependent degradation on a regular basis.

Initially the issue was revealed only after surveillance specimens were withdrawn
and evaluated from the first operating WWER-440/213 plants, namely Loviisa in
Finland and Kola and Rovensk in the USSR. Significant deviation from anticipated
development of embrittlement was revealed.

This degradation was attributed to both high copper and phosphorus
concentration and high neutron fluence.

Consequently, as the first WWER-440/213 units were fabricated using basically
the same technology, at least the reactor vessel material properties are very similar to
WWER-440/230 units despite the design improvements adopted. Therefore, conclusions
were drawn for the WWER-440/230 vessels too, and irradiation embrittlement of
WWER-440/230 reactors became a concern and reassessment of this type of vessel was
initiated.

In order to perform reliable safety assessment (or residual lifetime assessment),
a proven and validated methodology has to be employed. Generally, initial properties
have to be determined as well as time dependent degradation effect upon them, and
compared with adopted criteria based on operation or accident conditions.

Due to the lack of archive material, models and empirical relationships had to
be developed to assess the initial properties of WWER-440/230 vessels, some of them
showing reasonably good agreement with experimental data.

Research was also carried out to develop correlations between irradiation
induced transition temperature shifts and chemical composition, based on material test
reactor and host reactor (in empty surveillance positions) irradiations. However, archive
material was in most cases not available. Surrogate alloys with all the uncertainties
involved had to be used.

Developed empirical relationships were used to calculate required input data
needed for vessel irradiation embrittlement evaluation for each particular vessel, i.e.,
initial and actual value of the critical brittle fracture temperature including irradiation
embrittlement factor.

Based on these results, reassessment of the vessels concerned was performed and
measures were proposed to account for excessive irradiation embrittlement:

modification of operation pressure-temperature limits
replacement of outer fuel assemblies by shielding dummies (36)
use of high depleted fuel assemblies at the core periphery (low leakage
core)
temperature increase in the boric acid injection tanks
replacement of the injection pipes from the cold to the hot leg of main
circulation loop
installation of quick-closing valves in the main steam system
recovery annealing; performed on 9 units, planned for another 3 units.

The degree of implementation of these measures is plant specific.



Annealing Recovery

It has been demonstrated that annealing embrittled reactor vessel materials
significantly restores the fracture properties. The degree of recovery for given steel
depends on the time and temperature, at which annealing is performed. Successful
annealing of WWER-440/230 reactor vessels was performed at temperatures
approximately 450°C on 9 vessels (dry) when the degree of recovery approached 100%
in terms of ductile to brittle transition temperature.

For WWER vessel steels the significant role of phosphorus was observed on
residual embrittlement level after annealing; at lower annealing temperatures higher
residual embrittlement was found with increasing phosphorus content compared to
higher annealing temperatures. It was also shown experimentally that residual
embrittlement found after annealing is not related to the effect of ageing during the
annealing process or to the exposure to the temperature of operation.

Higher temperature (475°C) annealing has been applied recently for high
phosphorus welds. Research results were also supported by testing specimens removed
directly from the annealed vessel and also by annealing the Novovoronezh Unit 1
trepan.

Although noticeable engineering experience with annealing exists, there is still
only limited information on underlying mechanisms of both annealing recovery and
re-irradiation behavior. This mechanistic understanding would provide valuable
contribution and guidance in validation and/or development of reliable annealing
procedures and safety assessment of annealed vessels.

Vessel Assessment Method

WWER-440/230 vessel assessment procedure and methods used are based on
codes and standards developed in the USSR. This approach is recognized and accepted
by the regulatory bodies concerned, although some recent (and desirable) development
in this area could be observed.

In this procedure, stress intensity factor is calculated for a postulated semi-
elliptical surface defect according to the formulas given in applicable standards.
Calculated values of stress intensity factors are then compared with the allowable ones
and for each operation regime the limiting maximum value of critical brittle fracture
temperature is determined. If critical temperature of brittle fracture for a given
material of a particular vessel in depth of one quarter of wall thickness exceeds this
limiting maximum value, brittle fracture may occur. Therefore for safe operation in all
anticipated regimes critical brittle fracture temperature should never exceed the
minimum of the set of limiting maximum values of critical brittle fracture temperature.

Compared to other approaches (ASME Code, etc.), the fracture analysis is
performed using the crack initiation approach only and linear elastic fracture
mechanics. There are no requirements concerning upper shelf levels and their changes.
Material properties testing is performed with one specimen orientation only.
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The only material parameter included in this analysis is the critical brittle
fracture temperature which is determined experimentally or where not applicable using
empirical relationships. This is unfortunately the case for the majority of WWER-
440/230 vessels.

While using empirical formulas, various uncertainties could affect resulting
values of critical brittle fracture temperature. Obviously the chemical composition has
the major influence, fluence measurement errors being less significant. In addition,
applicability of the equations utilized has to be considered too.

The error or scatterband is particularly important when assessment of residual
lifetime is performed with respect to the limiting value of critical brittle fracture
temperature. Relatively small error in input data (in terms of material properties and
fluence) could yield a rather large error in the end of life time estimate, which
determines the safety margin included.

Conclusions

Attention proportional to radiation embrittlement significance to the safety of
operation of nuclear power plants is being paid to radiation embrittlement and its
implications on an international basis as well as on a national level in the majority of
countries operating nuclear power plants. A relatively large body of available data
therefore exists; however, their applicability to WWER-440/230 vessel embrittlement
is rather limited due to significant differences in alloying system used.

Activities directly related to WWER-440/230 vessel embrittlement are
performed in Czechoslovakia, Finland, Germany and USSR. The items addressed by
these activities can be grouped in several interrelated issues, namely:

(1) initial vessel material properties of the base and weld metal;
(2) irradiation embrittlement as a result of service exposure
(3) annealing recovery;
(4) re-embrittlement behavior after annealing;
(5) assessment procedures and experimental methods employed in (l)-(4).

The most important items of these issues, as identified by this study can be
outlined as follows:

• Reliable chemical composition determination including both impurity and alloying
elements concentration of critical materials has to be performed on a plant specific
basis. Possible deviations in the final product have to be determined using probabilistic
methods where applicable.

• Re-evaluation of the empirical relationship used to calculate the initial critical brittle
fracture transition temperature has to be performed.

• Detailed evaluation of the empirical formulas used to calculate transition
temperature shift due to irradiation and irradiation embrittlement factor has to be
performed. Studies on the effect of flux have to be completed, since it has been shown
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recently by trepan investigations that empirically or statistically developed relationships
do not always provide conservative predictions of irradiation embrittlement. High
priority should be given to investigations on material samples, extracted from in-service
irradiated vessels.

• Parametric study to evaluate the scatterbands, involved in all above-indicated
empirical relationships used, is needed in order to quantify safety margins. This applies
similarly to annealing treatment and re-embrittlement behavior assessment. Validation
of methods and results is needed preferably by extracted vessel material examination.
Where not applicable, other means of validation have to be developed.

• Selection of annealing treatment regime, out of the two proposed, has to be justified
on plant specific basis.

• Re-embrittlement monitoring should be performed using supplementary integrated
surveillance programmes. Detailed examination of repeated annealing consequences has
to be performed if foreseen.

• The stainless steel cladding properties have to be evaluated also with respect to initial
properties, irradiation embrittlement, annealing and re-embrittlement behavior. Where
applicable, cladding properties should be included in vessel integrity analysis.

• Detailed examination of validity and conservatism of current assessment practices has
to be performed for procedures and materials of WWER reactors including comparison
of employed reference brittle fracture temperature indexing procedures. The use of
correlation monitoring material has to be encouraged in all relevant activities.

• Requirements concerning the orientation effects should be developed and
supplementary evaluation should be performed with respect to both initial properties
and time dependent degradation for both transition temperature shift and upper shelf
drop.

• Based on comprehensive integrity analysis, requirements on upper shelf properties
have to be developed and corresponding material properties and the effect of service
exposure upon them evaluated.

• More refined methods of dosimetry measurements are required for WWER-440/230
vessels. In some cases, cavity dosimetry have been employed. Retrospective dosimetry
methods should be also employed where applicable. If neutron flux attenuation
resulting safety margin is to be utilized, precise quantification of the effect is needed.

• The development of a WWER-440 surveillance vessel materials database and
compilation of relevant data for support of plant ageing issue resolution should be
performed.

Several other aspects have to be taken into account (in-service inspection, etc.)
while evaluating vessel integrity. However, they are not directly related to the
irradiation embrittlement issue itself and are therefore not discussed in this status
report.

In order to reach a clear conclusion on the irradiation embrittlement of WWER-
440/230 reactor pressure vessels the items listed above would have to be resolved.
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1. BACKGROUND

1.1. Introduction

Providing the main criteria used is the role in preventing the release of fission
products, the major pressurized water reactor (PWR) components could be classified
according to their relevance to overall plant safety as follows: reactor pressure vessel
(RPV), containment, reactor coolant piping and safe-ends, steam generators, reactor
coolant pump body, pressurizer, control rod drive mechanisms, cables and connections,
emergency diesel generators, RPV internals and RPV supports and biological shields
[1].

Maintaining the integrity of the reactor pressure vessel is critical when severe
accidents, which have the potential for major contamination release, have to be
prevented or controlled. The RPV is generally a major safety-related component of a
plant for which a duplicate or redundant backup system does not exist. It is therefore
imperative to understand and be able to predict the capabilities and limitations of the
integrity inherent in the RPV [2].

The safety of operation strongly depends on time-dependent degradation
(ageing) mechanisms. The major degradation mechanisms are neutron embrittlement,
low cycle fatigue, possible corrosion attack.

The key degradation sites are the beltline weld region, outlet/inlet nozzles,
instrumentation nozzles and flange closure studs, which are subjected to neutron
irradiation and mechanical and thermal loads.

The extent of neutron embrittlement or irradiation induced degradation is
controlled by fabrication, and operational variables: chemical composition of the RPV
beltline material, particularly copper, phosphorus and nickel concentration and the
neutron fluence mainly, other important variables are: irradiation temperature, neutron
spectrum and flux, thermomechanical history, concentration of some other impurities
or minor alloying elements.

As a result of irradiation exposure, RPV ferritic steels strength increases and
ductility decreases, with the primary irradiation induced effect being the irradiation
hardening. In terms of the Charpy-V notch energies, the ductile-to-brittle transition
temperature increases to higher temperature and the upper shelf level decreases as the
irradiation exposure increases, as shown in Fig. 1.

WWER-440/230 reactor pressure vessels could be described as a first generation
RPV with corresponding features. They were designed in the late sixties and produced
exclusively in the USSR.

The WWER-440/230 RPVs fulfilled the standards applicable in the USSR at the
time of design. The basic design of the WWER-440/230 nuclear power plants is
generally conservative, high priority being given to plant availability and reliability; it
applies exclusively to low-seismicity sites in accordance with Soviet regulations.

New standards were adopted in 1972; however, a decision was made not to
change the design relating, for example, to the provision of surveillance specimens [3].
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FIG. 1. Effect of neutron irradiation on the Charpy impact energy for ferritic RPV steel.

The safety concept of these reactors is based on accident prevention through
design, high quality fabrication and control with only limited DBA scope and accident
mitigation measures.

All WWER-440/230 reactor pressure vessels were fabricated using cylindrical
forging of Cr-Mo-V steel 15Ch2MFA, welded together circumferentially by automatic
submerged arc welding process, welding wire Sv-10ChMFT, flux AN-42 [4]. For the
WWER-440/230 type, chemical composition range of 15Ch2MFA base metal and of
Sv-10ChMFT welding wire used (not of weld metal itself) is given in Table II. There
are no axial welds on the RPV. The vanadium concentration was not included in Ref.
[4], typically it is within 0.25-0.35 wt% and 0.20-0.35 wt% for base and weld metal
respectively [33] (vanadium is a part of the WWER steels alloying system, in PWR
steels is considered as impurity).

The requirement of shipment by rail limits the outer diameter of the vessel and
results in a relatively small water gap between the vessel wall and the outer fuel
element assemblies (approximately 300 mm) with flux at the RPV wall being as high
as lO^n.m'V1 and estimated end of life fluence larger than 1024n.nT2, E >0.5 MeV for
30 years of operation. Schematic drawing of the lower part of the WWER-440/230
RPV is given in Fig. 2.

The WWER-440 reactor pressure vessels constructed prior to Loviisa Unit 1 do
not have stainless steel cladding, i.e. 7 of the 16 WWER-440/230 vessels produced are
cladded.

Only limited scope evaluation of initial properties was performed at the time of
production, therefore not all of them, which are required for individual vessels
assessment are available now.

Obviously the irradiation embrittlement of the reactor pressure vessel would be
significant in the beltline region only i.e. at elevations, corresponding to the core
position. Appendix G of the Code of Federal Regulations (10 CFR 50) [5] defines the
beltline region as "including all shell material directly surrounding the effective height
of the fuel element assemblies plus an additional volume of shell material both below
and above the active core, with a predicted neutron irradiation damage sufficient to be
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TABLE II. CHEMICAL COMPOSITION OF WWER 440/230 BASE METAL AND WELDING WIRE [4]

Material

15Ch2MFA
Base Metal

Sv-10ChMFT
Welding Wire

G

0,15
0,18

0,04
0,12

Si

0,17
0,39

0,20
0,60

Mn Cr

0,30 1,8
0,60 2,3

0,6 1,2
1,3 1,8

M

1,0
1,5

0,30
0,30

Mo

0,5
0,7

0,35
0,70

Ti Nb S P Cu

——— ——— 0,12 0,010 0,08

0,05 —— 0,015 0,042 0,25
0,05 ——— 0,015 0,042 0,25
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FIG. 2. Lower part of WWER-440 reactor pressure vessel.

considered in the selection of the most limiting material with regard to radiation
damage". The welds within that region are likely to become the weakest link, because
they can possibly contain defects that can become cracks.

Unfortunately the detrimental effects of copper and phosphorus upon irradiation
embrittlement has not been recognized earlier and the RPV steel generally of many
older reactors has high concentration of these impurities. In particular, this situation
is pronounced in the case of weld metal. The steel filler material used in the
fabrication of older submerged arc welds was often copper plated to enhance electrical
contact during welding and resistance to corrosion during storage. The copper content
in the welds results directly either from the copper plating or the residual copper in the
steel filler material or both.
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Point Beach No 1,2
Connecticut Yankee
Big Rock Point
Humbolt Bay
San Onofre
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Quad Cities Unit 1, 2
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Zion Unit 1. 2
Kewaunee
Robinson

FIG. 3. Irradiation embrinlemenl of base meted, weld metal and heat affected zone of some US vessels
(steel A302-B, A533-B and A508) according to surveillance specimen results [30].

The base metal should not be ignored, the copper concentration was not
controlled and determined at the time of WWER-440/230 vessel fabrication; however,
there appears to be less radiation embrittlement in base materials as compared to welds
with the same copper (phosphorus, nickel) concentration (Fig. 3). The directionality
effects observed recently in other RPV steels [36] could be also significant for this type
of steel.

In WWER-440/230 RPVs the copper content is supposed to be within 0.15-0.25
wt%, and the phosphorus content within 0.025-0.042 wt% in the weld metal, base metal
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TABLE III. CHEMICAL COMPOSITION OF RPV SCRAPS AT WELD No. 4

a) Jaslovske Bohunice Unit 2, outer surface [6]

Sample
1 BM
2 "
4 "

6 "
7 "
3 WM
5 "
8 "

C

0,133
0,138
0,148
0,110
0,160
0,039
0,049
0,038

b) Greifswald Unit 1,
Sample
1 WM
2 WM
3 WM/BM

4 BM

MQ
0,35
0,36
0,30
0,51
0,40
0,93
0,90
1,12

inner surface, 3
C Si

0,05 0,46
0,05 0,48
0,07 0,42
0,19 0,31

Gr
2,36
2,14
2,37
1,83
2,34
0,72
0,65
0,98

mm depth [7]
Ma S
1,19 0,011
1,25 0,012
1,11 0,012
0,44 0,016

Ni
0,13
0,14
0,13
0,14
0,13
0,16
0,14
0,12

P Cr
0,048 1,56
0,041 1,59
0,041 1,80
0,015 2,98

Mo
0,57
0,55
0,58
0,48
0,56
———

0,24
0,27

Ni Mo
0,24 0,41
0,23 0,41
0,21 0,48
0,18 0,67

P
0,013
0,012
0,011
0,019
0,011
0,036
0,035
0,032

Cu Al
0,09 0,00
0,11 0,00
0,10 0,00
0,18 0,00

Cu
0,124
0,130

0,107
0,128
0,112
0,141
0,142
0,133

V

0,16
0,16
0,19
0,30
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FIG. 4. Loviisa Unit 1 surveillance specimen results [22].
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impurity concentrations being generally lower than those indicated for weld metal. In
Table III, results of chemical analysis performed on samples taken from (a) the outer
surface of Jaslovske Bohunice Unit 2 and (b) the inner surface of Greifswald Unit 1 are
given for the beltline weld No. 4 and adjoining base metal. With the exception of
phosphorus, found in sample No. 1 of Greifswald Unit 1, the concentrations of
impurities are below the limits given above and in Table II, which are, however, rather
high compared to the present state of the art. The values given for Jaslovske Bohunice
Unit 2 are, however, suspected to correspond to a mixture of actual weld metal and so
called "cover" weld, made with carbon type electrode [38].

Normally, embrittlement is monitored by surveillance specimens, irradiated in
capsules, located near or adjacent to a vessel wall. This represents an effort to come
as close as possible to simulating the actual conditions experienced by the vessel itself
and due to the higher neutron flux at the surveillance specimens positions to provide
an early warning of unacceptable levels of property degradation [1]. The most limiting
material is required for the samples, which are grouped into sets, sufficient to provide
required information. These sets are periodically withdrawn and evaluated, their
number should cover at least for the design lifetime.

As mentioned earlier, there are no surveillance specimens in WWER-440/230
reactors; initial material properties were determined with limited scope only at the time
of production. Therefore, it was not possible to monitor RPV time dependent
degradation on a regular basis.

Only after surveillance specimens were withdrawn and evaluated from the
Loviisa plant in Finland and the Kola and Rovensk plant in the USSR, WWER-
440/213, significant deviation from anticipated developments of degradation was
revealed (Fig. 4).

Despite design improvements, the first WWER-440/213 units were fabricated
using basically the same technology and therefore the reactor vessel material properties
are very similar to WWER-440/230 units, as for example Loviisa Unit 1 RPV [35].

This degradation was attributed to both high copper and phosphorus
concentration and high neutron fluence and, as a result of this observation, irradiation
embrittlement of WWER-440/230 units also became a concern.

It has to be also mentioned that the WWER-440/213 surveillance capsules are
located at positions with high lead factor ranging from 7 to 15.

Models and empirical relationships have been developed to assess the initial
properties of WWER-440/230 vessels, some of them showing reasonably good
agreement with experimental data [8].

Research was also carried out to develop correlations between irradiation
induced transition temperature shifts and chemical composition, based on materials
testing reactor and host reactor (in empty surveillance positions) irradiations.

Developed empirical relationships were used to calculate required input data
needed for vessel irradiation embrittlement evaluation for each particular vessel, i.e.,
Tko, AF, and Tk, respectively.
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Based on these results, reassessment of the vessels concerned was performed and
measures were proposed to account for excessive irradiation embrittlement:

modification of operation pressure-temperature limits
replacement of outer fuel assemblies by shielding dummies (36)
use of high depleted fuel assemblies at the core periphery (low leakage
core)
temperature increase in the boric acid injection tanks
replacement of the injection pipes from the cold to the hot leg of main
circulation loop
installation of fast-closing valves in the main steam system
recovery annealing; performed on 9 units, planned for another 3 units.

The degree of implementation of these measures is plant specific.

It should also be noted that archive material was in most cases not available for
the irradiations performed, surrogate (model) alloys had to be used for the irradiation.

Direct application of accelerated irradiation results is also questionable, both for
materials testing reactor irradiations and host reactor irradiations. For the latter case
in particular, the results should not be overemphasized, as there is a rather high lead
factor of about 10 at WWER-440/213 surveillance positions with full core loading, i.e.
irradiation conditions are shifted towards MTR irradiation in comparison with RPV
wall. Careful evaluation of host reactor irradiation (WWER-440/213 surveillance
position) is necessary to obtain reliable conclusions.

Because there are several variables involved whose contribution to resulting
embrittlement is not completely clear, as described later, high priority should be given
to validation of methods utilized by means of removing samples directly from irradiated
RPV for fracture testing. These results will contribute significantly to the RPV
assessment not only for WWER-440/230 units, but also for WWER-440/213 units,
when reliable and conservative RPV safety and residual lifetime assessment has to be
performed based on surveillance data.

1.2. Irradiation Embrittlement Phenomenon

It has been clearly demonstrated that irradiation embrittlement of WWER-
440/230 reactor pressure vessels is one of the main safety related issues due to the
combination of high flux on RPV wall, high impurities concentration (Cu, P) and
limited information available on RPV data.

Neutron irradiation of RPV ferritic steels results in the increase of
ductile-to-brittle transition temperature and upper shelf energy decrease, both being
primarily attributed to irradiation hardening, i.e. to the increase in yield stress and to
the loss of strain hardening capacity.

The increase in yield stress and the strain hardening of ferritic alloys have been
attributed to the creation of defects or defect clusters by the neutron bombardment,
which restricts the movement of glide dislocations. The point defects (interstitials and
vacancies) generated in the displacement cascades during neutron irradiation can:
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recombine
be trapped by impurity atoms
cluster and collapse to dislocation loops (interstitials)
coalesce and form voids (vacancies)
migrate to defect sinks such as interfaces and dislocations.

The migration of point defects towards the sinks may result in radiation induced
segregation and radiation enhanced diffusion, both of which can cause radiation
induced precipitations or clustering in alloys [9].

Besides defect production, the following processes contribute to radiation
embrittlement:

ultra-fine copper-rich coherent precipitates formation (age hardening)
ultra-fine phosphide formation
ultra-fine carbide formation
phosphorus segregation

As indicated above, the type and extent of microstructural damage in ferritic
steels, which determines the changes in mechanical properties, depend mainly on
impurities concentration or chemical composition (Cu, P, Ni) and the neutron fluence;
other important variables are: irradiation temperature, neutron spectrum and flux,
thermomechanical history, concentration of some other impurities or minor alloying
elements. Embrittlement may be controlled by the particular combination of first and
second order variables indicated above. This combination greatly complicates the
problem of developing reliable embrittlement predictions based on a limited
experimental data base [1].

It has been concluded in Ref. [12] that at low irradiation temperatures and high
neutron flux the defect process will dominate, while at higher temperatures and lower
fluxes the age-hardening component will dominate.

It has been shown that copper increases the radiation hardening sensitivity by
two mechanisms [9]:

increase in the density and decrease in the size of radiation defects due
to enhanced nucleation of radiation defects;

radiation induced precipitation due to radiation enhanced diffusion.

For a given composition, the above indicated variables determine the relative
contribution of each mechanism. The precipitation of copper clusters is a thermally
activated process, higher temperatures would tend to increase the contribution of this
mechanism [12]. Therefore, lower temperature of the WWER-440 vessel wall may also
support other embrittling mechanisms. As precipitation is a rather slow process, this
effect may not be revealed in an accelerated irradiation experiment (i.e., flux
dependent).

The addition of nickel above a certain level enhances, due to existing synergism,
the detrimental effect of copper by a mechanism which is not known. Nickel was found
to be associated with copper rich clusters; it is supposed to stabilize the copper rich
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particles. Nickel also stabilizes microvoids, this mechanism being dominant for high
fluence, low flux and low temperature irradiation. Models of nickel enhanced radiation
embrittlement have not been verified by microstructural observation [12]. Saturation
of irradiation damage has been reported in the absence of nickel [10].

Phosphorus segregation to particle/matrix interface results in embrittlement of
high P steels in both unirradiated and irradiated state. In the absence of copper,
irradiation induced clustering of phosphorus occurs in high P steels, resulting in an
increase in irradiation hardening, especially at low neutron fluence and flux. At higher
fluence and higher copper content, the effect of phosphorus is covered by copper
precipitation, dominating the embrittlement process.

The Regulatory Guide 1.99, Revision 2 [39] does not include a phosphorus
effect, because of the data base used, particularly steels with low phosphorus content,
typical for United States production. Conversely, a significant role is attributed to
phosphorus in irradiation embrittlement studies performed in the USSR on WWER-440
type of steel, both for irradiation embrittlement and annealing recovery [11]. Radiation
induced phosphorus segregation - temper embrittlement - was also observed; however,
no intergranular fracture, characteristic of these processes, was present [13].

Saturation of irradiation embrittlement is a frequently discussed item with a
possible positive impact on vessel material degradation. For the WWER vessel steel
no saturation was found even after irradiation to fluence exceeding three times the end
of life fluence [11]. However, significant attenuation of the slope of ATk increase with
fluence after initial steep growth could be recognized (Fig. 7), which might, considering
usual scatter, tend to saturation [35].

Effort spent on mechanistic understanding of irradiation embrittlement yielded
substantial improvements in reliability of data correlations and predictions. However,
there still exists a number of issues which have to be clarified. A large amount of
uncertainties in characterizing the material state as a function of service life and history
complicates the safety assessment, these being further pronounced by deficiencies or
deviations from standard practices at the design and fabrication stage.

Uncertainties, summarized in Ref. [l] for United States PWRs, also apply to
WWER-440 reactor vessels:

(1) The accuracy of either plant specific or correlation based estimates of
transition temperature shifts.

(2) The effect of high-fluence and low-flux; treatment of the effects of
spectrum and irradiation temperature.

(3) The validity of used reference toughness curves and their shifting as per
(1).

(4) The actual versus nominal value of significant variables in the most
critical location in the vessel.

(5) The lack of information on several properties such as static upper shelf
fracture toughness and on the effects of in-service irradiation on these
properties. Uncertainties in initial properties.
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(6) Gaps in basic understanding and detailed empirical characterization of
many aspects of embrittlement, annealing recovery and re-embrittlement
phenomena.

Although the irradiation embrittlement presents difficulties in many older
nuclear power plants and the underlying nature is the same, it is not possible to transfer
directly all the existing data and knowledge. This is particularly important when
comparing WWER pressure vessel steels with other PWRs because of differences in
alloying systems.

1.3. Annealing Recovery of Irradiation Embrittlement

It has been demonstrated that annealing embrittled reactor vessel materials
significantly restores the fracture properties. The degree of recovery for a given steel
depends on the time and temperature at which annealing is performed. Low
temperature annealing (343°C, wet) was successfully performed in the USA: the Army
SM-1A vessel in 1967, and in Belgium: the BR-3 vessel in 1984 [14]. Successful
annealing of WWER-440 reactor vessels was performed at temperatures approximately
450°C on 9 vessels (dry), when the degree of recovery is approaching 100% in terms
of ductile to brittle transition temperature. Most recently, 475°C annealing has been
applied for high phosphorus welds. Research results were also supported by testing
specimens, removed directly from the annealed vessel and also by annealing the
Novovoronezh Unit 1 trepan [7, 11].

Fine copper precipitates are mainly responsible for irradiation hardening,
manifested as embrittlement. The annealing recovery is being explained as promoting
the growth or coarsening of larger Cu particles at the expense of smaller particles, an
Ostwald ripening model [12, 15]. Reduction in embrittlement is a result of a decrease
in the number of dislocation pinning points. A lower re-embrittlement rate could be
consequently observed due to less copper available in solid solution for radiation
enhanced fine precipitation. If resolutionising of copper, the second annealing
mechanism, occurs during annealing, these two mechanisms may compete and,
particularly at lower annealing temperatures, an increased re-embrittlement rate was
observed [12].

For WWER vessel steels, a significant role of phosphorus was observed on
residual embrittlement level after annealing; at lower annealing temperatures higher
residual embrittlement was found with increasing phosphorus content compared to
higher annealing temperatures. It was also demonstrated that residual embrittlement
found after annealing is not related to the effect of ageing during the annealing process
or to the exposure to the temperature of operation [11].

Even though noticeable engineering experience with annealing exists, there is
still only limited information on underlying mechanisms of both annealing recovery and
re-irradiation behavior. This mechanistic understanding would provide valuable
contribution and guidance in validation and/or development of reliable annealing
procedures and safety assessment of annealed vessels.

Although it might not be entirely evident, the annealing treatment of embrittled
reactor pressure vessel represents a rather complicated engineering process. The
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required effort to develop and validate sound annealing procedures can be summarized
as follows [28]:

development of scientific fundamentals as a basis for annealing
temperature and time selection
temperature distribution analysis in vessel itself and surrounding reactor
pit volume
stress analysis of the vessel and geometry changes for the whole
annealing regime
evaluation of annealing effectiveness and development of annealed vessel
integrity assessment methods (with respect to re-embrittlement)
operating limits development for annealed vessel
plant specific workplan development
annealing furnace development
monitoring of the vessel state before and after annealing including
development of appropriate monitoring methods and instrumentation.

1.4. Irradiation Embrittlement Assessment

In order to perform reliable safety assessment (or residual lifetime assessment),
a proven and validated methodology has to be employed. Generally, initial properties
have to be determined as well as time dependent degradation effect upon them, and
compared with adopted criteria or operation conditions (p-T limits).

The safety assessment of a reactor pressure component is based on five
principles:

quality through production
multiple parties testing
worst case simulation in R&D programmes
continuous in-service monitoring and documentation
validation.

The first principle is supported by the other four, which serve as independent
redundancies [16, 37].

The most common approach in vessel assessment, used throughout the world,
is based on the reference nil-ductility-temperature RTNDT as defined by the ASME
Code. The RTNDT is evaluated using both Charpy-V notch impact and drop weight test.
Using fracture toughness reference curve KIR based on experimental data, a lower
bound fracture toughness curve for brittle failure can be established (Fig. 5), and
adjusted by shifting RTNDT for a value, determined by Charpy surveillance specimen
shift at the 41 J level.

In the linear elastic regime, a quantitative safety margin is evaluated comparing
this lower bound fracture toughness curve with the calculated loading situation of the
component in terms of stress intensity.

In the elastic plastic regime, only qualitative judgment of resistance against
ductile failure is usually performed with the changes in Charpy upper shelf energy used

25



o

0,9 m m

68

' «DT

TEMPERATURE [*C]

EOl

AUSE
*/. Cu

EOL
Fluence (E>lMeV)

o
a:
UJ
2
LU

o"

BOL

EOL

TEMPERATURE

/
'RT,NOT (ad)]

FIG. 5. ASME Code procedure to determine linear elastic fracture mechanics properties [16].

as a signal of significant degradation; upper shelf energy below 68 J being the screening
criterion.

Where difficulties are present due to limited applicability of particular
surveillance programmes, less accurate but also conservative predictions of irradiation
induced degradation, based on correlations contained in the US NRC Regulatory Guide
1.99, Revision 2 [39] are used.

The approach developed in the USSR and used for WWER reactor pressure
vessel assessment differs in some aspects from these methods described above.

Three documents (codes) were published in the USSR on the assessment of
brittle fracture resistance: Temporary Method of Nuclear Reactor Pressure Vessel
Brittle Fracture Resistance Assessment, Interatomenergo Standard on Strength
Calculation of Brittle Fracture Resistance, and most recently Standards for the
Calculation of the Strength of Equipment and Pipelines of Nuclear Installations [17],
which is applicable to present assessments and evaluations.

The methods contained in these documents are similar, the main difference lying
in allowable fracture toughness values [K,^; the Soviet code also allows to use specific
values for individual groups of materials in addition to the general one [38].

In this method, the stress intensity factor is calculated for postulated
semi-elliptical surface defect, depth 1/4 of vessel wall thickness, a/c = 2/3, according
to the formulas given in the documents above. Calculated values of stress intensity
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factors [MPa.m1/2], are then compared with the allowable ones for different regimes of
operation, presented in the general form:

[KJ, = A + B • e^-TV (1)

where factors A, B, and C are given for each particular material and regime of
operation (index i), i.e., 1-normal, 2-upset, 3-emergency, in [17] or preceding codes.
Hydraulic and leak testing is also included. T is the temperature at the deepest defect
point, Tk is critical temperature of brittle fracture of a given steels, the only material
property parameter employed in the analysis.

Applied stress intensity factor has to fulfill the condition:

K, < [KJ, (2)

which is used to calculate limiting Tk values for each regime, Tk,,A Maximum
allowable Tk temperature, Tk

a required for safe operation from the point of view of
brittle fracture is defined

Tk
a = min [T\(I)] ,.1A3 (3)

In other words, if critical temperature of brittle fracture Tk for a given material of a
particular vessel in depth of one quarter of wall thickness exceeds Tk

a value, brittle
fracture may occur.

Compared to the ASME Code and the Code of Federal Regulations 10 CFR 50
respectively, the fracture analysis is performed using the crack initiation approach only
and linear elastic fracture mechanics. There are no requirements concerning upper
shelf levels and their changes.

The only material parameter included in this analysis is therefore the Tk. The
critical brittle fracture temperature Tk is determined:

Tk = Tko + ATT + ATN + ATF (4)

For the WWER-440/230 beltline region the ATN, shift in Tk due to fatigue damage and
ATT, shift in Tk due to temperature ageing are supposed to be close to or zero and
could be therefore neglected.

Consequently, to account for the irradiation embrittlement only, Equation (4)
could be rewritten:

Tk = Tko + ATF

(5)
ATF = AF(FxlO-22)1/3 for lO^FfcS.lO24

where Tko is the initial value of critical brittle fracture temperature and ATF irradiation
induced shift in Tk, AF is the irradiation embrittlement factor [°C], and F is the neutron
fluence [n.nT2, E > 0.5 Me V].
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The transition temperature TK is that temperature which fulfills the
following conditions :

1. The mean value of notched bar impact strength at a temperature T K
must not be lower than the values shown is the table below.

2. At a temperature TK , none of the three tested specimens should exhibit
notched bar impact strength below 70 % of the value in the table.

3. The mean value of the notched bar impact strength at TK -t- 30 K must
not lie below 1,5times the value in the table.

4. The ductile fracture proportion of each specimen at TK + 30 K must not
be lower than 50 %.

In summary: TK is the highest of the temperatures
T , T , T , T according to the following diagrams

1.5 X/L

0.7 xA v . - - - - -•-/-

Ductile fracture proportion
B

50%

=4 .30 K

N. B. : in general TK = T1

Proof stress
RPO,2 (MPa)

< 300
300 - 400
400 - 550
550 - 700

Notched bar impact strength
(KCV) (J/cm2 )

C

30
40
50
60

Absorbed energy
Av c (J)

24
32
40
48

FIG. 6. Determination of the transition temperature Tk according to Soviet regulations [7].

Tk values in both initial and irradiated state have to be determined
experimentally, using a standardized procedure described in Ref.[17], summarized by
Ahlstrand et.al. (Fig. 6). This procedure is based on Charpy-V notch testing entirely.

Where not applicable, empirical relationships could be used to evaluate Tko and
AF; this is unfortunately the case for the majority of WWER-440/230 semi-products or
units respectively.
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Empirical formulas used to calculate Tko and AF rely on chemical composition.
Several authors have published slightly different versions of these formulas; the most
common ones are [24, 17]:

Tko=101.6-171(Mn.Mo) + 151.8(Mn.V) + 8224(Si.P)-
-42139(S.P)-2726(P)-163(Si.Mo) (6)

18 base metal
AF = (7)

800 (P + 0.07 Cu) weld metal

where contents of elements is given in wt%. Equation (7) applies for the irradiation
temperature Tirr = 270°C.

A discrepancy exists in the AF factor relationship for the base metal between
applicable standard [17] and the information presented by Soviet experts at the Design
Review Meeting held in the framework of the IAEA WWER Programme in Vienna
in 1991, where for the case of base metal the AF is not a fixed value as in Equation (7)
and depends on phosphorus concentration and is calculated [4]:

Ap = (1100.P)-2

Also for the weld metal, in recently published papers by Amaev and co-workers
the chemistry factor is generally used in the form (P + O.l.Cu), compared to the one in
Equation (7).

As already mentioned, at the time of V-230 vessel production, some of the
chemical elements were not analyzed; nor was the weld metal; (welding wire only), this
can further complicate the Tk evaluation (and often does), which has to be based on
statistical data.

Using these formulas, various uncertainties could affect resulting Tk values.
Obviously the chemical composition has the major influence, fluence measurement
errors being less significant. In addition, error in Equations (5) and (7), based on
surveillance data, as well as in Equation (6) have to be considered.

Supplementary assessment with respect to possible scatterband is desirable,
despite the fact that Equations (5) and (7) originate from current standards [17] (Eq.
(6) does not).

The error or scatterband is particularly important when assessment of residual
lifetime is performed with respect to Tk

a value (Fig. 7). The end of life is determined
by intersection of the Tk trend curve for a given vessel with the Tk

a value, represented
by the dashed horizontal line in this Figure. The very small difference in the slopes of
these curves indicates that relatively small errors in input data (in terms of Tk, Tko, AF,
F) could yield a rather large error in the end of lifetime estimate, which determines the
safety margin involved.

It has been suggested that the effects of annealing and re-irradiation can be
described by shifts of irradiation embrittlement trend curves. "Lateral" or "vertical" shift
were adopted in the USA to predict annealing and re-embrittlement effects. It has
been demonstrated, for an annealing cycle of 455°C for 168 hours, that the vertical shift
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approach agrees well with the experimental data [12]. A third "conservative" approach,
was developed and adopted in the USSR [29] (Fig. 8). When 100% recovery occurs,
the "conservative" approach becomes identical with the lateral shift approach. This
approach provides a conservative bound to the data, presently available in the USSR
on annealing recovery and re-embrittlement behavior.

When annealing is performed the critical temperature of brittle fracture Tk is
calculated according to the relationship:

ATF,resid + A T N + AT T + ATF (8)

where ATF resjd recommended value is 20°C for annealing temperature 460°C for the
purpose of conservatism, although there is some experimental evidence that almost
complete recovery occurs. As in equation (4), the ATT and ATN components could
be also neglected for the beltline region.

Equation (8) corresponds to the conservative shift approach.

There are no requirements concerning upper shelf recovery and
re-embrittlement behavior after annealing.

In all cases the Tk is determined using transverse specimen orientation with
respect to final product only.
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1.5. Relevance to other Reactor Types

The irradiation embrittlement of reactor pressure vessel steel, as seen with
WWER-440/230 reactors, is generally one of the limiting factors of many older
reactors, due to the state of knowledge at the time of design and fabrication.
Corrective measures have been adopted at the design and fabrication stage since then,
resulting in less irradiation embrittlement due to the use of cleaner steels with an
alloying system less prone to embrittlement and lower fluence at the reactor vessel wall
due to both larger water gap between the outer fuel assemblies and the vessel wall and
fuel management.
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The usual way of time dependent degradation-irradiation embrittlement
monitoring by surveillance specimen testing is not available for the WWER-440/230
reactors. However, several early vessels of the next generation, model 213, which have
been fabricated using more or less similar materials and technology, do have
surveillance specimen. Surveillance specimen results, obtained on some units model
213 can therefore possibly be to some extent utilized while evaluating the irradiation
embrittlement of model 230 vessels.

As a major part of the data base on model 230 irradiation embrittlement has
been developed using host reactor irradiation in model 213 empty surveillance channels,
some characteristic features of these surveillance programmes are mentioned below.

According to the Soviet design, one surveillance set consists of 18 tensile, 36
Charpy-V notch and 36 pre-cracked plain sided Charpy specimens, from base, weld
metal and heat affected zone, enclosed in stainless steel capsules, connected together
to form two chains, each approximately 2.55 m long. They are located close to the core
with flux levels typically 1 - 3 x lO^n.m'V1, lead factor being fairly high from 7 to 15,
which is, however, not unusual for western plants [35]. These parameters could change,
for example if shielding dummy elements are inserted. Surveillance capsules are
hermetically sealed. Further irradiation in emptied surveillance channels is sometimes
performed using perforated capsules with specimens in direct contact with reactor
coolant.

The flux level at the vessel wall with full and reduced core loading is
approximately SxlO^n.m'V1 and IxlO^n.m'V1, respectively. Dummies installation also
rotates (shifts) the maximum flux value by about 20 degrees to both sides from
hexagonal core corner [38].

The credibility and reliability of available model 230 vessel irradiation
embrittlement data for the purpose of integrity assessment may be limited due to a
large number of variables involved: limited availability of archive materials, chemical
composition, manufacturing technology, fluence, flux, and dosimetry.

Similar problems have been encountered for example in the USA, where several
issues related to irradiation embrittlement have been resolved using statistical treatment
of large data bases to compensate for missing or limited value data.

Several plants in the USA were lacking material chemistry data and were forced
to use worst case values in estimating vessel embrittlement. EPRFs contribution to
compiling reactor pressure vessel materials databases has been instrumental in
eliminating unrealistic conservatism for these plants [20].

Besides transition temperature shift due to irradiation, the low upper shelf
toughness issue is regarded as very important from the safety point of view. This
problem developed in some PWR vessels, fabricated by Babcock and Wilcox (B&W)
between 1965 and 1973, because of the material used in the submerged arc welding
process. During welding, flux Linde 80 was used because it resulted in very small and
finely dispersed non-metallic inclusions, producing good radiographs and minimizing
required weld repairs. Unfortunately it was not recognized that the small particle size
also leads to relatively low initial Charpy upper shelf energy. High copper content of
these welds makes them particularly vulnerable to irradiation embrittlement. No
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information exists on a comprehensive study concerning this issue for WWER-440
welds, since there are no requirements on minimum upper shelf level in applicable
codes.

Progress in the low upper shelf toughness issue has been achieved by B&W
Owners' Group formed to solve this issue [19], by collective treatment of the data
available. It has to be also mentioned that the proprietary nature of the data, obtained
as a result of this Owners' Group activities, has produced some very delicate situations
with respect to the dissemination of information resulting from the work funded by the
member utilities of the group.

1.6. Regulatory Approach

Regulatory approach as far as irradiation embrittlement and its implications is
concerned in WWER-440/230 user States is generally based on the methods described
above, which were developed in the Soviet Union, i.e. the Tk approach.

Recently, development in this field could be observed, specific to each WWER
user State. Further balanced and integrated advancement is highly desirable, including
some form of comparison of methods and procedures utilized in Member States.
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2. WORK IN MEMBER STATES

2.1. International and National Programmes on Irradiation Embrittlement

Attention proportional to its significance to the safety of operation of nuclear
power plants is being paid to irradiation embrittlement and its implications on an
international basis.

The IAEA, following the recommendation of meetings on pressure vessel
technology in 1967 and 1968, started in 1971 a co-ordinated research programme on
irradiation embrittlement of pressure vessel steels, .which is now in its third phase:
"Optimizing Reactor Pressure Vessel Surveillance Programmes and their Analyses".
The key focus is upon advancing quantitative fracture mechanics methodology and
assuring the extrapolation of qualitative fracture methods, dominating surveillance
testing until recently and to seek understanding of the mechanisms, controlling the
embrittlement.

The aim of phase 1, "Irradiation Embrittlement of Pressure Vessel Steels", was
to establish a common basis for irradiation embrittlement evaluation and to compare
various steels used in RPV production. Phase 2 closely followed, its title "Analysis of
the Behavior of Advanced Reactor Pressure Vessel Steels" clearly indicating the
objectives.

In 1988, the International Group on Radiation Damage Mechanisms in Pressure
Vessel Steels (IG-RDM) was established in order to accelerate radiation effects
mechanisms identification and understanding. The IG-RDM meetings provide a basis
for informal exchange of information and ideas concerning irradiation embrittlement.

Since the mid-1970s, the US NRC, in co-operation with an Euratom Working
Group, has co-ordinated the "NRC Light Water Reactor Pressure Vessel Surveillance
Dosimetry Improvement Programme" aimed at advancement in predictions and
measurements of neutron fluence, spectra and flux parameters with wide international
participation.

To assess the reliability and transferability of irradiation embrittlement
predictions based on surveillance and material test reactor data in comparison with
effective material state, a trial was started in co-operation with the US NRC, MEA,
AERE-Harwell and MPA Stuttgart. Trepans, taken from the Gundremingen A
(KRB-A) reactor pressure vessel, which was shut down in 1977 after ten years of
operation, were investigated together with unirradiated reference materials within this
programme.

In addition to these activities, which are the most important, a number of
meetings and symposia were held, sponsored by ASTM, IAEA, OECD and others.

In these programmes and activities, mainly non-WWER reactor vessel materials
are being investigated. Former COMECON relevant subcommittees organized
international activities concerning irradiation embrittlement and its monitoring, with the
participation of WWER owner-countries, (i.e., nuclear COMECON countries plus
Finland in some cases). Unfortunately, all the activities ceased after COMECON
disintegration and there was no continuation or progress in even the most useful
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activities of the group (for example WWER surveillance database). Only recently, some
new developments are taking place in the field of neutron dosimetry, RPV failure
assessment and surveillance programmes [38].

Only WWER reactor users participated in programmes focused on WWER-440
reactor pressure vessel embrittlement: Czechoslovakia, Finland, Germany, Hungary and
the USSR. Bulgaria has been relying entirely on the Soviet expertise, no work
concerning irradiation embrittlement, annealing treatment and vessel integrity
assessment has been performed (reported). In Hungary, the majority of the work done
is related to the operated WWER-440/213 reactor safety and residual life assessment,
i.e. surveillance testing of relatively irradiation embrittlement insensitive steels.

There are various research projects going on in the USSR on irradiation
embrittlement, generally addressing the recognized critical issues. An overview of
relevant activities was given by Dragunov [21]; those concerning model 230 reactor
vessel embrittlement could be summarized as follows:

development of irradiation embrittlement trend curves as a function of
neutron fluence and irradiation temperature
impurity concentration effect evaluation with respect in particular to high
Cu and P steel and weldments
neutron flux effects evaluation with respect in particular to high Cu and
P steel and weldments; irradiation in material test reactor and model 213
reactor surveillance position (with and without shielding assemblies)
combined effects of irradiation and coolant
correlation between Charpy impact and fracture toughness determined
shifts in transition temperature
effect of irradiation on upper shelf level reduction
mechanistic understanding of neutron irradiation effects with respect to
chemical composition

- ' annealing recovery and reembrittlement behavior and evaluation as a
function of time and temperature of annealing, chemical composition,
flux and fluence
surveillance database preparation
warm pre-stressing effect evaluation
large-scale vessel models testing.

The USSR is participating in various international activities concerning the
irradiation embrittlement issue. In the framework of the joint Soviet-American
Seminar of Coordination Commission of Safety of Civil Nuclear Reactors, which is
being held regularly, a working group on radiation embrittlement and annealing
treatment of reactor vessels and support structures was established. Exchange of
information and informal discussions provide a valuable contribution of this working
group to irradiation embrittlement issue resolution.

Since Loviisa units were built in Finland, co-operation between the USSR and
Finland has started. More recently, a joint effort in investigation of Novovoronezh Unit
1 vessel trepan is under way. However, only a limited amount of results has been
published, most of them being treated as proprietary and confidential.
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The USSR also participates and contributes to activities organized by the IAEA
(corresponding co-ordinated research programme) and by the International Group on
Radiation Damage Mechanisms. Although the work performed within these
multinational groups focuses mainly on non-WWER materials, its reference capabilities
could be useful for WWER-440 safety evaluation.

In Finland, intensive work on irradiation embrittlement can be traced back to
1979, when the first set of surveillance specimen of Loviisa Unit 1 was tested. A rather
high shift in transition temperature of the core weld metal was revealed, compared to
the expected one on the basis of design information [22, 23]. Since then, significant
effort has been spent in Finland on irradiation embrittlement investigation of WWER-
440 vessel steels, and although both Loviisa reactor vessels are of the WWER-440/213
type, the results obtained are closely related to WWER-440/230 units as far as material
properties are concerned. Finland joined the IAEA CRP in 1984 and was one of the
founding members of the International Group on Radiation Damage Mechanisms.
Recently, Finland is co-operating with the USSR on Novovoronezh Unit 1 trepan
evaluation, using its own experimental and fracture mechanics expertise. Unfortunately,
as already mentioned, most of the information still remains confidential (proprietary),
despite the fact that Finland expressed on several occasions its preparedness to
exchange data with other WWER owners. Finland also participated recently in joint
Finland-Germany efforts on irradiation embrittlement evaluation of Greifswald Unit
1 vessel [7], where direct measurements of chemical composition and impact properties
(sub-size reconstituted impact specimens) were performed on specimen, directly
removed from the vessel inner surface.

In Czechoslovakia, several research projects on irradiation embrittlement have
been conducted, designed to address specifically Skoda products behavior, i.e., WWER-
440/213 and W WER-1000/320. Only recently a project concerning the WWER-
440/230 units was started, aimed at validating the proposed annealing treatment
procedure for Jaslovske Bohunice Unit 2. Annealing recovery and re-irradiation
embrittlement (up to 3 cycles) is being investigated for a wide range of materials
concerned-base and weld metal of Soviet and Czechoslovak provenience, Soviet made
root weld metal, weld metal produced according to the analysis of actual weld of
Bohunice Unit 2 and stainless steel cladding. IAEA CRP correlation monitoring
materials are also included. Results of the irradiation programme, performed in both
materials testing reactor and host power reactor, will be available in 1992 and 1993
respectively. Czechoslovakia is participating in the respective IAEA CRP on irradiation
embrittlement and is a member of the International Group on Radiation Damage
Mechanisms.

Czechoslovak and Soviet experts have been most heavily involved in the work
of relevant COMECON subcommittees on preparation of COMECON and
INTERATOMENERGO standards and procedures in this field.

In non-WWER countries a number of programmes are carried out to resolve
irradiation embrittlement issues. Contributions from Belgium, France, Germany, Japan,
the United Kingdom, the USA and others helped to gain general understanding of the
underlying nature. Possibly the most comprehensive national programme is the US
Heavy-Section Steel Irradiation Programme (HSSI), with its conclusions widely applied
throughout the world.
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2.2. Overview of Available WWER-440/230 Data

The irradiation embrittlement issue of WWER-440/230 vessels is composed of
or could be split in several items, each of them playing its role in vessel safety:

initial critical brittle to ductile transition temperature of the base and
weld metal
irradiation embrittlement as a result of service exposure
annealing recovery
re-embrittlement behavior
assessment procedures.

These items are being addressed by the aforementioned activities in Member States.

For both initial properties and their time dependent degradation, the chemical
composition, in particular impurities concentration (Cu, P), is the major factor. As
indicated, the measurements of Cu and P contents were not performed at the time of
production. Chemical composition of the weld seam was determined (calculated) using

TABLE IV. CONTENT OF PHOSPHORUS AND COPPER DETERMINED ON SAMPLES OF
ANNEALED WELD METAL OF THE OPERATING REACTOR VESSELS

Plant

Impurity concentration in veld metal, weld Ko. 4
Phosphorus (P)
measured

min. max. aver.

used in
Calcula-
tion

Copper (Cu)
measured Used in Reference

Calcula-
tion

min. max. aver.
Kovovo—
ronezh 3 0,0336 0,0401 0,038 0,039 0,123 0,138 0,130 0,21

Armenia 1 0,032 0,034 0,033 0,030 0,110 0,110 0,110 0,16

Greifs-
wald 1 0,032 0,034 0,033 0,036 0,086 0,104 0,092 0,12

Greifs-
wald 2 0,033 0,037 0,035 0,032 0,150 0,157 0,1535 0,18

Kola 1 0,0306 0,0331 0,032 0,037 0,121 0,146 0,134 0,21

Kola 2 0,0317 0,0375 0,0346 0,036 0,133 0,154 0,145 0,12

Kozlo-
duy 1 0,028 0,036 0,032 0,036 0,100 0,120 0,110 0,12

J. Bohu-
nice 2 0,032 0,036 0,034 0,036 0,133 0,142 0,138 0,20 6, 18

37



a model, which takes into account the transfer and mixing of material between welding
wire and flux used. For the case of each individual vessel, fairly good agreement was
found between these calculated values and results of measurements, performed directly
on the vessel (scraps), Table IV.

Generally, the calculated values are very close to the measured maximum values.
Good agreement was found for the base metal too, both for impurity and alloying
elements concentration [18].

Even with this good agreement between predicted and measured values,
chemical composition of the vessels concerned should be determined on an
experimental basis where applicable, as it is determining the overall behavior of the
material.

The initial brittle to ductile critical transition temperature Tko was not
determined experimentally for the weld metal (with few exceptions [38]). Empirical
relationship was developed to calculate the Tko values using chemical composition, see
Equation (6) [24]. Comparison of predicted and measured values (Fig. 9) yields fairly
good agreement. However, as the chemical composition of the weld metal, used as an
input to these calculations, was determined using model based empirical calculations,
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FIG. 9. Comparison of experimentally measured and calculated Tko values [25].
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supplementary scatterband assessment is highly desirable to validate the approach
presented and to quantify safety margin included (if any). The uncertainty included in
this approach is documented by an example of Jaslovske Bohunice Unit 2 assessment.
Tko = 50°C was recommended by Soviet experts for the use in vessel weld No. 4
assessment, despite the fact that Charpy impact energy results, provided by Soviet
experts, are always larger than 49 J/cm2 at 20°C, indicating 20°C is a likely candidate
for Tko, (see also Fig. 6) [18].

There is some discrepancy in formulas for Tk calculation, which might be the
reason for using Tko = 50°C, i.e. compared to the applicable standard [17], there is
"temperature margin" [AT] = 30°C included in the formulas per standard, which was
applicable from 1973 onwards, until [17] superseded it.

However, Tko values for model 230 beltline are given to be 0°C and 20°C for
base and weld metal respectively in Ref. [4], provided by the Soviet experts for the
Design Review Meeting. Controversially, 0°C and 40°C is given in the currently
applicable standard in the Soviet Union [17].

It could be concluded that apart from sparse and incomplete data available, the
Tko could be re-evaluated using either above-mentioned empirical models or using
surrogate alloys, prepared in order to model the material concerned. In both cases care
must be taken to account for uncertainties and errors which may occur. There seems
to be no archive material available for the vessels and particularly welds concerned.

Irradiation embrittlement is evaluated using ductile to brittle transition
temperature shift in terms of ATF. ATF shift is calculated using Equation (5), where
irradiation embrittlement factor AF depends on:

chemical composition
flux
irradiation temperature.

After deviations of irradiation embrittlement rate from expected values were
revealed, attempts were made to resolve this issue and with respect to the
above-mentioned, i.e. no surveillance specimens provided and no archive material
available, several empirical relationships were developed to correlate AF with chemical
composition. The Equation (5), most widely used in vessel assessment, was finally
incorporated into applicable standards [17], and comparing it with published data on
irradiation embrittlement in terms of ATk, it shows very good agreement with
experimental data (to which it presents "upper bound curve"), particularly at flux levels
of 4 x 1015 n.m'V1, E > 0.5 MeV (Fig. 10), which is close to flux at reactor pressure
vessel wall (with full core loading). In Fig. 11, irradiation embrittlement factor AF as
a function of chemistry factor, K = (P + O.l.Cu) [11], is given for both base and weld
metal irradiated at 27Q°C at two flux levels, (compare with measured impurity
concentration, Table IV). K for V-230 vessels, where direct measurement was
performed, is within 0.038 and 0.053. The effect of flux is clearly demonstrated; the
curve in Fig. 11 represents upper bound to higher flux data and almost all lower flux
data can be found on or above this curve, indicating higher embrittlement rate at lower
flux, which, however, becomes effective at high impurities concentration [35].

Twofold increase in the value of irradiation embrittlement factor AF was
observed as a result of flux reduction from 7 x lO^n.m'V1 to 4 x lO^n.m'V1. The effect
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metal of 15Kh2MFA steel (O, D) and its weld metal (•, M), Tirr = 270°C, 'two flux levels' [11].
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FIG. 12. Novovoronezh Unit 1 vessel embrittlement, trepan investigation, metal, see also Fig. 21 [27].

of relative proportion of thermal neutrons increase was excluded in this flux effect
evaluation [26], and irradiation embrittlement enhancement consequently attributed
entirely to the effect of flux.

Furthermore, the negative effect of lower flux was observed in Novovoronezh
Unit 1 trepan examination, which was performed after 20 years of operation. The
beltline material is similar to model 230 material, from the irradiation embrittlement
point of view the major differences are low flux » 5 x 1014n.m"2s"1, lower irradiation
temperature 250°C, decreasing at the end of a cycle to 230-240°C [11]. Transition
temperature shift due to irradiation to fluence approximately 2.5 x 1023n.m"2 was found
to be 160°C (Fig. 12), significantly exceeding the values, predicted according to
applicable standard [27].

Conversely, examining the Loviisa Unit 2 surveillance specimen irradiated with
full and reduced core configuration, no flux effects were observed [34].

Upper shelf drop due to irradiation of approximately 30% of unirradiated value
was also observed, which is also indicated in Fig. 12.

Similar behavior was found in the Gundremingen A trepan investigation in
comparison with both archive material, irradiated in materials testing reactors (approx.
2 orders of magnitude difference in flux) and predictions, based on the US NRC
Regulatory Guide 1.99, Revision 2. Directionality effects were observed on the reactor
vessel trepan, the transverse specimen orientation (T-L according to ASTM E-399
standard) being the weaker one, both with respect to initial state and sensitivity to
irradiation embrittlement in terms of transition temperature shift and upper shelf drop.
Neither of these irradiation induced changes was found to be conservatively predicted
by the accelerated materials testing reactor irradiations or the Regulatory Guide 1.99,
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FIG. 13. Irradiation embrittlement trend curves for different impurity concentration,
K = P + 0.1 Cu [11].

Revision 2. On the other hand, strong conservatism of this Guide was found with
respect to attenuation of material degradation through the thickness of the vessel wall
[16].

As already mentioned, irradiation embrittlement of WWER-440 type steels was
found to depend on (in the order of importance) phosphorus, copper,
phosphorus-copper interaction and other processes (other alloying elements, irradiation
directly induced defects) [11]. The trend curves slope (in terms of ATF vs. fluence)
increases with increasing impurity concentration (Fig. 13).

No saturation effect of irradiation embrittlement was found. On the contrary,
enhancement of the degradation effect was observed at fluence, exceeding end-of-life
fluence when analysis of the surveillance data from Kola Unit 3 was performed [11]
(Fig. 14).

When irradiation embrittlement exceeds the acceptable level, annealing
treatment becomes the only measure for recovery. Most of the data available and
industrial experience on annealing relates to WWER-440/230 vessels.

It has been shown that annealing recovery degree for a wide range of chemical
compositions and hold periods at annealing temperature 100 hours after irradiation in
both materials testing reactors and host reactors is a function of difference between
irradiation and annealing temperature (Fig. 15), and almost 100% recovery in terms of
transition temperature occurs approximately 190°C above irradiation temperature [21].
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FIG. 14. Behaviour of RPV steel after irradiation to fluences beyond the end of 'life fluence. Kola Unit 3
surveillance specimen [11].

Most intense annealing recovery was found to occur during the first hours at
annealing temperature, then slowing down to 100 hours, above which saturation of
recovery was observed. The higher the annealing temperature, the faster the process
[11].

It has been shown that annealing recovery in terms of transition temperature and
yield stress for WWER-440/230 type base and weld metal could-be directly attributed
to both annealing of radiation defects and redissolving of fine intragranular precipitates
[13].

The residual embrittlement, ATFresid, was found to be independent of neutron
exposure (fluence) (Fig. 16).
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FIG. 18. Residual embrittlement as a function of phosphorus concentration and annealing temperature,
base and weld metal (not specified) [11].

To evaluate the effect of chemical composition on annealing recovery, 10
different materials were investigated with phosphorus and copper content varying from
0.006 to 0.055 wt% and 0.03 to 0.22 wt%, respectively, irradiated in MTR and
commercial power reactors to fluence 1.8 - 23.0 x 1023n.nV2. Significant dependence on
phosphorus concentration was found (Fig. 17), the residual embrittlement level ATFresid
being inversely proportional to annealing temperature (Fig. 18). Individual effecfof
copper was not revealed in this study due to the selected impurities concentration in
materials employed.
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The re-irradiation behavior was also evaluated for several impurities levels for
both base and weld metal (Fig. 19). Complete recovery occurred after annealing at
460°C even after three cycles of irradiation. It is indicated in Ref. [11] that virtually
the same results were obtained for this type of steel with 420°C anneal. For
comparison, recovery due to annealing at 340°C (highest possible temperature for "wet"
annealing) is also given in Fig. 19.

Comparing Fig. 19 with Fig. 20, effect of impurity concentration on annealing
recovery and reembrittlement behavior is also demonstrated. Higher copper and
phosphorus concentration leads to residual embrittlement ATFiresjd enhancement.

In the above mentioned studies of annealing related behavior, effects of
temperature ageing were excluded; exposure to annealing temperature 420°C for 150
hours did not produce any changes in Charpy impact properties.
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FIG. 20. Annealing and re-embrittlement behavior of base (BM) and weld metal (WM). Armenia NPP
surveillance specimen [29].

There are no data on the root weld metal behavior available up to now, both
concerning its irradiation embrittlement and annealing recovery.

Potential changes in fracture properties of stainless steel cladding during
irradiation, annealing and re-irradiation were not expected to be significant; however,
there are no results available. Even the initial properties of the cladding are expected
to be fairly low, of the order of 50 J in terms of Charpy impact energy [38]. In the
USA, within the framework of the Heavy-Section Steel Irradiation Programme, rather
low resistance to crack initiation was found in irradiated cladding at the test
temperature 288°C, corresponding to vessel wall temperature during operation [31].
Microanalytical studies, performed on Novovoronezh Unit 1 trepan have shown that no
significant diffusion of the alloying elements (nickel, chromium, molybdenum) occurred
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from stainless steel cladding to the ferritic vessel metal during 20 years of operation at
temperature 250°C. The presence of cladding was found not to alter the kinetics of
annealing of the ferritic wall. Annealing up to 650°C did not alter the distribution of
alloying elements and it was concluded that annealing treatment does not have a
negative impact on re-embrittlement behavior of the ferritic vessel wall and corrosion
resistance of stainless steel cladding due to redistribution of nickel and chromium,
respectively [32].

Results obtained in irradiation experiments in materials testing reactors and host
WWER-440 reactors originate from the USSR. Further results are expected to be
available after the experimental programme in Czechoslovakia, developed specifically
to justify annealing treatment of Jaslovske Bohunice Unit 2, will be completed in 1992
and 1993.

Studies on irradiation embrittlement and in particular annealing recovery
performed on non-WWER materials, support qualitatively the results and conclusions
obtained. However, their direct comparison with WWER data would not yield any
benefits for the purpose of this study due to differences in the alloying system and
irradiation conditions.

To validate research results, evaluation of material, cut out directly from the
vessel wall-trepans, provides the most reliable way.

Since the Gundremingen anomaly was revealed, more attention has been paid
to validation of research results by such a direct measurement of reactor pressure vessel
wall properties.

With respect to annealing treatment of the commercial reactor pressure vessel,
the Novovoronezh Unit 1 trepans were also used to evaluate the annealing capabilities.
It has been shown that almost complete recovery occurs with annealing at 460°C for 72
hours (ATFiresjd = 10°C) and 70% recovery occurs with annealing at 420°C for 150 hours
(Fig. 21). In both cases, complete recovery of the upper shelf occurred.

For uncladded vessels, besides metal samples for chemical composition
determination, also hardness measurement are performed before and after annealing
to evaluate the mechanical properties using empirical correlations between hardness
and other properties.

For more unambiguous material properties determination test coupons are cut
directly from the inner surface of uncladded vessels [4, 7], approximately of a dimension
up to 100 mm x 120 mm x 5 mm. Test coupons were cut out at NPPs [3]:

Greifswald Unit 1 after annealing
Greifswald Unit 2 before and after annealing
Novovoronezh Unit 2 before annealing
Novovoronezh Unit 3 before and after annealing.

Subsized Charpy specimens could be machined from these coupons with the use of
developed sophisticated specimens reconstitution techniques.

Until now, only results obtained from joint Finnish-German efforts to evaluate
the annealing recovery of Greifswald Unit 1 are available. Subsized Charpy specimens

48



8 6 5

--

0

4

-

^,

0

7

ßXs

3

a

2

-

^
A

1
r i

0

Lays: nxtbar

fluence of
neutrons wit±

-E>0,5MeVair2

1

^-/» -^i

0

?

1.1

A

^

1.3

n

4

.0

«

S

2.1

0

6

2.4

Scheme of tenplet cropping and fluences of fast neutrons
for layers
1-5 - from weld metal for specimen cutout

6 - mixed zone with cladding
7 - zone with seam root metal
8 - cladding metal

-40 240

O annealing at 650 C (2 hrs) after irradiation
n annealing at 460 °C (72 hrs) after irradiation
C annealing at 420 C (150 hrs) after irradiation

FIG. 21. Annealing recovery of Novovoronezh Unit 1 trepan [11].

were prepared from coupons, cut off from the vessel after annealing. Correlation
between standard and subsized Charpy specimens used were developed and, using this
correlation, transition temperature Tk of the annealed vessel weld No. 4 was
determined. Subsized specimen measurement and correlation developed yielded Tk
values of 30°C for 40 Joules criterion and 35°C for 48 Joules criterion (see also Fig. 6)
[7]. Both these values were found to be well below the Tk values, calculated by the
vessel designer to be after annealing 46°C or 66°C, providing the safety margin of 20°C
is included in the evaluation. This result indicates the conservatism of assessment
methods employed.

For vessels with stainless steel cladding, only hardness measurements and scraps
for chemical composition determination were taken from the outer surface. Other
methods for assessment of the vessel properties have not been reported.
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3. RESULTS AND CONCLUSIONS

3.1. Results

To summarize, reactor pressure vessel beltline of WWER-440/230 vessels
undergo during service irradiation embrittlement higher than anticipated in the design
due to chemical composition of the steel used, in particular impurities (Cu and P)
concentration and relatively high neutron flux. The most critical part of the vessel from
the irradiation embrittlement point of view is the beltline weld (weld No. 4).

It seems that annealing treatment procedure could be capable of restoration of
required material properties in terms of critical brittle fracture temperature Tk
according to research results obtained, which also indicate that repeated annealing
could be performed during the service life of plants concerned. Conservatism of both
assessment methods employed and underlying research results has been supported by
testing samples extracted directly from annealed vessels.

However, the complexity of the irradiation embrittlement issue requires that the
whole package of data, methods and information needed for vessel integrity analysis,
should be reviewed in detail, uncertainties quantified and the whole approach employed
validated.

3.2. Conclusions

To reach conclusions about the safety implications, several aspects listed below
require attention:

Reliable chemical composition determination including both impurity and
alloying elements concentration of critical materials has to be performed on a plant
specific basis. Possible deviations in final product has to be determined also using
probabilistic methods where applicable.

Re-evaluation of the empirical relationship used to calculate the initial critical
brittle fracture transition temperature Tko has to be performed.

More detailed evaluation of the empirical formulas used to calculate transition
temperature shift due to irradiation ATF and irradiation embrittlement factor AF has
to be performed. In particular, studies on the effect of flux have to be completed, as
it has been shown recently by trepan investigations that empirically or statistically
developed relationships do not always provide conservative predictions of irradiation
embrittlement. The good agreement between formulas used and data presently
available should be justified for real "vessel condition"; for this purpose high priority
should be given to investigations on material samples, extracted from in-service
irradiated vessels. Discrepancies in published empirical relationships to calculate
irradiation embrittlement factor have to be clarified with respect to available data.

Parametric study to evaluate the scatterbands, involved in all above-indicated
empirical relationships used, is highly desirable in order to quantify safety margins
included, important particularly with residual lifetime assessment methods.
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This applies similarly to annealing treatment and re-embrittlement behavior
assessment. It is recommended to evaluate the properties before and after annealing
using extracted vessel material (as for Greifswald Unit 1) for each individual vessel
concerned where applicable. For cladded vessels, where extracting methods were not
developed, correspondingly more emphasis should be placed on empirical relationships
validation.

Two sets of annealing treatment parameters (time, temperature) were proposed
with respect to impurities concentration. Selected annealing treatment regime has to
be justified on plant specific basis.

Re-embrittlement monitoring should be performed taking advantage of similarity
of WWER-440 reactors. Supplementary integrated surveillance programme should be
developed, correlation monitoring materials should be included to establish links
between obtained and available data. Detailed examination of repeated annealing
consequences has to be performed if repeated heat treatment is foreseen.

Mechanistic models of annealing recovery and re-embrittlement behavior are
needed for better understanding of the underlying nature, which will enable more
precise management of the process and assessment of the results.

The stainless steel cladding properties has to be also evaluated with respect to
initial properties, irradiation embrittlement, annealing and re-embrittlement behavior.
Where applicable, cladding properties should be included in vessel integrity analysis.

Detailed examination of validity and conservatism of current practices, namely
predictions and adjustment of RTNDT for irradiation induced transition temperature
shift is being performed throughout the world for non-WWER materials and
procedures. Similar evaluation has to be performed for procedures and materials of
WWER reactors including comparison of RTNDT and Tk indexing procedures. In these
activities, the use of correlation monitoring material has to be encouraged too even at
the expense of some actual WWER-440/230 material data number reduction.

In all procedures utilized in vessel assessment, material properties testing with
only one orientation is required. Corresponding requirements should be developed and
supplementary evaluation of orientation effects should be performed with respect to
both initial properties and time dependent degradation for both transition temperature
shift and upper shelf drop.

No requirements exist on upper shelf initial properties and their degradation due
to service exposure. Based on comprehensive integrity analysis, requirements on upper
shelf properties have to be developed and corresponding material properties and the
effect of service exposure upon them evaluated.

More refined methods of dosimetry measurements are required for WWER-
440/230 vessels. In some cases, cavity dosimetry have been employed (Greifswald,
Jaslovske Bohunice, considered for others) [38]. Retrospective dosimetry methods
should be also employed where applicable. The neutron flux attenuation through the
vessel wall is not accounted for in the applicable assessment procedure. If resulting
safety margin is to be utilized, precise quantification of the effect is needed.
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The development of WWER-440 surveillance vessel materials database and
compilation of relevant data for support of plant ageing issue should be performed.
Such a database will provide guidance and input data to reactor owners decisions to
assure safety. Surveillance, host and material test reactor irradiations data should be
included. The WWER-440 surveillance database should be compiled within the
framework of International Reactor Vessel Material Surveillance Data Base, an
international effort initiated and co-ordinated by the IAEA IWG LMNPP (International
Working Group on Life Management of Nuclear Power Plants) recently. With respect
to its significance to irradiation embrittlement issue resolution, it is recommended to
accelerate the WWER-440 sub-data base development within the framework of the
above-mentioned International Data Base.

Several other aspects have to be taken into account while evaluating vessel
integrity. However, they are not directly related to the irradiation embrittlement issue
itself and are therefore not discussed in this status report.

3.3. Recommendations

(1) Compile the available WWER-440 irradiation embrittlement data to form a
comprehensive database using the International Database on Irradiation
Embrittlement of the IAEA IWG LMNPP, where the WWER part development
should be accelerated for this purpose.

(2) Re-assess the baseline data available (chemical composition, initial properties,
directionality effects, irradiation embrittlement, dosimetry, etc.).

(3) Re-assess the annealing treatment capabilities and consequences including re-
embrittlement behavior also with respect to possible drawbacks. Develop
methods to monitor re-embrittlement corresponding to recognized surveillance
practices.

(4) Re-evaluate the assessment procedures with respect to internationally recognized
methods and procedures and quantify safety margins included. The baseline
information, scatterband analysis, upper shelf behavior, stainless steel cladding,
neutron flux attenuation etc. should be also included.

The studies, listed under items (2), (3) and (4) should be performed in close co-
operation with WWER user States and should be subject to regular peer review by
international expert groups starting from the stage of workplan development and
proposal.

In the framework of the WWER-440/230 Safety Project, the IAEA can assist
user countries and play a major role in the co-ordination of international activities
related to this issue.
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LIST OF ABBREVIATIONS

koT,
ATk
ATF
AT,
AT,
AT,

N

F.resid

np a
A k

np a
Ak (i)
[AT]

K
K

C
IR

F
AF
A,B,C
RPV
PWR
MTR

temperature
irradiation temperature
critical brittle fracture temperature
initial value of Tk
total change in the Tk value
increase in Tk due to neutron irradiation
increase in Tk due to thermal ageing
increase in Tk due to low cycle fatigue
residual value of neutron irradiation induced increase in Tk after
annealing
annealing temperature
limiting Tk value required for safe operation in anticipated regimes
limiting Tk value for a given regime of operation
temperature margin used in "Tk concept"
reference nil ductility temperature according to ASME
stress intensity factor
fracture toughness
fracture toughness reference curve
allowable Kj value for a given regime of operation (i)
neutron fluence
irradiation embrittlement factor
parameters
reactor pressure vessel
pressurized water reactor
materials testing reactor

57




