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T p HE STRATEGIC IMPORTANCE of permanent
A assurance of the integrity of nuclear Re-

actor Pressure Vessels (RPVS) has always been
acknowledged. Plant Life Management (PLIM)

concepts, of increasing importance to the nu-
clear world, emphasize first of all the degra-
dation issue of irreplaceable structures, such
as the RPV. The research on the susceptibil-
ity of the RPV steels to neutron-irradiation em-
brittlement, the understanding of the under-
lying degradation mechanisms and method-
ologies to ensure safe exploitation constitute
an important activity of the Reactor Materi-
als research department. Our programme fo-
cuses on the consolidation of the enhanced
surveillance technology that encompasses ad-
vanced fracture-toughness mechanical testing
and microstructural interrogation supported
by modelling and micromechanics.

Objectives
assessment,

In support of the RPV integrity

to develop enhanced surveillance concepts
by applying micromechanics and fracture-
toughness tests to small specimens, and by
performing damage modelling and micro-
structure characterization;

to demonstrate our methodology on a broad
database;

to achieve regulatory acceptance and indus-
trial use.

Pressure vessel steel surveillance The
main surveillance activities are

• to assure the follow-up of the RPV steel of
the Belgian nuclear power plants by eval-
uating mechanical tests and neutron do-
simetry, using state-of-the-art testing and
calculation methodologies;

• to implement the quality procedures in or-
der to obtain EN 45 001 accreditation in 1998;

• to commercialize these programmes on the
international market.

We evaluated the Doel III/3 capsule (fluence of
5.72 x 1019 n-cm"2) and presented the surveil-
lance report with the complete mechanical test-
ing and dosimetry analysis. The transition-
temperature shifts of both base metal and weld

material were within the trend set by the pre-
vious capsules. The relative shifts for the weld
and heat-affected zone were smaller than that
of the upper-core-shell base metal.

The surveillance capsule Tihange II/3 arrived
at our premises. Early 1998, we will dismantle
it, then test the specimens mechanically and
evaluate them.

In the framework of standardization, our labo-
ratory performed instrumented impact test-
ing of CBR (Community Bureau of Reference,
EC contract) reference specimens for charac-
terization of Batch-4 specimens of high energy
(nominal 160J).

For the Brazilian Navy, CTMSP, we designed the
"INAP Reactor Vessel Surveillance Programme,"
which includes concepts of enhanced surveil-
lance. This programme was the first part of our
international co-operation and support pro-
gramme, and will continue till 1999.

A co-operation agreement, sponsored by the
Belgian Office for Scientific, Technical, and Cul-
tural Affairs, was established between SCK« CEN
and the Bulgarian Academy of Sciences. The
agreement involves support, training, and con-
sultancy on surveillance issues related to the
Korloduy nuclear power plants.

programme The enhanced RPV surveil-
lance strategy developed in Belgium combines
state-of-the-art micromechanical and damage
modelling to the evaluation of Charpy V notch
(CVN) load-deflection signals, tensile stress-
strain curves, and slow-bend tests of reconsti-
tuted, precracked Charpy specimens. A prob-
abilistic micromechanical model has been es-
tablished for static and dynamic transgranu-
lar cleavage initiation fracture toughness in the
ductile-brittle transition temperature range.
This model allows to project toughness bounds
for any steel embrittlement condition from the
corresponding CVN and static tensile proper-
ties, using a single scaling factor defined by
imposing agreement with toughness tests in
a single condition. This "toughness transfer
model" incorporates an outstanding finding:
the microcleavage fracture stress is affected
by temperature in the ductile-brittle transition
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and this influence is strongly correlated to the
flow stress; this explains phenomenologically
both the shape of the K\Q,Ku-temperature
curves and the actual magnitude of the strain
rate and irradiation effects. Furthermore, CVN
crack-arrest loads and fracture appearance are
also taken advantage of to estimate K]a degra-
dation. Last but not least, the CVN tensile load-
temperature diagram provides substantial in-
formation used for the modelling of in-service
steel strengthening, of intergranular fracture
susceptibility, and of other irradiation-induced
and ageing effects. Systematic application
of this enhanced surveillance approach is ex-
pected to contribute to the improvement of
the engineering and regulatory predictive ca-
pability, while allowing optimal use of the lim-
ited inventory of available surveillance mate-
rial. This year's emphasis has been on fracture-
toughness testing and evaluation on unirradi-
ated and irradiated reference materials. The
master-curve concept has been applied to var-
ious sets of data and the results have been
compared to the regulation based on the ASME
reference-curve procedure.

The enhanced surveillance technology contin-
ues to be actively validated. An important el-
ement in this effort is the BR2/CHIVAS acceler-
ated irradiation and testing programme, with
already six irradiation campaigns. To modify
the relative importance of the various damage
mechanisms in RPV steel embrittlement and to
help identify and separate their contributions,
we exposed reference materials to representa-
tive fluences at different irradiation tempera-
tures. The main activities in 1997 were the
postirradiation testing and evaluation of the
different reference materials. In the frame-
work of an IAEA programme and a PhD work,
the CHIVAS-6 irradiation allowed us to compare
the fracture toughness derived from different
specimen geometries.

Conceptual approach to enhanced surveillance
Damage modelling offers a comprehensive way
to rationalize in-service steel strengthening
and allows one to anticipate the increase of the
room-temperature static tensile yield strength
depending upon materials and environmen-
tal factors, in order to relate change in frac-
ture toughness and yield strength in a micro-
mechanical model. In 1997, we further ap-

praised and consolidated our probabilistic mi-
cromechanical transfer model for transgranu-
lar initiation fracture toughness (see SCK>CEN's
1996 Scientific Report).

As regards experimental techniques in sup-
port of modelling and micromechanics, our
1997 efforts were directed towards mechanical
spectroscopy. Because 57Fe Mossbauer spec-
troscopy could not uniquely identify differ-
ences in the measured parameters between as-
received, thermally treated, neutron-irradiated,
and neutron-irradiated annealed conditions,
we decided to embark no longer on this re-
search. Regretfully, one of the members of our
research team had to leave, bringing positron-
annihilation investigations to a standstill. Be-
cause we wish to study this field further, a new
member will strengthen our group in 1998.
A feasibility study of Small-Angle X-ray Scat-
tering (SAXS) for investigating damage mecha-
nisms in RPV steels was inconclusive.

The mechanical spectroscopy (internal friction)
research was furthered in two main directions:
we constructed a torsion pendulum and we
studied RPV steel from the Doel I and II reactors
under different annealing conditions before
and after irradiation. The torsion pendulum
is now being tested and calibrated. The study
of the Doel I and II RPV steels was conducted
by means of an inverted torsion-pendulum ap-
paratus at the EPFL in Switzerland. Measure-
ments of the ratio Q"1 of the dissipated en-
ergy to the elastic energy stored in the spec-
imen and of the frequency F of the system
have revealed that the technique is well-suited
to characterize relaxation phenomena due to
long- or short-range dislocation-defect inter-
actions. The results indicate a marked in-
crease in the yield strength of an unirradiated
weld specimen after a one-week thermal treat-
ment at 450°C, but no appreciable effect of
hardening after a similar treatment at 343°C.
Thermal treatment at 343°C of an irradiated
specimen resulted in substantial thermal age-
ing. At 450°C, the additional hardening result-
ing from thermal ageing was almost entirely
compensated by annealing. Because Doel RPV
steels have too few interstitial atoms in solid
solution, strain ageing does not play a major
part in their embrittlement processes. Fur-
thermore, the internal-friction results compare
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very well with tensile-test and impact-test re-
sults and with a three-component model for
the yield strength. In addition, they quite unex-
pectedly led to a review of standardized meth-
ods of analysis of impact-test results. Inter-
nal friction has withstood four years of exten-
sive scepticism. Within the framework of en-
hanced commercial surveillance, the technique
has contributed to a better understanding of
the complex physical processes involved in RPV
steel embrittlement.

Reconstitution technology The reconstitution
technique was routinely applied. On one occa-
sion, the voltage polarity of our reconstitution
setup was incidentally changed, causing larger
melt-off of insert material. Verification of the
consequence on fracture-toughness measure-
ments with finite-element analysis showed that
this should not influence the results, although
larger scatter of the results was detected. We
executed the reference testing and tempera-
ture tests within the RESQUE project.

Fracture toughness research A large ef-
fort was made to qualify the three-point bend
technique on precracked Charpy specimens to
measure fracture toughness of irradiated RPV
steels. Hence, we successfully tested three
materials, namely the JRQ irradiated in the
Doel IV IAEA capsule, the 73W weld irradiated
in the BR2/CHIVAS-0, and the Doel base from
the surveillance capsule Doel H/4. A compar-
ison between the shift of the transition curve
and the tf TNDT shift clearly shows that the reg-
ulation is conservative (Table 1).

Table 1 Comparison between irradiation-induced

shift as determined from fracture-toughness mea-

surements and the application of the regulation based

on the KTNDT shift.

Material

73W

JRQ

Doel base

4

3
1
3

>[n

.8

.2

.6

X

X

X

10 1 9

10 1 9

1019

ATb

124
66
50

AKTNDT

155
109

77

constitution on the fracture toughness to be
very small already with only 3 mm of virgin ma-
terial. For these materials, the J?XNDT shift was
found to be very similar to the To shift.

To evaluate the master-curve approach statisti-
cally better, we selected two well-characterized
and well-documented RPV steels:

• the 22NiMo37 steel (plate used in the in-
ternational round robin related to fracture
toughness in the transition regime);

• the A533B steel (low upper-shelf RPV steel
tested within a Japanese round robin orga-
nized by the Japan Society for the Promo-
tion of Science).

Besides the precracked Charpy specimen, an-
other geometry, the circumferentially-cracked
round bar, was extensively investigated on
these two reference materials, with particular
attention on the size effect and loss of con-
straint. The results obtained on 22NiMoCr37
after normalization to lT-size indicate that the
fracture-toughness behaviour in the transition
regime can be characterized with small sam-
ples if both size and constraint effects are
taken into account (Fig. 1).

;:40i3.i!:

•!"$":

We applied our methodology to the Chooz A
base metal and the Doel weld material (Doel 1/4
and Doel II/5), reconstituting most of the spec-
imens from 10 x 10 x 10 mm3 inserts. Finite-
element analysis showed the influence of re-

Figure 1 Results obtained on the 22NiMoCr37 af-

ter normalization to lT-size, compared to the mas-

ter curve (solid line) and associated 5% and 95% con-

fidence bounds (dashed lines). The CRB specimens

(hollow circles) are corrected for loss of constraint.
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Embrittlement mechanisms and micro-
mechanics of Doel I and II pressure-vessel
welds (Phase ill) We consolidated our
R&D effort on the Doel I and II pressure-vessel
weld material, which displays an outlier be-
haviour of in-service embrittlement relative
to regulatory predictions (USNRC Guide 1.99
Rev. 2, French Code, etc.). Using the three-point
bend technique, we determined the fracture
toughness of Doel I and II precracked Charpy-
size baseline and irradiated samples. We also
tested specimens of the surveillance capsules
Doel 1/4 and Doel II/5, after applying the recon-
stitution concept on small (10 x 10 x 10 mm3)
inserts; we analysed them according to the
master-curve procedure.

Our approach regarding the strengthening and
embrittlement of Doel I and II steels consisted
in three steps: defining steel strengthening by
means of the damage model, relating strength-
ening to the Ductile-Brittle Transition Temper-
ature (DBTT) shift ("initiation" model), and re-
lating strengthening to the Pellini drop weight
(Nil Ductility Temperature or NDT) and to crack
arrest. The results for the Doel welds, summa-
rized in Figures 2 and 3, are briefly discussed
below.

Figure 2 In-service strengthening of Doel I and II

submerged arc welds (damage modelling).

Damage modelling In this work (Fig. 2),
strengthening from thermal ageing (weld) has
been assumed to follow a time-exponent V3
kinetics and has been normalized to the ob-
servations from the steam-generator capsule

aged at 290°C. A quadratic superposition of the
strengthening by the other obstacles has been
adopted. Parallel application of the model
to the correlation monitor HSST-02 and to the
Doel forgings indicates that the mean irradia-
tion temperature of the surveillance capsules
is closer to 3O5°C than to 290°C.

The Doel I and II forging specimens are by far
the most sensitive ones to the irradiation tem-
perature. This behaviour is explained by their
relatively low copper content (0.085%) and high
nickel content (0.79%); for such a composition,
the role of the damage mechanism responsi-
ble for the temperature sensitivity is govern-
ing. For the weld, an "effective" copper con-
tent of 0.15% has been taken, even though the
bulk content may vary from about 0.13% ("low-
copper" coupons) to about 0.4% ("high-copper"
coupons). This choice is consistent with the
extensive AEAmicrostructural characterization
programme, which revealed not only that a sig-
nificant proportion of copper has been pre-
precipitated by the weld heat treatment (high-
copper coupons), but also that the sizes and
number densities of the irradiation-induced
Copper-Rich Precipitates (CRPs) are similar in
all weld coupons: only the CRP composition
changes (more copper in the CRPs from high-
copper coupons), which does not affect the
steel strengthening (see SCK'CEN's 1996 Scien-
tific Report). These high-resolution observa-
tions by Field Emission Gun Scanning Trans-
mission Electron Microscopy (FEGSTEM) provide
a scientific rationale to explain why no copper
effect was found by the CVN reconstitution of
both low- and high-copper coupons. The weld
is little sensitive to the irradiation temperature
because of its low nickel content (0.125%). The
CRP morphology and composition is probably
not affected by a change of temperature from
305°C to 290°C.

Embrittlement versus strengthening: DBTT "ini-
tiation" model Literature papers generally
assume that one can estimate the DBTT shift
(as approximated by the 41J CVN shift) by mul-
tiplying the RT yield strength increase AafT

by a constant of the order of 0.5 to 0.7°C-
MPa"1. In practice, such ratio is neither con-
stant nor unique, and can have values ranging
from 0.4 to 1.2. To estimate the applicable val-
ues, we developed a micromechanical model
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referring to the well-known Davidenkov dia-
gram, which defines DBTT as the temperature
at which the uniaxial yield stress intersects the
microcleavage fracture stress a*. Our work
further defines DBTT as TI, the temperature at
which the shear fracture appearance begins to
exceed zero. We found for instance that the
ratio of shift to strengthening is much lower
for irradiation at 150°C than for irradiation
at 300°C: this does not stem from different
damage mechanisms at the two temperatures,
but from the temperature dependence of the
microcleavage fracture stress. We also found
that, for a same amount of strengthening, the
Doel I and II welds are predicted to shift more
than the forgings.

Nil: ductility: temperaujret'C]
100;:

50:

-50

reconstituted*
annealed • /

as received

:600

RtiyieldI stress MPa

Figure 3 Embrittlement of Doel I and II welds (mi-

cromechanics correlation).

Emhrittlement versus strengthening: crack ar-
rest By contrast to initiation, there is no sim-
ple, well-established framework to model crack
arrest. Nevertheless, an approximate rationale
has been derived and the results for the Doel
welds are shown in Figure 3. The NDT is de-
rived from the CVN arrest load on the basis of a
physically validated and statistically grounded
correlation to both Pellini drop-weight tests
and fracture-mechanics crack-arrest measure-
ments. Returning to Figure 2, one can see that
the unirradiated RT yield strength of 428MPa
has increased in service up to an upper bound
value of 570 MPa, while the unirradiated NDT of
- 30° C (identical for the drop-weight and the Fa

master-curve method) has increased to a con-
servative estimate of +73°C, with a 2cr upper

bound of +95°C (TA = +115°C). The median
NDT increase of 103°C is at least 40% lower in
this case than the 41J CVN shift. These val-
ues pertain to an extended end-of-life maxi-
mum neutronic exposure of 5.0 x 1019 n-cm"2

(£ > 1 MeV) at 290°C, and indicate a substantial
safety margin of 55°C. By contrast, application
of the current regulatory concepts to this ves-
sel leaves almost no margin.

BR2/CHIVAS irradiations of reference mate-
rials Well-targeted test reactor experiments
are valuable in establishing PWR plant-specific
embrittlement trend curves; in particular, they
yield information at high neutron fluences, en-
large the fracture-toughness database, and al-
low the assessment of the kinetics of damage
mechanisms, including phenomena such as in-
cubation fluences. In 1997, we evaluated part
of the available irradiated reference-material
specimens and compared it to baseline data.
We also carried out new irradiations on IAEA
material to evaluate fracture toughness from
cylindrical specimen geometries.

EC R&D prog rammes We are involved in five
international programmes of the EC, related to
nuclear fission safety:

H the development of advanced methods for
the evaluation of irradiation embrittlement
of WER 1000/320 type (a consortium gather-
ing Belgatom, EdF, Rosendorf, and Siemens
Kvvu);

• REFEREE (relation between different mea-
sures of exposure-induced shift in ductile-
brittle transition temperatures), which aims
to obtain high-quality data on different ma-
terials in order to compare Charpy impact
shifts, dynamic fracture-toughness shifts,
and quasi-static fracture-toughness shifts;

• RESQUE (reconstitution techniques qualifica-
tion and evaluation to study ageing phe-
nomena of nuclear pressure-vessel materi-
als), which aims to qualify different recon-
stitution techniques stepwise in order to
come to a European guideline;

• MADAM (conversion table of material neu-
tron damage indexation for all different Eu-
ropean reactor types), which aims to vali-
date better dosimetry calculations against
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measured data from dedicated reactor do-
simetry benchmarks and to improve the
analysis of the impact of uncertainties for
specific reactors and RPV steel embrittle-
ment;

PLAN (thematic network on "Life Manage-
ment of Industrial Plant, Components and
Infrastructure").
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