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1. BACKGROUND

Generally speaking the licensing authority is required to ensure that all the
requirements provided by law to assure the safe operation of Nuclear Power Plants
(NPP's) are met.

The safe performance of important components in a nuclear power plant during its
operational life is ensured in principle by two complementary sets of actions. These
can be defined as safety assurance and assessment of the structural integrity.

- safety assurance is based primarily on the safety concepts such as defense in
depth, redundancy where feasible and so forth. These are concepts which
have been implemented and safety related measures and actions taken during
the design, construction and operation of the plant. These include the safety
systems to cope with accident conditions. For the "structural systems", in
particular the components of the primary and secondary systems, this requires
appropriate design, selection of materials and manufacturing processes, and
procedures. The effectiveness of the quality assurance system plays a decisive
role.

- the assessment of plant safety during their operational life means primarily
evaluating the integrity of the important "structural systems". All components
relevant to safety have to maintain their structural integrity and perform their
intended functions under all expected operational conditions, thereby
preventing failures of these components.

Therefore after the NPP has received the operating permit, the main activities of the
licensing authority and the owner of the NPP are the assessments of the plant safety
and consequently the taking of all necessary measures for its assurance.

2. THE ASSESSMENT OF SAFETY

The assessment of safety or structural integrity of a structure or component, in
principle, has to consider all modes of failure they can experience beginning from
intolerable deformation to leakage and eventually fracture of the structure or
component. Although for the "structural system" all modes of failure that render the
system nonfunctional have in principle the same "failure status", their effects in
relation to safety are not the same. Of all the failure modes that can occur, the fast
fracture of a component can be considered the "worst case" which has the highest
potential of catastrophic consequences. Therefore assessments made on components
relevant to safety are primarily focused on preventing fracture, especially brittle or
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nonductile fracture of these components.The appropriate method to assess their
structural integrity with respect to fracture involves the use of fracture mechanics
analysis.

The assessment of safety in the various fields in connection with the structural
integrity of primary system components are usually based on the following :

- the state of the art in science and technology of the subject in question.
- status of the worldwide experience on the subject.
- regulatory position in different countries on the subject.

Since the state of the art in science and technology in the various fields is
continuously progressing the bases for the assessment also have to be adjusted to
comply with the state of the art and as considered necessary by the regulators.

The normal procedure is that the utilities have to present their safety case (safety
evaluations) to the licensing authority as required by the regulations of the country
where the nuclear power plants (NPPs) are located. The licensing authority then has
to critically review and assess the adequacy of these evaluations and their compliance
to the regulations.
From experience to make the reviewing process straightforward and expeditious, the
submittals to the licensing authority of these evaluations should be correct,
comprehensive, clear and complete as well as that the data and references cited are
readily verifiable and respectively easily traceable.

3. THE EFFECT OF NEUTRON IRRADIATION ON THE SAFETY OF
REACTOR PRESSURE VESSEL (RPV)

Materials exposed to neutron irradiation will experience a certain loss of ductililty and
fracture toughness as can be measured by conventional and fracture mechanics
specimens. This loss of ductility or embrittlement, primarily in the core belt region
of the RPV, will make the material more susceptible to nonductile fracture. This
change in the fracture resistance of the material has to be taken into account when
assessing the structural integrity of the RPV.

In principle there are two ways of monitoring the change of material properties by
neutron irradiation: the so-called "direct" method and the "indirect" method.

In the USA and all countries in western Europe and Asia having Light Water
Reactors (LWR) NPPs originating or derived from the "USA-Type LWR", normally
use the "direct" method to monitor the irradiation damage. That is the change of the
ductility or fracture resistance of the material is monitored "directly" by means of a
surveillance programme according to ASTM standard E 185 [1], Capsules containing
Charpy V-notch specimens, tensile and sometimes fracture mechanics specimens
(prepared from ihe specific RPV materials to be monitored) are placed in the RPV
at the level of the core belt region. Due mainly to the space available in the RPV a
sufficient number of fracture mechanics specimens of appropriate type and size cannot
be included in :he surveillance programme for the determination of the KIR = f
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(temperature) curve in the irradiated condition. Therefore present irradiation
surveillance programmes are based mainly on Charpy V-notch impact bend
specimens. The reference nil-ductility transition temperature (RTNDT) (according to
ASME code Section III article NB 2331) shift as a relative measure of embrittlement
is determined from the Charpy-V transition temperature curves, usually at a fixed
level of Charpy energy (i.e. 30 ft.lbs. or 41 J respectively 50 ft.lbs or 68 J). Under
the assumption of identical shifts of the Charpy V-notch transition curves and the
pressure vessel material fracture behaviour, as expressed by the KIR = f(T - RTNDT)

curve in the ASME Code [2], the RPV integrity is evaluated and the
pressure-temperature limits for the RPV are derived.
A surveillance programme containing fracture mechanics specimens can therefore
additionally provide "valid" (applicable to real structure) specific fracture toughness
values provided the type and size of the specimens can fulfill the validity and
transferability criteria. These measured fracture toughnesses in the irradiated
condition can be used to check or confirm the applicability of the K^ curve mentioned
above.

This present practice for determining the RTNDT temperature shift and the loss of
ductility stems from the US and has been used in most countries with LWR-NPP. It
is to be noted, however, that this practice is based on the following "assumptions" :

- there exists for the ferritic low alloy steels used for RPVs a certain
correlation between the NDT-temperature as determined by the Pellini Test
according to ASTM E 208 [3] and the Charpy V-notch test according to
ASTM E 23 [4], hence the RTNDT concept according to ASME code Section
III article NB 2331 to assure a sufficient increase (steepness of the Charpy-V
curve) in ductility of the material with increasing temperature (> /50
ft.lb.energy level and 35 mils lateral expansion at NDT + 60*F)

- this certain correlation (definition) holds after neutron irradiation.
- the reference KK-temperature curve, when properly indexed to the RTNOT

describes the fracture toughness properties of that heat of material. The
reference curve, which applies to all ASME Code Section III ferritic materials
having a minimum specified yield strength of 50 ksi or less, is construed
(intended) to be a lower bounding function of all available measures of
fracture toughness of such materials. It includes both static and dynamic
fracture toughness as well as crack arrest data (Klc, K,d and K,J, but the basis
is K,d and KIt. Research activities are currently underway to reassess and if
indicated further validate or adjust this reference curve."

- the shift of the Charpy V transition curves indexed at a certain Charpy-energy
level of 50 ft.lbi.68J) later changed to 30 ft.lb (41 J) is identical to the shift
of the pressure vessel material behaviour as expressed by the reference KIR

= f(T - RT^DT) curve in the ASME code [2].
- the shape of the reference KIR curve remains the same after irradiation.

The above assumptions have not all been verified to be justified as either correct (i.e.
complying to the present state of the art in science and technology as well as
experience) or conservative (although not strictly scientifically correct the results
obtained are conservative). Regarding the assumption on the change of measuring the
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shift at the 30ft.Ib energy level, although stated as based on surveillance data still
seems not yet to be justified since no confirmation has been given that at the new
obtained (shifted) RTNDT value + 60 *F, a minimum Charpy V energy level of 50
ft.lb.and 35 mils lateral expansion (LE) (of at least three Charpy V specimens) are
attained. RTNOT always has to be understood together with 50 ft.lb. Charpy V energy
level and 35 mils LE according to the definition in the ASME code [2]. Research
activities in the USA and Europe e.g. Finland are currently underway to reassess and
consequently confirm or change/adjust these assumptions.

It has to be noted that the USNRC has played and is still playing a leading role in the
regulatory aspects of this field, has issued extensive essential documentation dealing
with several aspects of neutron irradiation embrittlement that can be considered as
unique in the world and which has been used in one way or another worldwide, i.e.
regulatory requirements, regulatory guides and other relevant documents of which the
most important are the following:

- Code of Federal Regulation, Title 10, Part 50, (10 CFR 50).
Section 50.61: "Fracture Toughness Requirements for Protection
Against Pressurized Thermal Shock Events".
Appendix A: "General Design Criteria for NPP, Criterion 31,
Fracture Prevention of Reactor Pressure Boundary".
Appendix G: "Fracture Toughness Requirements".
Appendix H: "Reactor Vessel Material Surveillance Program
Requirements".

- Regulatory Guide 1.99, Revision 2: "Radiation Embrittlement of Reactor
Vessel Material".

- Regulatory Guide 1.154: "Format and Content of Plant- Specific Pressurized
Thermal Shock Analysis Reports for Pressurized Water Reactors".

- NUREG-0800, "Standard Review Plan for the Review of Safety Analysis
Reports for NPP",

Chapter 5.3.1 "Reactor Vessel Materials".
Chapter 5.3.2 "Pressure Temperature Limits"
Chapter 5.3.3 "Reactor Vessel Integrity"

In most east European countries with WWERs, it seems that the "indirect" method
is the normal practice. The shift is solely determined by a formula based on generic
data of the materials used for the RPV. According to information obtained also the
definition of NDT-Temperature differs from the US-practice. There is no similar test
such as the ASTM E 20$ (Pellini) test [3] to determine the NDT-temperature.

In the following we will primarily deal with relevant aspects related to the US-
practice, which in principle also form the bases for the practice in most of the
European and Asian countries having NPPs.

4. CONSIDERATIONS CONCERNING THE APPLICATION OF
SURVEILLANCE PROGRAMME RESULTS

The surveillance programme results, in principle, should be such that they can.readily
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be used in the integrity assessment of the RPV. This means that the results must
realistically represent the material behaviour of the RPV materials being monitored.
The ASTM E 185 standard [1] first published in 1961 was actually conceived to
provide the necessary elements for this realisation. However, because of several
boundary conditions at hand (e.g. space limitations and geometrical conditions in the
RPV due to the specific design, possible locations of the capsules, available number
and type of specimens, the progress in the state of the art etc.), ideal surveillance
conditions from current viewpoint have rarely existed.

Important aspects to be considered in connection with the usefulness of
surveillance programme results are the following :

- the representativeness of the materials used in the surveillance programme
(e.g. the same heat, manufacturing processes, chemical composition including
impurities and heat treatments matching the corresponding RPV materials)

- type and number of specimens available in each set of withdrawal and the
number of sets

- the knowledge of the exact removal location in the thickness direction and the
orientation of the specimens

- the representativeness of irradiation-conditions such as temperature history,
fluence and fluence rate experienced by the specimens compared to the
corresponding RPV materials being monitored (as well as the use of
appropriate thermal monitors)

- adequate calculational and dosimetry methods for determining RPV and
specimen neutron fluence.

4.1 Representativeness of surveillance materials

The selection of the materials of the RPV to be monitored is in principle described
in ASTM E 185 standard [1]. The materials used shall be from the same heats and
if possible also from the same plates or forgings as are used for the RPV (e.g.
produced with extra length). In any case it shall be ensured that all the heat treatments
and manufacturing processes seen by the materials used in the surveillance
programme reflect as closely as possible the RPV materials to be monitored. Also
detailed chemical compositions of the surveillance and RPV materials including all
alloy and residual elements as well as impurities shall be given for comparisons. It
is imperative to ensure :hat the materials chosen for the surveillance programme
exactly or as close as possible represent the RPV materials to be monitored.

4.2 Capsule availability and withdrawal plan

The present practice shows up to 6 sets (withdrawals) for PWR and 3 sets for BWR
in the surveillance programme. The difference stems from the expected end of life
fluence (usually after 40 years) of the NPP. If in the future an extended plant life (
> 40 years) is anticipE'.ed, the required number of sets has to be reevaluated. This
has to be based primarily on the experiences we have with present practice and their
adequacy in fulfilling _~e intended function. Caution dictates planning for this
exigency at the initial p'.iru project.
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Present surveillance programmes contain mainly Charpy V-notch and tensile
specimens. This corresponds to ASTM £ i85 requirements and concerns also the
number of specimens for each set (minimum requirements). However some reactor
vendors already have included a few WOL or other fracture mechanics specimens in
their surveillance programme. Also ASTM recommends the inclusion of fracture
mechanics but does not require them specifically. However, a new standard is in the
making which addresses this question more specifically. This is ASTM standard E
636 [5]. Anyhow the type and number of specimens to be included in future
surveillance programmes should be reevaluated. The present practice mostly
containing only tensile and 9 - 1 2 Chirpy specimens and no fracture mechanics
specimens has proven to be unsatisfactory. In some European countries attemps to
improve the surveillance programme have been initiated e.g in Switzerland, where
additional precracked Charpy-type specimens and three point bend specimens have
been included in the surveillance programmes of the Gosgen and Leibstadt NPP [6].

The basic considerations for fracture toughness specimen inclusion should be (see also
[7]):

- adequate and reliable results (information); i.e. sufficient number of
specimens to facilitate the assessment of uncertainties

- versatility; the specimens should permit the testing in the measuring range of
interest (from the elastic to the elastic-plastic or if possible, the fully plastic
region) and should permit the determination of the most important fracture
mechanics characteristics, such as K,c, K,d, Jlc and d;.

- the greatest possible measuring capacity (for a given capsule cross-section) for
the determination of the fracture mechanic material property of interest.

Last but not least, the results of the Coordinated Research Program (CRP) of the
IAEA should also be considered.

4.3 Selection of surveillance specimens orientation from base materials

In forgings and plates used for RPV's there is always a gradient in the material
properties in the thickness direction. Depending on the degree of rolling or forging,
the thickness, the heat ireatment, and chemical composition (sulphur and alloying
elements that influence hardenability), the differences observed can be quite
significant. This information has to be duly recorded and shall be considered in the
evaluations. This obser%ation reflects more the first and second generation RPVs but
for current RPV-steels with state of the art manufacturing technique the differences
should be small. However, to provide sound bases for the analysis of the test results,
especially when unexpected results are obtained, the exact removal locations have to
be known. ASTM and ASME practices require specimens to be taken from the 1/4
T location.

The orientation, that is :he crack plane orientation of the specimens, is a decisive
point that has to be considered. There are quite significant differences in fracture
resistance in the different orientations. Definitions and abbreviated terminology on
this subject can be four.c in ASTM E 399 standard [8]. In safety assessments results



obtained from the so-called weak orientation of the specimens normally are used, T-L
for plates (Fig. 1. in ASTM E 399) respectively C-L orientation for bar and hollow
cylinders (Fig. 3 in ASTM E 399) or transverse orientation for Charpy V Notch-Bend
specimen. Here L denotes the maximum grain flow (working direction). However for
RPV made from forgings the maximum grain flow (working direction) of these
forgings is normally the circumferential direction. Therefore for RPV made of
forgings the weakest direction is normally the L-C orientation (transverse orientation)
and not the C-L as shown in Fig. 3 of ASTM E 399.
Figure 1. illustrates a typical shell course and excess material section and Figure 2.
a base metal section for reactor surveillance programme (RSVP) test specimens, as
well as test specimen orientations.

4.4 Adequacy and determination of exposure conditions

Important parameters for describing the exposure conditions are the following :
- temperature history i.e. it should be ensured that the temperature history

during irradiation seen by the surveillance specimens should be representative
of that seen by the corresponding RPV materials. The location of the
specimens in the RPV and the thermohydraulic conditions at that location
should be verified with respect to the effective prevailing temperature at that
location. Also the influence of gamma heating in the specimens should be
considered. Currently the thermal monitors in the surveillance programme
only indicate the highest temperature the specimens have seen, with no
knowledge of how long this highest temperature has been effective. Besides
that the lower temperature exposure is actually more of concern.

- the fluence seen by the accelerated surveillance specimens especially for
PWR's are normally more than three times the fluence seen by the RPV
material. The so-called fluence rate factor (lead factor) is therefore > 3.
Present practice consider this fact acceptable because it is "assumed" to give
conservative or similar results.

- the neutron spectrum seen by the accelerated surveillance specimens is also
different from that seen by the RPV wall. Presently it seems possible to
correct the error if the spectra at both locations are known. These could be
obtained from the surveillance specimens and from "scratch specimens"
(shavings of the cladding) taken from the RPV inner wall.

Therefore to ensure the representativeness of the irradiation conditions the above-
mentioned points should be evaluated.

4.5 Neutron measuring methodology (and test results relationship)

The correct determination of the embrittlement as a function of the fluence for
projection purposes is or.ly possible if both the fluence calculations as well as the tests
on the specimens are correctly done.
Normally we car. assurr.e that for conventional tests such as tensile and Charpy V
performed in the hot cells applying ASTM standards or their equivalents and using
well qualified test machines and procedures as well as having effective quality
assurance programmes v-ill give correct results. However, for fracture mechanics tests
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in the hot cells such as K,c, JIc, CTOP (d;) and K,d (using precracked Charpy-type
specimen) tests, careful planning and qualification of test standards and procedures,
as well as test machines have to be duly carried out to ensure well qualified and
verifiable test results.

Current damage fluence determination for the RPV consists of :

Neutron fluence calculations coupled with Neutron fluence measurements

4.4.1 Neutron fluence calculations

Calculations of the RPV damage fluence in principle consist of the following steps :

- determination of the geometrical and material input data

- the determination of the core neutron source
- the propagation of the neutron fluence from the core to beyond the vessel
- the qualification of the calculational procedure.

Current fluence calculations cover the entire damage fluence spectrum (0.1 to 15
MeV) and normally use 2 or 3 D computer Codes to obtain the 3 D fluence
distribution.

The commonly used unit for the fluence is still n/m2. although recently more and
more scientists are advocating the use of drja (displacement per atom) to characterize
the neutron embrittlement damage.

4.4.2 Neutron fluence measurements

Experimental dosimetry provides an alternate neutron fluence that may be used to
confirm neutron transport calculations. Integral fission detectors placed in surveillance
capsules and, more recently, in the ex-vessel cavity provide the information needed.
The choice of the "threshhold" detectors for this RPV dosimetry must be carefully
evaluated to optimally fulfill their intended functions. Also the use of established,
applicable ASTM standards or their equivalents should give adequate and reliable
results.

For the fluence determination it is imperative to know the maximum fluence seen by
the RPV wall and its exact location as well as the fluences at the surveillance
capsules. Therefore normally 3 D neutron flux distributions are necessary and the
codes used to determine these must be capable to take into account all the relevant
parameters such as geometry, material density changes, capsule representation,
required mesh fineness, and related factors of substance.

Also the fluence calcularional uncertainties shall be duly verified.

5. DATA BASES AND THEIR APPLICATIONS

As a general rule intesr/.v assessments of RPVs should be done based on a sufficient
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amount of well qualified specific data. In the case of the embrittlement of materials
caused by neutron irradiation and its influence on their fracture toughness, normally
the only specific data available stems from the surveillance programme of the RPV
in question. The fact that normally only a limited number of specimens can be
included in the surveillance programmes has forced us to look for additional
supporting data for integrity assessments of RPVs. Therefore data bases on material
embrittlement have an important role to play in "broadening" the basis of available
specific data for RPV integrity assessments.

To be useful data bases preferably consisting of surveillance programme results from
various LWR-NPPs should at least fulfill the following requirements :

- the material is fully characterized (i.e. information on manufacturer,
manufacturing process, product form, chemical composition including
impurities, heat treatments etc).

- for weldments also the welding process, procedures, type and shape of the
weldments.

- well documented information on tests performed and the standards and
procedures used as well as the implemented quality assurance programme.
The variabilities due to procedures and interlaboratory differences have to be
determined in order to form a sound basis for factoring heat-to-heat variability
and to assist in evaluating results from nonstandard tests.

- all available unirradiated as well as irradiated material properties including
fracture toughnesses (K,c, KId, K|a, J,c and 6) shall be given.

It has to be stressed that only well qualified data shall be included in the data base.
Therefore so-called validity criteria must be established and followed to ensure the
qualification of the data. Furthermore uncertainties inherent or otherwise shall be
included in the evaluations of the data to provide a sound and rational basis for
establishing statistically meaningful data.

A considerable amount of data has been generated in research programmes using
research reactors. The results of these research programmes are invaluable for our
understanding of the mechanisms of the embrittlement by neutron irradiation, as well
as the dominating roles certain elements play and their interrelationship. Generic
trends can be derived but the applicability of the results for a specific RPV still have
to be evaluated with respect to the representativeness of the data for that specific
RPV. Especially the very high fluence rate in research reactors as compared to RPV
conditions is currently being discussed and investigated. The issue here is whether the
fact accepted to date tha: the same fluence in a shorter time is more damaging, is still
generally valid. In other words are accelerated tests results conservative compared to
more realistic tes: resulis. Recent data seem to indicate this could well not be the case
(fluence-rate effect). A'.so other aspects such as e.g. the neutron spectrum should also
be duly considered.
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5.1 Data base sources [9, 10, 11, 12j

The sources of data fall into two categories:

- RPV-Surveillance programme results (termed power reactor data) and,

- Research programme results using research reactors (termed test reactor
data).

The main body of the data base will primarily consist of data of the first category,
because these in general are more realistic respectively representative due to the
boundary conditions (in NPP) under which they are obtained. Data of the second
category are important for understanding the mechanism and the role specific alloying
elements and impurities play, as well as to be used for anticipating possible
embrittlement effects for the preventive maintenance aspects and also aid in material
selection. The intended data base will primarily be used for improving the bases of
safety assessments in particular to increase the confidence level. However, this is
presently limited to LWR-RPV materials. Information required for data to qualify
their adequacy for inclusion in data bases are given in the following subchapters.

5.2 Power reactor data

General information
- NPP-name, rated power and country
- date of construction and commissioning of the NPP
- LWR-type, vendor and manufacturer, as well as country of origin
- a short description of the RPV with the main specific features
- number of years in operation

Design information
- design pressure and temperature
- load cycle diagrams used and environmental conditions specified
- design code used and date of its issuance including addendas considered
- equipment specifications and data sheets

Data base information

Material identification zs.d characterization (initial unirradiated condition)
- material type coce
- product form i.e. forging, plate or weld
- heat number
- RPV manufacturer and the material suplier, fabrication process(es) used, as

well as aJl the heat treatments the RPV material has seen.
- the specified, as well as the effective chemical composition of the material

(including impurities) with the range of uncertainties in the latter.
- mechanical properties and fracture toughnesses determined, as well as the

specimen types _sed.
- the orier.3tion o:' the specimens tested i.e. longitudinal or transverse (L-T,

T-L. L-C. C-L e:c.)
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the removal location of the specimens with respect to the thickness i.e. 1/4T,
1/2T etc.
the standards used to test the specimens and the degree of compliance with
the criteria required for a valid test.
methods which have been effectively used to determine the initial NDT- resp.
RTNDT-temperature.
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Surveillance programme information.

- the requirements respectively the standard used to design the surveillance
programme (e.g. 10 CFR 50 Appendix H, ASTM E 185, etc.).

- the number of capsules and number and type of specimens in each capsule for
each material monitored.

- the placement of the capsules in the RPV with respect to the radial, axial and
azimuthal location (lead factor::}.

- the expected and effective fluence rate (lead factor) the capsules experienced.
- neutron fluence calculation method (ID, 2D, 3D or others) and neutron

fluence measurements (dosimetry etc.) used.
- the irradiation temperature and the temperature monitors and methods used

for its determination.
- the number of available Charpy-specimens (test results) and method used to

construct the transition temperature curve e.g. "eye ball", sigmoidal (tanh.)
or polynomial curve fit etc.

- determined RTKD-r.shift resp. RTNDT.temperature should be reported with an
uncertainty tolerance.

- the number of capsules withdrawn and the date(s) of withdrawal(s)
- the accumulated fluence at the highest irradiated location of the RPV and the

maximium RTNT,T-shift determined.
- DRTNDT = f (Fluence) - curve

Qualification and verification/validation of the data

Availability of documentations pertaining to:

- material identification and characterization of the initial unirradiated condition
- quality assurance audits and reports
- identification of the laboratory performing the test and tests reports on the

irradiated condition including QA performed.
- updates of reports and additional tests performed in the framework of the

surveillance programme or related activities.

Confidence level, e.g "very high", "high", "medium", "low", or "very low" of the
data source based on the following:

- age of the documentation
- changes identified in superseding documentation
- the standards o: test techniques used to generate the data and whether such

standards have been superseded
- the pedigree o: material source (whether obtained from original archive

material or reconstituted)
- the history of updates or errata associated with the original source data
- whether the dati source documentation was QA'ed or independently verified
- the origin or publication type of the source documentation
- the amount of '.esting performed and reported in the source document
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Adequacy of the data source based on the completeness, verifiability and accuracy of
the information contained in the documentation.

Reporting format

The standard format for data collection and reporting are given in tables 1 - 5 as
proposed by Griesbach (EPRI) [12] and supplemented by the additional information
required in the previous chapters.

5.3 Test reactor data

General information

- Research reactor name and type, rated power and country
- Flux level applied, fluence rate to typical LWR flux level
- Irradiation temperature controll possibility
- Neutron spectrum tayloring availability

Data base information

Appropriate information similar to those of power reactor data is required on material
identification and characterization, test reactor capsules and test standards/procedures,
qualification and verification/validation, as well as reporting format.

6. CURRENT ISSUES RELATED TO THE ASSESSMENT OF
IRRADIATION EMBRITTLEMENT OF RPV

With respect to the state-of-the-art, research results in the last few years indicate the
necessity to reevaluate the adequacy of the bases used in present assessment of
embrittlement by neutron irradiation as described in sections 3, 4 and 5.

The most relevant issues are the following :

- Fluence rate (lead factor) effect

Presently the perception prevails that for RPV materials, the same fluence attained
by neutron irradiation ia a shorter time period is more damaging than if this is
attained in a longer tine period, i.e. research reactors results and surveillance
programmes results showing fluence-rate factors (lead factors) > 1 will be
conservative. Results from investigations on trepans from the decommissioned
Gundremmingen RPV [13, 14] and from the same materials in research reactors seem
to indicate the existence of a fluence rate (formerly called lead factor or flux factor)
effect that seems to conradict this assumption. It has to be noted, however, that the
effect of flux on embriulement seems also to be strongly dependent on other
irradiation variables, most notably fluence level, temperature and material chemistry.
Since this fluence rate e::ect observed in the Gundremmingen investigations has only
manifested in the weak orientation of the material and not in the strong orientation
and presently also further research is still ongoing, controversial opinions as to the
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real existence of this fluence rate effect that could have major impact on present
practice prevails.

From a safety point of view, however, it is imperative that this controversial
phenomenon be incontestibly clarified as soon as possible. This is important mainly
because of the following reasons :

- presently it is considered to be a fact that for a given fluence the shorter the
irradiation time the more damaging the embrittlement effect will be.
Therefore accelerated specimens for the surveillance program are
acceptablebecause they are considered to give conservative results. If the
Gundremmingen results, which show the opposite effect proved to be correct
then the basic concept of present assessment practice of irrradiation
embrittlement is questionable and must be critically reassessed, possibly has
to be abandoned and eventually a new concept be put into its place.

- research efforts must be set up to find methods to resolve the issue of
possible nonconservatism of accelerated surveillance programme results, as
well as the existing data base.

- new integrity assessments must be performed on all RPVs which have used
accelerated data base for integrity assessments in their safety cases.

- the ASTM E 185 standard [1] must be revised to reflect the new state-of-the-
art. But even now before this issue is resolved it seems warranted to have
surveillance programmes capsules located at the RPV innerwall with fluence
rate factor of about 1. In this way the issue can be resolved for future RPVs.
An even better solution would be if both accelerated and vessel wall capsules
are applied. In this way fluence projection for operating purposes can be
obtained with accelerated capsules and this projection can be checked with the
vessel wall capsules (fluence rate near 1) results at a later date.

- Fluence "threshhold".

The presently sti',1 accepted fact that only when the expected fluence is greater than
1021n.m2 is of relevance i.e. causes relevant embrittlement of the material and
therefore needs to be monitored seems not to be correct. At low irradiation
temperatures, much lower fluence has already been shown to have caused relevant
damage. The temperature especially the lower temperature during irradiation has been
identified to be one of the dominant factor. In some plants with RPV-support columns
made of irradiation sensitive materials and traversing the core belt region at a short
distance from the RPV and seeing a significant lower temperature could be affected.
The failure of these support structures will have direct impact to the safety of the
RPV.
In this context :: has also been suggested that possibly the neutrons with energy
between 0.1 and 0.5 MeV could also play the primary role.

- The analytical assessment procedure.

- The "asi jmptior.s" on which the procedure for the determination of the
RTNDT-sr.:ft and :*rac:ure toughness in section 3 is based, have not all been
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verified yet to be justified as either correct or conservative. Recent results
from Finland [15, 16] seem to indicate that the fourth "assumption" (same
shift of the Charpy transition curve and the fracture toughness KIR-curve
respectively the J-curve after neutron irradiation) is not conservative i.e. is
too optimistic. On the other hand ORNL studies seem to indicate that there
is good agreement between the shift of the KIR-curve and the 30 ft.lb shift.
It is however not clear whether the type of materials that have been studied
can represent the RPV materials used worldwide. Thus this is still a
controversial issue that should be clarified also because of the possible
influence of other factors such as material type and its chemical composition,
material structure etc.

- The shift determination only based at the 41 J energy level without
confirmation that at the new (shifted) RTNDT + 60 *F, Charpy V energy level
of \ 50 ft.lb.and 35 mils LE are attained does not comply to the definition of
RTNDT and is probably nonconservative. This is because after irradiation the
upper shelf energy (USE) is also reduced and the Charpy V transition curve
tends to be less steep (more flat).

- For cases where the USE fall below the 50 ft.lb. level, 10 CFR Part 50, §
50.60 and Appendix G "Fracture Toughness Requirements" apply. There, as
alternatives, full detailed fracture mechanics analyses using appropriate
specific fracture toughnesses or annealing of the RPV which can demonstrate
compliance with the requirements are considered acceptable.

- For LWR-RPVs of the first and second generations there are the following
additional "issues" :

- the initial NDT temperature determinations were not all done according the
ASTM 208 standard [3]. Some of them were "conservatively" determined by
a so-called "confirmation tests" using two Pellini specimens. And some used
only Charpy V-notch specimens to "conservatively" determine the NDT
temperature by correlation. At that time these practices were considered
conservative, but recent knowledge (see also the following point below) and
the introduction of the RTNDT concept strongly question the "conservatism"
respectively adequacy of these practices.

- the ASTM E 208 standard [3] used before 1984 does not comply to the
present valid edition defining the requirements for the preparation of the crack
starter weld.

The practice used up to the 1981 edition is by depositing the crack starter weld from
both ends and ending in the middle where the notch is located. Investigations from
Japan [17] and Germany [18] have shown that this old practice can result in too
optimistic a value of the NDT temperature by as much as 25 *C. To avoid this
shortcoming, since the 1984 edition of the ASTM E 208 standard the crack starter
weld has to be deposited in one pass without interruption.

The issue now is ho-v can we reasonably take into account this possible
nonconservatism in iniiiai NDT temperature determination in our safety assessment?

- many of :he firs: and second generation RPV surveillance programmes only
contain '.ongitucinal (.strong orientation) Charpy V-notch specimens to
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determine the RTNnT shift instead of the presently required transverse (weak
orientation) specimens according to the ASME code. Since 1972 these
transverse specimens per definition are part of the RTNDT concept.

- besides the above mentioned items many of the first and second generation
RPV surveillance programmes contain very few (about 9 to 12) specimens to
construct the transition temperature curve. If we proceed according to the
Code by testing 3 specimens for each temperature, we will only have 3 to
4 points for the curve (if all goes well)! In addition to that, the large scatter
normally observed in the results makes the task even more difficult.This is
certainly an unsatisfactory situation and makes a reliable and adequate
assessment very difficult to achieve. Therefore ways and means have to be
found to improve this situation. The so-called "reconstituted" specimens could
be of great value here.

The USNRC has addressed some of the above mentioned issues in their Branch
Technical Position of the Materials Engineering Branch (MTEB) - No. 5-2 "Fracture
Toughness Requirements". However this BTP-MTEB is given for the following
material types manufactured mostly in the US and according to ASME specifications:

- SA-533 Grade B, Class 1, Plate and
- SA-508, Class II, Forging

Therefore for similar materials not produced in the US and/or not complying to the
corresponding ASME specifications, the applicability of this BTP-MTEB should first
be evaluated.

However, the BTP-MTEB give a method for converting longitudinal values of the
USE to transverse values (using a factor of 0,65) but does not give rules as to what
the corresponding temperature shift (conversion) must be. That is the corresponding
temperature at which the transverse USE is attained. This can have significant
consequences for the RTNDT shift determination whether at the 68 J energy level or
41 J energy level. This issue also has to be clarified.

The construction of the transition curves through the Charpy V energy values of the
initial unirradiated conditions and of the surveillance programme specimens, after
irradiation, to obtain reliable and reproducible RTNDT shift determination is still a
matter of debate. There is presently no generally agreed upon method or standard to
do this. Some use the so-called "eye ball" method and others use some analytical
mathematical expressions to trace the transition curves e.g. sigmoidal (tanh) curve
fits, polynomial curve fits etc.. The problem mainly lies in the limited number of data
points available and the large scatter observed in the data as has already been
mentioned.

The use of analytical mathematical expression can avoid subjectivity and can be
expected to give a better reproducible basis for the transition curves. On the other
hand one can ask whether the mathematical expression can really always represent the
real material behaviour -.nfluenced by many parameters. And by using this analytical
expression one coes in a way "force" the material to behave as prescribed. In so



doing one can actually miss an anomalous behaviour that could be very important,
which would probably not have been missed by using the "eye ball" method and
realising that the data in question are not outliers.

A logical approach would be to combine both methods in an appropriate way. Some
would even propose to rely on the so-called "engineering judgement". Experience
unfortunately shows that this term has often been misused, is subjective and should
thus only be used with due reservation.

Therefore it is very desirable if this issue could also be resolved to ensure reliable
and reproducible as well as comparable results. This aspect should also be considered
in selecting the data to be used in a data base.

- Irradiation assisted stress corrosion cracking (IASCC)

It should be noted that material embrittlement by neutron irradiation is but one of the
many phenomena in material degradation processes that have to be taken into account
in the safety assessment of the RPV. Possible synergistic effects of all the relevant
phenomena have not as yet been systemetically and comprehensively investigated in
research programmes. However, for many years one of those possible synergistic
effects i.e. IASCC has already received appropriate attention.

Stress corrosion cracking (SCC) has long been recognized to be a relevant material
degradation process for austenitic stainless steels but recently also for ferritic low
alloy steels. The question in what way and how damaging the neutron irradiation
effect can have on the material behaviour with respect to SCC is presently still under
investigations. An international group called International Cooperative Group on
Irradiation Assisted Stress Corrosion Cracking (ICG-IASCC) exists since 1986 to
systematically study this phenomenon. Here primarily the internals and core support
structures are affected but also RPV-materials at the core beltline region such as
cladding, pads welded to the vessel wall and the vessel wall proper.

7. CONCLUDING REMARKS

The neutron irradiation embrittlement, i.e. the reduction of the fracture toughness of
the RPV materials due to neutron irradiation has to be taken into account in the
integrity assessment of the RPV. This assessment is usually performed periodically
during the NPP's life, i.e. at the beginning of operation and at certain intervals in the
life of the plant, in particular after a surveillance programme capsule has been
withdrawn or due to oiher causes, which require new assessments to be done.
Depending on the so-called fluence rate or lead factor of the surveillance programme
capsules, for assuring the integrity for the next operating interval (before the next
periodical assessment) or.e has to either interpolate (e.g. for PWRs) or extrapolate
(e.g. for BWRs) :he rate of neutron irradiation embrittlement. The commonly used
approach of the RTNDT :oncept and its shift determination are based on several
assumptions and still hive shortcomings, also with respect to the adequacy of
understanding the factors influencing the embrittlement mechanism as have been
described in the rreviou> chapters. Therefore, one should be aware of these and is



cautioned to consider them appropriately when taking neutron irradiation
embrittlement into account in the integrity assessment of the RPV.
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