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1 SUMMARY

The critical circumferential core area weld of Loviisa 1 reactor pressure vessel was successfully
annealed during the refueling and maintenance outage in August 1996. The weld was heated up to
the annealing temperature of 475°C and this temperature was maintained for 100 hours. The work
was implemented by Skoda Nuclear Machinery Ltd as a main supplier representing consortium
of Skoda Nuclear Machinery Ltd from Czech Republic and Bohunice Nuclear Power Plant from
Slovak Republic.

Comprehensive material testing programs have been carried out to ensure the licensing of the
annealing. Part of these programs have not yet been finished and are still going on. In the
domestic programs sophisticated testing techniques including electric discharge machining and re-
constitution techniques were used. Thus already tested surveillance specimens halves could be
used as authentic material. The licensing work has been carried out mainly by VTT in Finland and
Moht Otjig RM in Russia. A new comprehensive surveillance program has started to follow the
embrittlement of the RPV after annealing.

2 INTRODUCTION

In Loviisa IVO has 2 NPP (Nuclear Power Plants) of type WER-440 model B-213. Unit 1 was
commissioned in 1977 and unit 2 in 1980. The 1st surveillance results in Loviisa showed that the
embrittlement rate of the core weld was much higher than expected. Since then (1980) both units
have been operating with a reduced core (10 % smaller) to decrease the embrittlement rate. IVO
decided to anneal the RPV of the 1st unit in the refueling outage in August 1996. At that moment
the transition temperature Tkf was 135 °C according to IVO's surveillance tests results. The
calculated critical transition temperature Tka for unit 1 is 140 °C so there was still a small margin of
about 4 years to reach Tka for the critical core weld. In other WER-440 plants Tka has typically
been much higher than in Loviisa. The value of the critical transition temperature is dependent on
many different parameters such as; assumed defect size, choise of transient situation (design basis
accidents or other cooling transients), thermal hydraulics, heat exchange factors, influence of
cladding etc. The decision to anneal the 1st unit in Loviisa was thus based on IVO's own brittle
fracture analyses. Loviisa 1 RPV was the 1st WER-440 vessel of model 213 that has been
annealed. After annealing the unit continue to operate with reduced core.
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IMPLEMENTATION OF THE ANNEALING

The recovery annealing was performed using electrical heating device owned by Bohunice NPP. It
had been previously used for the annealing of two W E R 440/230 units in Bohunice VI plant.
The annealing device is equipped with 13 resistance heated power controlled heating sections
arranged in to three groups with total nominal heat output of about 1000 kW. The middle group
of heating sections is used for heating of the annealing area and the other two groups for
controlling axial temperature gradients. The total mass of the device is about 64 tons. The device
was installed inside the reactor pressure vessel supported by a thick shielding plate on the main
flange. The furnace is shown in Fig. 1.

The annealing parameters were established based on material investigations and stress analysis.
A target value for the annealing temperature range was 465 - 505°C and for heating/cooling rate
20°C/h. According to the results of the material investigations about 80% recovery of transition
temperature shift caused by irradiation embrittlement can be achieved using the above mentioned
annealing parameters.

Temperature distribution during the annealing was monitored with thermocouples installed on
the inside and outside surfaces of the RPV. Stresses caused by local heating of the weld area were
calculated on-line by means of 3 dimensional Finite Element model. The measured temperature
data were used as an input information for the stress analysis. The annealing device as well as the
monitoring systems were designed by Skoda Nuclear Machinery Ltd. The proper functioning of
the annealing device and the monitoring systems was verified before shipment by a pilot
annealing of a full scale model RPV installed in the Bohunice NPP. In the pilot annealing the
thermal stresses were measured by strain gages to verify the stress calculation system.

Annealing of Loviisa 1 including heating and cooling phases took place between 4.8.1996 and
11.8.1996. The work was carried out according to the plans practically with no delays or
deviations. The total time that the annealing related works kept RPV occupied was 12 days. The
main reason for such a short time needed on the critical path of the outage schedule was that all
critical jobs were carefully pre-planned and tested during the pilot annealing of the model RPV in
Bohunice.

The control system of the annealing device was accurate and the target annealing parameters were
maintained on the inside and outside surfaces of the RPV wall with sufficient margins. During the
100 hours of dwell time the lowest measured temperature on the outside surface of the annealed
core weld was 475 °C and the highest measured temperature on the inside surface of the annealed
weld was 500°C (Fig. 2). The temperature difference between outside and inside surfaces was
most of the time about 10°C and the maximum temperature difference in circumferential direction
(four measuring lines oriented by 90°) was also about 10°C.

The small temperature difference across the RPV wall was obtained mainly because there was
practically no flow of cool air on RPV outer surface. Tightness of mirror insulation surrounding
the RPV was verified prior the annealing and also some additional insulation was installed to
prevent air flow along the RPV wall. These measures ensured that air of the ventilation system
that cooled surrounding structures during the annealing could not flow directly on the RPV wall.
Ventilation was also effectively used during the cooling phase and smooth cooling with average
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According to the on-line stress monitoring system stresses in the RPV wall caused by local heating
of the weld area were less than 100 MPa including heating and cooling periods. Naturally, thermal
stresses of the austenitic cladding were much higher and some plastic deformation occurred in the
cladding material. There were about 40 thermocouples installed in different parts of RPV for
establishing the correct temperature field for stress calculations. A good correlation was observed
between the results of the on-line stress analysis and the analysis which were done during the
licensing period.

There were more than 40 persons representing four companies from three different countries
directly involved in annealing work at the Site. The main factors for the successful annealing were
very thorough preparation work, skillful personnel and sophisticated systems used for controlling
the annealing process.

t MATERIALS TESTING

In Finland the annealing research on the WER-440 RPV-material started already in 1980
when the higher than expected embrittlement rate of the core weld was realized by IVO. In
Table 1 the research programs for licensing the annealing and supporting operation after
annealing is shown.

Table 1. Material research programs supporting the operation ofLoviisa-1 after the vessel
anneal.
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Extended surveillance testing includes mainly re-use of already tested surveillance specimens
from the surveillance programs of unit 1 and 2. The advanced methods for treatment and
testing of active material in the Hot Cell at VTT made such extensions of the surveillance
program possible. Cutting of active material was carried out with an electric discharge ma-
chine and re-constitution of specimens was done by welding. A lot of work was also concen-
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trated on the validation of the re-constitution methods used. Accordingly standard sized CV-,
pre-cracked CV-specimens as well as mini CV-specimens (KLST; 3*4*27,5 mm) of already
tested material could be used in the tests. A lot of "sensitivity tests" were also carried out at
VTT to compare results from different specimens in different material conditions.

The use of KLST-specimens in "sensitivity studies" is very feasible when the availability of
testing material is small. These subsize specimens were used to look at the influence of
different annealing parameters on the recovery. Results from one of the studies is shown in
Fig. 3. Re-embrittlement conditions of the same material will be tested later when the
specimens will be taken out after the second period of irradiation in the RPV in Loviisa. The
first available results of the annealing and re-embrittlement studies in Finland indicate that:

» The residual transition temperature shift after annealing AT,*, remains practically constant, when
the annealing temperature is varied between 420 ° C - 560 °C and the annealing time between
100-500 h.

» The measured values of AT^ for RPV materials is 10-40°C depending on material, testing
method, fluence of the pre annealing irradiation and annealing parameters.

» The annealing studies did not reveal any indication of temper embrittlement in any of the
pressure vessel materials.

• The so called lateral shift approach gives a more accurate prediction for re-embrittlement rate
than the so called conservative shift approach.

A testing program with accelerated irradiation of samples in a MTR (Materials Testing
Reactor) was carried out using a tailored weld (501) that was manufactured in a similar way
as the original RPV core weld. The mechanical properties and the chemical analyses are
closely similar to the core weld in the RPV. This program was carried out by Moht Otjig in
Russia 1994-1997.

Table 2. The scope of the program by Moht Otjig
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The program also includes testing of cladding specimens and a simulated HAZ (Heat Affected
Zone). The scope of this part of the licensing program is shown in Table 2.

The simulation of the HAZ was carried out by ZNIIKM Prometey in ST Petersburg. The aim was
to simulate the heat cycles of the worst region of the HAZ and testing the heat treated material
volume in several different material conditions. The material conditions that was investigated are
shown in the above table.

The main testing methods was static fracture toughness (Kjc) and dynamic Charpy-V testing. The
irradiation of the test specimens was carried out in the RBT-6 reactor in the Research Institute
of Atomic Reactors (RIAR) in Dimitrovgrad in Russia. In the reference condition crack arrest
properties Kja of the weld was also determined (by ZNIIKM Prometey). As can be seen from the
above testing conditions the licensing program included already at this stage a re-anneal as well as
re-irradiation of the material after that (IAIAI).

The results from the cladding testing (1st layer; cb-07X25H13) showed that for all conditions
ending with irradiation (I, IAI, and IAIAI) embrittlement effect could be seen in KjC mainly in
lower testing temperatures as can be seen in Fig. 4. The material always recovers very well in the
annealing treatments almost to the original level. Only a few conditions were tested for the 2nd
layer, the surface layer, of the cladding (cb-08X19H10r2b). The aim was to confirm that the
annealing-irradiation cycles do not cause embrittlement in general. The results were difficult to
interpret since the position of the fatigue crack tip was generally in a mixed layer. The variation in
test results was so large that it was difficult to see any effects of different material conditions. This
part of the investigations were also carried out by ZNIIM Prometey. The conclusion of this
rather academical part of the studies showed that the cladding retains its toughness relatively well
in above mentioned conditions.

The results from the testing of the weld in different irradiated and annealed conditions are shown
in Fig. 5. These tests were carried out by RRCKI (Russian Research Center Kurchatov Institute)
in Moscow. The measured results are shown as circle for Tk0 shift and triangle for To shift. The 1st
irradiation and annealing cycle is perfect when comparing to estimations according to Russian
standards (Af = 39.9). The recovery is almost complete. The 2nd cycle includes 2 fluence steps
and 2 P-contents. The 3rd cycle is also shown and is also quite good. The results show the
following:

1 the lateral shift is good and enough conservative for estimating the re-embrittlement of the
material.

• the residual shift is less than 20 °C in this case.
• the shift in To and Tko variates in different cycles (Kjc/1 OOMpaVm and CV/47J).
' the shift in transition temperature decreases with repeated annealing
• the shift in transition temperatures are much higher than the so called vertical shift would give
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Fig. 1 The annealing furnace at site in Loviisa 1 reactor building.
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Fig. 2. Temperature distribution inside and outside the RPV.
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Fig. 3. The influence of annealing parameters on the residual shift.
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Fig. 4. Temperature dependence of the toughness for the two layer cladding with crack tip in
the 1st layer in different states.
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Fig. 5. Transition temperature shifts for the weld 501 in different material conditions.

171


