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Foreword 

The International Workshop on WWER 440 Reactor Pressure Vessel 
Embrittlement and Annealing was held at Zavazna Poruba in the Slovak Republic from 
the 29-31 March 1994. It was organized by the Nuclear Regulatory authority of the 
Slovak Republic in cooperation with the International Atomic Energy Agency. 

The Organizing Committee was composed of the following members: 

Mr. J. Misak - Chairman 
Mr R. Gunis 
Mi-. S. Cepcek 
Mr. L. Ianko 
Mr. R. Havel 

The purpose of the Workshop was essentially to discuss the WWER 440 model 
230 reactor pressure vessel integrity in terms of the measures already taken, current 
activities and future plans. The meeting was arranged in two parts (see Appendix 1), 
namely, the Scientific programme (Chaired by Academician L.M. Davies) followed by 
the consideration, review and revision of the IAEA Consultancy report on RPV 
Embrittlement and Annealing (Chaired by Mr. D. Goodison). This particular report 
covers the first part of the meeting i.e., the Scientific Programme, in the form of 
proceedings of the meeting, while the re-drafted Consultancy report will be issued later. 

The meeting was attended by sixty-six representatives from thirteen countries. See 
Appendix 2 for a list of participants. 

The Scientific Programme was arranged into a number of Sessions and the 
following acted as Session Chairmen: 

Mr. L. Kupca Mr. C. Leitz 
Mr. M. Brumovsky Mr. A. Kryukov 
Mr. A. Duchac Mr. A. Taboada 
Mr. M. Lipar Mr. A. Miller 
Mr. J. Misak Mr. L. Ianko 

This paper is the proceedings of the Scientific Programme together with a 
summary and any major conclusions and recommendations. 

In summarising the presentations at the end of the Scientific Programme 
Academician D ivies said that the papers had described and shown that the techniques and 
equipment for annealing neutron irradiation effects in WWER pressure vessels had been 
developed for use both by the (now) Moht and Skoda organizations. Annealing had been 
demonstrated on a number of vessels. Annealing conditions had been established and it 
was interesti. i to note that these were the same as "Western" steels indicating that the 
cmbrittleme .. mechanism and recovery was similar in both cases. Re-annealing was also 
partially demonstrated but there was data on the effect of the U-I-A-RI-A cycle and 
beyond if - ne included "Western" data (the provision RI and then RI-A data from 
surveillar e samples was obviously important). If re-annealing was effective for the 
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WWER, titen neutron irradiation effects on the reactor pressure vessel might no longer be 
a plant lifetime limiting case and it would then be important to establish which plant 
feature(s) was/were limiting. The question of the effect of continued irradiation on the 
mechanical properties of those unannealed parts of the vessel was obviously important and 
required investigation. Amongst the questions that seemed to require further attention 
was the provision of data on the validation of the estimate of start of life properties; the 
variability of start of life properties; and, the variation of chemical composition of 
weldments in particular the phosphorous content. Non-destructive examination was also 
an important feature in structural integrity assessments and, while the topic of validation 
of methods, inspectors and equipment was not specifically described at this meeting, 
except in discussion, it's applicability in raising confidence levels in NDE is obvious. 
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MATERIAL ASPECTS 
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Reactor Pressure Vessel Embrittlement and Annealing from the 
Nuclear Regulatory Authority Point of View 

Augustin SlMONClC, Nuclear Regulatory Authority, Slovak Republic 
Miroslav LIPAR, Nuclear Regulatory Authority, Slovak Republic 

(UJD SR) 

The WWER 440 V-230 NPP V-l is in operation since 1978 (Unit 
1), 1980 (Unit 2) respectively. 
Reactor pressure vessels (RPVs) of V-l NPP were designed and 
manufactured according requirements, insufficient to minimize the 
material sensitivity to irradiation. 

They had been operated under high fast neutron fluxes. The 
result was a significant increase in the transition temperature 
and the need for a thermal annealing of RPV. It was necessary to 
perform it before the level of this temperature could be 
potentially reached in transients involving rapid cooldown of 
pressurized RPV, such as: 
- spurious actuation of the ECCS 
- small LOCA with a leak rate lower than the ECCS pumps capacity 
- main steam line break. 
Therefore, the knowledge of the status of RPV along its operating 
life and of its loading conditions under all normal and accident 
situations is very important safety concern from regulatory 
authority point of view. 

Mtin weaknesses of Bohunice V-l RPVs 
- impurities such as phosphorus and copper, promoting neutron 
embrittlement of weld and basic metal 

- uncertainties in the initial chemical composition and 
mechanical properties 

- the embrittlement increase more quickly than predicted. 

* 



lo 

Very important part of RPV evaluation is In-service 
Inspection program (ISI). The RPVs have been examined by 
ultrasonic, eddy current, visual inspection, dye penetrant and in 

be;.-

case of nozzles by x- ray. The results haveVevaluated by Nuclear 
Regulatory Authority of Slovak Republic as part of operational 
permit after outage. 
— The annealing of Unit 2 was made according Decision 5/91 
issued in January 1991 by £SKAE - former regulatory body. 
On the base of the hardness of the weld metal no. 0.1.4., the 
hardness of the basic metal beyond and under the weld and on the 
base of detailed analysis of chemical composition of scraps from 
weld and basic metal the Nuclear Regulatory Authority of Slovak 
Republic issued Decision 51/93 for annealing of weld 0.1.4. and 
basic metal beyond and under the weld of RPV Unit 1 too. Decision 
was issued in April 1991. 

The inspectors of UJD SR have made inspections during 
preparation, annealing and ISI before and after annealing. 

The RPVs of Unit l and 2 were annealed in April and February 
respectively to restore mechanical properties of the weld metal 
0.1.4. and basic metal beyond and under the weld. 

More detailned results presented by next lecturers will be 
the base for this workshop. 

X 



Milestones of main events 

1. Low leakage core design Unit 1 1983 
Unit 2 1984 

2. Addition of 36 dummy assemblies U n i t l 1985 
in the core periphery Unit/? 1992 

3, The contract with SKODA for annealing 1986 
preparation, design, manufactoring of 
equipment, annealing and annealing evaluation 

4. Measurements of neutron flux at RPV 1987 
external surface 

5, Detailed analysis of chemical composition Unit 1 1992 
of scraps from weld 0.1.4. and base metal Unit 2 1989 

6. Decision no. 5/91 CSKAE January 1991 
conditions of- "small reconstruction" 
of V-l including RPV integrity and 
annealing of RPV Unit 2 

7, Annealing of RPV Unit 2 February 1993 
8, Decision no. 49/9 tJJD SR March 1993 

evaluation of "small reconstruction" 
of v-l Unit 2 including RPV integrity, 
annealing and operational permit 

/ 
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9. Decision no. 51/93 UJD SR April 1993 

for V-l Unit 1 RPV annealing 
10. Annealing of RPV Unit 1 April 1993 
11. Decision no. 147/93 UJD SR May 1993 

evaluation of "small reconstruction" _ 
of Unit 1 including RPV integrity, 
annealing and operational permit 

12. IAEA Consultant's Meeting in Piest'any July 1993 
"Bohunice V-l Major Safety Upgrading" 

13. IAEA Constuitant's Meeting in Vienna November 1993 
"Major improvements for WWER 440/230 NPPs" 

14. Decision no. 1/94 UJD SR February 1994 
approval of modified preliminary safety 
analysis report 
"Gradual backfitting of V-l NPP" 
and basic requirements of UJD SR 
including RPV integrity: 
- collection and analysis of samples from 
the outside surface in the beltline area 
weld no. 0.1.4. 1996 

- completion of analyses of all potential 
cooling scenarios for the RPV 1994 

- completion of the RPV integrity evaluation 
including welds 0.1.4. and 0.1.5. 1994 

r 
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INVESTIGATION of TEMPLETS CUT OUT of 
OPERATING WWER-440 REACTOR 

PRESSURE VESSELS 
BEFORE and AFTER ANNEALING 

A.KRYUKOV 

MOHT OTJIG RM Ltd 

INTERNATIONAL WORKSHOP 
on 

WWER 440 REACTOR PRESSURE VESSEL 
EMBRITTLEMENT and ANNEALING 



Typical Problems 

• Lack of Surveillance Samples 

• Insufficient Data Regarding the P and du Content 

• Insufficient Information Regarding the Transition Temperature 
of Original Materials 

• Potential Effect of Flux on Radiation Embrittlement 

• Lack of Verification by Direct Measurement of the Effect of 
Annealing 

• 



Aim of Investigation 

Relation Between Irradiation Embrittlement and Annealing was 
Based On: 

Surveillance samples 

Representative materials in power plants 

Direct Experimental Verification was Required Based On RPV 
Samples Taken Before and After Annealing 

Vj-A 

1 



The Program 

Design and Use of Equipment for Taking Boat Samples from 
Four VVER-440 Reactor Vessels 

Machining the Samples for Mechanical Testing 

Determining the Method for Determining Fiuence on Metal 
Irradiated for 20 Years 

Establishing the Method for Determining Original Properties on 

Metal 
Establishing the Coordination Between Subsize Specimens and 
Standard Charpy Specimens 

Comparison of Experimental and Analytic Values of Radiation 
Embrittlement and Recovery 
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Fig, 1.1 The schemat ic of weld seam loca t ion -
Kozioo'u:' Unix 2 VVTR-44C r e a c t o r pressor v t : 
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Table 1. 
Plan of investigations of Kozloduy Unit 2 templets 

No. of templets Base metal Weld metal 
Total 4 8 
Before annealing 2 5 
After annealing 2 3 
For Impact tests 4 6 
J For tensile tests - 2 
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Table 2. 
Results of phosphorus and copper analysis in weld and 
base metal. 

Material -
Element content , mass % 

Material -
P Cu 

5a-b-BW 
5a-b-WC 

0.0354 
0.0363 

0.178 
0.166 

4-a-BW 
4-a-WC 

0.0345^ 
0.0373" 

0.171 
0.183 

3b-a-BW 
3b-a-WC 

0.0347 
0.0342 

0.175 
0.167 

7-b-BW 
7-b-WC 

0.0418 
0.0374 

0.155 
0.172 

11-b-BW 
11-b-wc 

0.0371 
0.0377 

0.167 
0.175 

12-a-BW 
12-a-WC 

0.0340 
0.0354 

0.176 
0.169 

6-b-BW 
6-b-WC 

0.0318 
0.0373 

0.162 
0.183 

10-b-BW 
10-b-WC 

0.0376 max 
0.0260 mln 
0.0350 

0.162 
0.157 

lb 0.0178 0.174 
2b 0.0162 0.163 
8a 0.0165 0.163 
9a 0.0177 0.167 

BW - base of the weld, 
WC - weld crown. 
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Table £ 2 

Hardness measurements of base and weld metal 

RV 
Held metal, HRC Base metal, HRC i 

i RV 
before 
annealing 

after 
annealing 

after an-
nel.560 C 

before 
annealing 

i 
after 
annealing 

NVNPP-2 

NVNPP-3 

MVNPP-4 

KZY-2 
i 

25.5il.O 

23.0+2.0 

20.Oil.0 

20.5+1.0 

16.5+1.5 

10.0+1.0 

13.5+1.5 13.5*1.5 

15.6+1.5 

12.5+0.5 

17.0+1.0 

21.5+2.5 17.0+.0 
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Table 3. 

Mechanical properties of weld metal. 

No 
speci
men 

Ttest Rm Rp0.2 SK A Ap Z No 
speci
men •c MPa % 

6-1 
6-2 
12-1 
12-2 

+23 
+23 
+23 
+23 

823 
834 
736 
711 

753 
779 
627 
638 

1395 
1480 
1465 
1255 

20.8 
21.9 
20.4 
18.3 

14.4 
14.3 
12.2 
11.8 

58.8 
60.8 
64.3 
60.5 

6-3 
6-4 
12-3 
12-4 

+270 
+270 
+270 
+270 

747 
706 
620 
595 

671 
647 
530 
507 

1255 
1120 
1075 
980 

12.4 
15.2 
14.0 
18.1 

10.2 
10.0 
8.8 
8.8 

53.3 
53.6 

_57.2 
55.2 
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Conclusions 

The Goal 

Using samples before and after annealing to verify model for 
embrittlement and recovery 

Results 

• Agreement between experiment and analysis of T K slpift of the 
weld 

• Recovery of T K due to annealing is at least 8 0 % 

• Correlation between the subsize specimens and standard 
Charpy specimens 



Recommendations 

• The Established Relationships Based On Surveillance Samples 
and Material Irradiated in Operating Power Plants Can Be Used 
to Determine the Degree of Radiation Embrittlement and the 
Effect of Annealing of Specific RPV 

• If Representative Material is Available, This Material can be 
Evaluated by Irradiation in Power Plants and the Results 
Compared to the Established Data Base . 

• This is Particularly Important for Clad Vessels to Avoid the 
Need for Sampling 
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MATERIAL PROPERTIES OF 

BOHUNICE 1 AND 2 REACTOR PRESSURE 

VESSEL MATERIALS-BEFORE AND AFTER 

ANNEALING 

M.Brumovsky, P.Novosad and M.Vacek 

Nuclear Research Institute Rez pic 

250 68 Rez, Czech Republic 

ABSTRACT: 

Six types of experimental RPV materials were studied before and after 

irradiation in host nuclear power and research reactors. Recovery of RPV materials from 

radiation hardening and embrittlement after annealing was evaluated including a rate of 

radiation damage after reirradiation used. 
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Background 

Reactor pressure vessels (RPVs) of the NPP Jaslovske Bohunice Unit 1 and 2 

belong W the "first generation" quality of WWER 440 reactors of 230 type with an higher 

content of the residual elements in RPV steels used. 

— Both RPVs were manufactured by former USSR from the chromium-

molybdenum- vanadium 15Kh2MFA type steel with a high content of phosphorus and 

copper mainly in the weld metal. Content of nickel was lower than 0,3 % (Table 1). 

With respect to the most important design requirement for transportability of 

the RPVs by train, high neutron fluences are reached in their beltline region. 

As these RPV materials show a high susceptibility to radiation damage, long 

time ago it was decided to prepare a backfitting programme for their annealing. This 

programme was prepared m close cooperation of NPP Bohunice, SKODA Nuclear 

Machinery and Nuclear Research Institute Rez, all in former Czechoslovakia. The 

programme consisted from the following 7 parts: 

1. Technological (annealing device); 

2. Irradiation and annealing (research and power host reactor for irradiation of 

"quasi-archive" materials and especially "tailored" weld metal); 

3. In-service test (chemical composition, hardness and weld position); 

4. Demonstration (qualification on a full-scale RPV annealing procedure); 

5. In-service inspection before and after annealing; 

6. Realization of RPVs unit 1 and 2 annealing; 

7. Assessment of annealing effectiveness and residual lifetimes. 

In this report results of Bohunice Unit 1 and 2 material properties testing before 
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and after annealing in accordance with the above point 2 are discussed . 

Annealing of RPVs of the both units in NPP J.Bohunice, performed at the 

beginning of 1993, is discussed in another report. 

Experimental Procedure 

Material 

RPVs of Bohunice Unit 1 and 2 have several important problems: no 

surveillance programme and no neutron fluence measurements in connection with such 

programme exist. On the other hand there are uncertaintities in chemical composition 

and initial mechanical properties, so the design criteria are based only on temperature 

approach (Tk 0). For that reason the great number of safety measures were applied to 

both Units in the course of their operation and for the study of annealing recovery more 

materials were used. 

Six types of experimental RPV materials were used for the study: 

a) Weld metal from different depth of the weld thickness (layers 1 to 8 of a 

"quasi-archive" weld metal), designated as WM "A"lxx to "A"8xx (without A^); 

b) Weld metal from the root of the weld ("quasi-archive" weld metal), designated as 

WM "A"2,x; 

c) Specially "tailored" weld metal, similar as possible to the RPV J.Bohunice Unit 2 

material, designated as WM "K"; 

d) Base material of Izhora Plant (USSR) production ("quasi-archive" material), 

designated as base material "B" ; 

e) Base material of SKODA production, designated T"; 

f) Cladding material, designated "M". 

f 
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Chemical compositions of the materials used are given in the Table 1. 

Specimens and Experimental Techniques 

Four type of testing specimens were used, namely tensile specimens (TM), 

Charpy-V impact specimens (Ch-V), COD type (pre-cracked Charpy) and 0,5 RCT type 

specimens. The total number was almost 2.000 specimens. 

In accordance with ASTM E399, the base material TM, Ch-V and COD 

specimens were taken in T-L orientation and the weld metal specimens had their 

longitudinal axis perpenpendicular to the welding direction / l / . 

Unirradiated and irradiated specimens were tested on identical equipment in a 

shielded facility, namely on instrumented Instron 1342 tensile testing machines and on 

an instrumented Tinius Olsen 74 impact testing machine in different testing temperature 

ranges. 

Irradiation 

Irradiation of "quasi-archive" materials "A" (weld), "B"(base) and cladding "M" 

was performed in a host V-213 type power reactor in surveillance positions (Table 2). 

Maximum two cycles of irradiation and annealing were used in the host reactor. Time 

of irradiation for one cycle was about 1 year. 

Irradiation of the tailored weld metal "K" was performed in the NRI test reactor. 

Maximum three cycles of irradiation and annealing were used. Neutron fluence for 1 

cycle was about 4xl023m'2 (E>lMeV). Temperature of irradiation in both cases was 

265±5°C. Temperature of annealing was 475°C/168 hs. 

^k 
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Results and discussion 

Transition temperatures TT 4 U C h . vof '.he unirradiated weld metal "A" for single 

layers were somewhere between +15 to +47°C including the root of weld and for base 

metal "B" about -45°C. 

Radiation embrittlement of the root of weld metal comformed to embrittlement 

of the weld metal. "*" 

Annealing of unirradiated base and weld metals contributed to a slight 

embrittlement with the transition temperature shift of several degrees centigrade (mostly 

3 to 5°C). Similar behaviour was observed at the cladding material. 

Some results of radiation hardening and embrittlement, including results of 

recovery after annealing, are given in Figs.l to 4. 

Up to three cycles of irradiation and annealing were used at the weld metal "K", 

as shown in Figs.l to 3. Slightly lower rate of radiation hardening after reirradiation of 

annealed weld metals in comparison to the virgin material could be seen from Figs.l and 

2. Similar behaviour was observed at the radiation embrittlement of the both weld metals 

"K" and "A", as shown in Figs.3 and 4. 

In most cases the recovery was not complete, as could be seen from Figs.l to 4. 

Residual hardening and embrittlement after annealing were mostly several percents, but 

sometimes they reached several tens of percents /2,3/. 

No residual embrittlement was observed practically in all cases after annealing, 

as measured on impact or fracture energy of irradiated base and weld metals. 

Conclusions 

Materials used in the report have shown usual behaviour as regards radiation 

; 
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hardening and embrittlement, annealing and reirradiation. 

Degree of recovery depended upon the single mechanical property measured. 

The complete recovery was found only on impact or fracture energy of irradiated base 

and weld materials. 

Residual embrittlement ( / \TT 4 U R e $ ) after annealing of irradiated weld metal was 

in the most cases about 30°C and it shown no expressive dependence on neutron fluence 

or numbers of reirradiation. Similar behaviour is expected from base material. 

Slightly lower rate of radiation hardening and embrittlement after reirradiation 

of annealed weld metals in comparison to the virgin material was found. 
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Table 1. Chemical composition of steels, wt.% 

M a t e r i a l 

RPVs of Jaslovske Bohunice BM"B" WM"A" 
layers 
1 to8 

except 
2xx 

WM"A" 
root 
2xx 

WM"K" clad
ding 
"M" Unit 1 Unit 2 

BM"B" WM"A" 
layers 
1 to8 

except 
2xx 

WM"A" 
root 
2xx 

WM"K" clad
ding 
"M" 

BM WM BM WM 

BM"B" WM"A" 
layers 
1 to8 

except 
2xx 

WM"A" 
root 
2xx 

WM"K" 

c 0,14 0,048 0,13 0,066 0,13 0,04 
0,08 

0,15 0,04 0,06 1 

Mn 037 1,11 037 0,88 0.41 0,67 
US 

L56 133 1,59 I 

Si O^l 037 0,25 0,26 0,25 030 
0,45 

03T 0,40 0,79 

P 0,014 0,043 0,010 0,026 0,009 0,016 
0,039 

0,012 0,030 0,015 

S 0,017 0,013 0,018 0,013 0,012 0,011 
0,013 

0,017 0,010 0,006 

r 2,64 1,00 1,22 1,11 2,78 1,40 
2,46 

2,48 1,43 1835 | 

Ni 0,20 0,12 0,17 0,14 0,16 0,20 
0,23 

0,24 0,06 1030 

Mo 0,58 0,39 0,55 034 0,62 0,43 
0,59 

0,61 0,56 0,02 

V 0,27 0,13 0,25 0,19 030 0,19 
030 

0,28 0,20 -

Cu 0,09 0,10 0,08 0,11 0,14 0,15 
0,24 

0,25 0,10 0,04 

Nb - - - - - - - - 0,83 

N - - - - - - - 0,049 

BM = BASE METAL WM = WELD METAL 
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Table 2. Materials, tests and conditions of treatment 
i — 

Material Test Conditions of treatment Material Test 

V U+l I 1+1 I+I+I I+A 1+A+I I+A+I+A I+A + I+A + I I+A + I+A + I+A I + I+A 

WM-A- Ten. X X X X X X X X 
q.-a. KCV X X X X X X X X 

K / c 

K« 
X 
X 

X X 
X 

X X 
X 

X X X 

HV X X X X X X X X 

W M - A ' S H Ten. X X X t 
(root) KCV X X X X 
q.-a. Kn-

HV 
X 
X 

X 
X 

X 
X 

WM "K* Ten. o o o o o o o o 0 0 
(tailored) KCV 0 0 0 0 0 0 o 0 0 0 

HV o o o o 0 o o o. o o 

BM-B" Ten. X X X X X X 
q.-a. KCV X X X X X X 

KK 
X X X X X X 

K« X X X 
HV X X X X X X i 

BMT KJC X X 
' 

Clad.-M" Ten. 
KCV 
K/c 

X
X

X 

X 
X 

X
X

X 

X 
X 
X 

IAEA-1 KCV X X X 
IAEA - 2 KCV X X X 

JEs-
O N 

X Irradiated in the power host reactor 
o Irradiated in the research reactor 
WM weld metal 
BM base metal 

Ten. tensile test 
HV hardness test 
q.-a. quasi - archive material 
IAEA IAEA Coordinated Research Programme Materials 

U Unirradiated 
I Irradiated 
A Annealing 
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Fig.l. Vickers Hardness increase and recovery on irradiation and annealing of weld metal "K" 
(Test Reactor). 
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Yield Strength increase and recovery on irradiation and annealing of weld metal "K' 
(Test Reactor). 
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.3. Charpy-V transition temperature shifts and recovery on irradiation and annealing 
of weld metal "K*'(Test Reactor). 
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Fig.4. Fracture toughness transition temperature shifts and recovery on irradiation 
and annealing of weld metal "A" (Host Power Reactor). 
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Dear sirs, 

Since Unit 1 and Unit 2 of Bohunice NPP (WWER 440/230) have 
been put into commercial operation (1979, 1980) some doubts about 
plant safety were rised by our own experts and particularly by 
outside (western) experts on NPP safety. 

Principal decision of Czechoslovak Government to build NPP 
based on V-230 design was made in 1970. Subsequently construction 
of the plant began in 1974. Commercial operation started in 1980 
and 1981. Since then plant has been operating safely in a very 
good manner as it can be seen from the operational history. 

Both units were designed as a "multiply unit" and based on 
WWER 440/ V-230 type which safety features did not comply with 
western safety principles for NPP's recognized at that time. 

Therefore Czechoslovak Nuclear Regulatory Commission itself 
began to work on solution of those safety issues since the IAEA 
assistance on safety assessment of the plant was limited due to 
some political reasons till 1990. 

Since 1989 when former Czechoslovakia became more open to the 
Western Europe a question of safety of WWER 440 /230 units was 
placed as an urgent problem. In order to solve that serious 
problem several safety mission took place at Bohunice NPP to 
investigate current status and to look for deff iciences of the 
plant. Safety missions were carried out by Czechoslovak, Austrian 
and Siemens experts as well as by the IAEA - OSART and ASSET 
missions. All missions except the Austrian one concluded that 
Unit l and Unit 2 of WWER 440/230 design type operated at 
Bohunice NPP could operate, however , safety improvement in many 
areas was recommended. 

Ar 



H 
Based on conclusions and recommendations of safety 

re-assessment as well as on our own experience former 
Czechoslovak Nuclear Regulatory Commission (CSKAE) set 81 
backfitting meassures of the near term safety improvement 
(Decision No 5/1991 of CSKAE) to be implemented at the plant till 
1992. Unit 1 and Unit 2 lost their whole-life operating licence 
and year 1995 was left as a point for further decision. Operation 
beyond 1995 could only be accepted when an european level of 
safety will be accomplished. 

Therefore, concurrently with the implementation of backfitting 
measures a Project of Technical and Economical Study on Safety 
Upgrading and Decommissioning was launched in 1991. Project was 
completed in 1993 together with the Preliminary Safety Analysis 
Report (PSAR) for Major Safety Upgrading of WWER 440/230" units. 
Report concluded that the safety upgrading of the plant would be 
possible and more effective than the plant decommissioning before 
the end of designed plant-life time. 

Implementation of 81 points from the Decision No 5/1991 of 
CSKAE (known as the "Small Reconstruction") has been completed 
during plant outages in 1992-1993. 

Bohunice NPP has become leading WWER 440/230 plant with 
respect to safety improvement among others 230's. 

Having completed the PSAR for major safety upgrading the 
Bohunice NPP submitted it to the Slovak Nuclear Regulatory 
Commission for an approval so as it should be possible to begin 
with basic engineering works on safety upgrading. A Consultant's 
Meeting on Evaluation of Proposed Safety Upgrading carried out by 
the IAEA experts was held in July, 1993 in Piestany,in a small 
spa town located in the vicinity of Bohunice NPP. The IAEA 
experts carried out the evaluation of selected chapters of the 

\ 
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report. Some recommedations were given,nevertheless, the IAEA 
teaa finished their mission with favourable outcome on proposed 
safety upgrading of the plant. 

The Slovak NRC in its Decision No.l / 1994 set a number of 
safety measures which should bring the plant safety to the 
international accepted safety level. Unlike the safety 
improvement carried out during 1992-1993 (implementation of short 
term backfitting measures) intended safety upgrading will 
address a plant design more deeply. LOCA 200mm will be considered 
as a new DBA. A comprehensive requalification process of the 
safety related equipment , ECCS and Confinement Leak-tightness 
improvement as well as Auxiliary System improvement (Essential 
Service Water, I&C and Electrical Systems, Fire protection) will 
be carried out, all to an accepted programme within a required 
time scale. — 

Implementation of all backfitting measures is planned to be 
done within plant outages in 1995-1997 years. Because of 
a comprehensive scope of the safety upgrading measures outside 
contractors were invited to take part at the bidding process for 
safety upgrading. The contract evaluation is expected to be 
completed in a few weeks. 

Tasks to be performed for successful implementation of safety 
measures have been set up to achieve basic goal - safe operation 
of the upgraded WWER 440/230 plant at Bohunice site. 

* 



Abreviation list: 

ASSET - Assessment of Safety Significant Events Team 

CSFR HRC - Former Czechoslovak Nuclear Regulator Commission 

DBA - Design Basis Accident 

ECCS - Emergency Core Cooling System 

IAEA - International Atomic Energy Agency in Vienna 

I&C - Instrumentation and Control System 

LOCA - Loss of Coolant Accident 

OSART - Operational Safety Review Team 

PMT - Project Management Team 

PSAR - Preliminary Safety Analysis Report 

PTS - Pressurized Thermal Shock 

SAR - Safety Analysis Report 

TQM - Total Quality Management 

\ 



BOHUNICE NPP WWER 440/230, V-l 

Weak Point of CSFR Nuclear 
Programme and Witness of 
De£ficiences Caused in the Past 

1970 Principal Decision of 
Government 

1974 Construction 
1980, 1981 Operation 
1990 Safety Re - assessment 

(Carried out be the IAEA - OSART, ASSET, 
Czechoslovak, Austrian experts and Siemens team) 

1991-1993 Backfitting Measures 
1995 Point of Further Decision 
2005 Design Plant Life- Time 
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WWER 440/230 DEFICIENCES IN SAFETY 

- Non Compliance with Western 
Safety Philosophy 

- Question of being possibly 
licencable in the West 

Lower DBA 
ECCS not sufficient for LOCA 
No Containment 
No Emergency Control Room 
Insufficient : 
- Redundancy and Separation of 
Safety Systems 

- Fire Protection 
- Anti - seismic Protection 
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DECISION No.5/1991 OF CSFR NRC 
11.1.1991 

( CSFR HRC - Former Czechoslovak Nuclear Regulatory Commission ) 

Change of Operation Licence issued 
in 1980f 1981 
- Operation Permitted until 1995 
- Annual Permit given by NRC 
- Set of Backf itting Measures 

( 81 points ) 
- Preparation of Technical and 

Economical Study on Safety 
Upgrading and Decommissioning 

- Principal Decision for Major 
Safety Upgrading to be commenced 
in 1993 to an agreed 
programme 

81 points - was known as 
the " Small Reconstruction " 



DECISION No. 1/1994 of Slovak NRC 

Set of Safety Measures which 
should bring the plant safety to 
the international accepted safety 
level after 1995 
o New SAR with DBA for LOCA 200 mm 
o PTS - prevention and protection 
o ECCS improvement 
o Heat Sink from Primary and 
secondary side 

o Confinement Leak - tightness 
improvement 

o Auxiliary Systems improvement 
-Service Water 
-I&C and Electrical Systems 
-Fire Protection 
All to an Accepted Programme 



ACTIVITIES CARRIED OUT TO IMPROVE 
PLANT SAFETY DURING 1991-1993 

-Completion of 81* points of NRC 
Decision No. 5/1991 known as the 
"Small Reconstruction" (1993) 

Bohunice NPP WWE.* 440/230 has 
become leading 230 plant with 
respect to safety improvement 
among others 230 's 

- The Completion of PSAR for Safety 
Improvement 

- IAEA Consultant's Meeting on 
Evaluation of Proposed Safety 
Improvement 

- Contract Evaluation for Safety 
Improvement 
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T A S K S 

To be performed for successful 
implementation of safety measures 

- Finish the Contract Evaluation 
- Place an Order 
- Establish PMT 
- Start written procedures as a 

f i r s t S t e p t O TQM (Total Quality Management) 

- Define the Implementation 
Programme within the plant 
Outages 

( it is essential that plant must 
produce electricity to earn 
money needed for contract ) 
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I N T R O D U C T I O N 

During first quarter '92 Reactor Pressure Vessel (RPV) Embrit-
tlment and Annealing Project has been performed at Kozloduy NPP, 
Unit #2, Bulgaria. 
Kozloduy NPP, Unit #2 is WWER-440 model 230 and RPV is not 
equipped with surveillance specimens. Therefore, it was not 
possible to monitor RPV material degradation caused by radiation 
embrittlement and influence of other fabrication and operational 
variables on a regular basis. 
In order to assure RPV material specimen for reliable safety as
sessment (and for residual life time assessment) a boat sampling 
of RPV material (beltline region and weld No. 4) has been per
formed . 
Embrittlement and Annealing Project was divided into following 
phases: 

1. Ultrasonic Reactor Vessel In Service 
Inspection <UT RV ISI) 

2. Boat sampling prior annealing 
3. Mechanical and chemical analysis of RPV material specimen 
4. Annealing 
5. Boat sampling after annealing 
6. Mechanical and chemical analysis of RPV annealed 

material specimen 
7. UT RV ISI after annealing 

UT RV ISI and boat sampling (prior and after annealing) has been 
performed jointly by INETEC/WESTINGHOUSE/PCI. 
The intent of this presentation is to describe essential boat 
sampling activities: 

• on site boat sampling process optimization and 
qualification 

• boat sampling of base material (beltline region) 
• boat sampling of weld material (weld No. 4) 
• problems accompanied with weld crown varieties, 
RPV shell inner radius tolerance, local 
corrosion pitting and water clarity 

The equipment used for boat sampling will be described too. 

IAEA - WWER 440 RPV EMBRITTLEMENT AND ANNEALING - MARCH '94 Page:/f 
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W W E R 4 4 0 B O A T S A M P L I N G P R O C E S S 
O P T I M I Z A T I O N A N D Q U A L I F I C A T I O N 

In very close cooperation with RPV Main Designer and Plant Owner 
the following limits and requirements for boat sample dimension 
has been established and agreed: 

• divot depth left in reactor vessel wall shall be 8 mm max. 
• boat sample thickness should provide fabrication of 
Charpy specimens: 5 x 5 mm for weld metal and 4 x 4 mm 
for base metal 

To meet this limits and requirements a precise and accurate 
Electrical Discharge Machining (EDM) technique has been applied. 
Optimization and qualification process has been performed at site 
on mock-up carbon steel plates bended to the same diameter as RPV 
shell diameter. A lot of crucial cutting parameters are noted and 
defined during optimization and qualification (positioning of 
boat sampling end effector, dimension and position of cutting 
electrode, cutting current, ect). 

On site boat sampling process optimization and qualification has 
been performed successfully and this technique was also approved 
by Plant Owner and RPV Main Designer. 

In real cutting performance on RPV wall .allowable error margin is 
very low. Boat sample thickness should provide fabrication of the 
Charpy specimens and the cut thickness (disintegrated vessel 
material) value is beetwen 2.7 mm and 3.2 mm. Therefore, the 
allowable error margin is 0.5 mm to 1 mm and accurate control and 
supervision of cutting parameters are necessary. High quality and 
precise cut depens also upon rigid machining tools and accurate 
ficturing. 

Picture 1. presents base metal and weld metal boat sampling 
dimension how it has been performed at Kozloduy, Unit #2 RPV. 
Kozloduy, Unit #2 is uncdadded vessel, but this boat sampling 
technique is also applicable on any WWER cladded vessel. Picture 
7. present main boat sample dimension for WWER cladded vessel. 
Picture 2. presents the places of boat sampling on RPV 
shell at Kozloduy Unit #2. 

IAEA - WWER 440 RPV EMBRITTLEMENT AND ANNEALING - MARCH '94 Page: f 
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W W E R 440 R P V M A T E R I A L B O A T S A M P L I N G E Q U I P M E N T 

Remotely operated RV ISI Tool used for UT RV ISI is providing 
accurate positioning of boat sample end effector to the excavita-
tion area. All end effectors (UT, boat sample, grinder) are re
motely dockable, therefore it is not necessary to remove whole RV 
ISI Tool from RPV flange to start with boat sampling. This time 
saving technique allows very quick changing from UT inspection 
work to remedial action and vice versa. 
The boat sample end effector provides mechanism to drive two 
electric discharge machining electrode inserts through the work-
piece and removing a sample cut on predetermined radius. 
To preserve water clarity the boat sample end effector is provid
ing a partially sealed environment around the excavitation area 
to contain disintegrated metal particles to be suctioned off by 
cavity filtration system. 
Modified Hansvedt power supply provides the necessary current to 
the electrodes to disintegrate metal. Hydraulic power supply pump 
provides the power to the sample head to drive the electrodes to 
the RPV wall. Flush pump provides high pressure water to the cut 
Kerf for disintegrated metal particles removal. 
Picture 3. presents the boat sampling end effector which has been 
used for cutting samples from Kozloduy NPP, Unit #2 RPV. 

PICTURE 3. 

IAEA - WWER 440 RPV EMBRITTLEMENT AND ANNEALING - MARCH '94 Page: £-— 
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B O A T S A M P L I N G O F B A S E M A T E R I A L 
IN B E L T L I N E R E G I O N 

Four boat samples has been cut from base material in beltline 
region. Two of them has been cut prior to annealing and two of 
them after annealing (Picture 3). 
The source of problems, accompanied with boat sampling of base 
material in beltline region, can be addressed to machining toler
ance of RPV shell inner surface. Picture 4. describes this prob
lems. 
Three distance pins on boat sampling end effector are determining 
the depth of cut. To minimize the error of the cutting depth a 
good contact of all three distance pins with RPV shell inner 
surface is necessary and should be checked visually, by using 
underwater cameras. Also, the excavation area of RPV shell inner 
surface should be checked visually for absence of local corrosion 
pitting. 

PICTURE 4. 

IAEA - WWER 440 RPV EMBRITTLEMENT AND ANNEALING - MARCH '94 Page: f 
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B O A T S A M P L I N G O F W E L D N o . A M A T E R I A L 

Eight boat samples has been cut from weld No. 4 material. Five of 
them has been cut prior to annealing and three of them after 
annealing (Picture 3). 
The source of problems, accompanied with boat sampling of weld 
No. 4 material, can be addressed to precise determination of weld 
crown position on excavation area. Acceptable weld material 
sample is sample where center of weld crown is positioned on 
center of sample (Picture 5.). To achieve this goal, the visual 
checking of boat sample end effector positioning should be per
formed . 

Weld crown position is varying due to hand made machining of weld 
crown in fabrication process. Small position adjustments are 
necessary to compensate weld crown position variation and to get 
weld crown in the middle of boat sampie. Also, the excavation 
area at weld position should be checked visually for absence of 
local corrosion pitting. 

PICTURE 5. 

IAEA - WWER 440 RPV EMBR1TTLEMENT AND ANNEALING - MARCH '94 
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P R O C E S S D E S C R I P T I O N O F E L E C T R I C A L 
D I S C H A R G E M A C H I N I N G 

Electrical discharge machining (EDM) removes electrically conduc
tive material by means of rapid, repetitive spark discharge from 
pulsating direct current with dielectric flowing between the 
workpiece (RPV wall) and the tool (electrode). 
The shaped electrode is positioned at a fixed distance (gap) 
above the workpiece. This distance controls the energy at the 
cutting surface and is adjustable by the system operator as a 
function of the voltage across the gap. Tr-2 electrode and the 
worpiece is submerged in dielectric fluid. 
As the electrode is energize, ion columns are established between 
the electrode and workpiece and controlled arcing occurs across 
the gap, resulting in localized heating. The cutting rate is 
proportional to the amount of energy, and the frequency controls 
the resulting finish. The thermal expansion of Lhe locally heated 
area causes small molten particles to lift off of the surface. 
Flushing of the dielectric in the cutting area results in the 
resolidification of these particles and washes them away from the 
surface of the workpiece. These particles are subsequently col
lected via local filtration equipment. 
The EDM method can make penetrations of virtually any shape by 
utilizing electrodes fabricated in the geometry of the desired 
hole. EDM cuts any electricaly conductive material regardless of 
its harness. Since the electrode never contact the workpiece, 
this process has extremely low reactive machining force. This 
drastically reduce the cutting equipment's mechanical strength 
and weight requirements. In addition, EDM require a fairly com
plex electronic package, it allows for finite operator manipula
tion of electrical parameters, which subsequently control such 
variables as cut rate, surface finish and electrode wear rate. 
The servo control maintains a constant gap between the electrode 
and the workpiece. 

Since these processes are performed in a dielectric fluid, they 
are ideally suited for underwater applications, which are fre
quently necessitated due to radiation environments in nuclear 
power plant applications. In addition, they lend themselves to 
remote operations due to the relatively simple mechanical system 
requirements. 
Picture 6. describes basic EDM parameters terminology. 
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C O N C L U S I O N 

The RPV is a major safety related component Eor which no du
plicate or redundant backup system exist. In 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. The inte
grity of RPV depends on material properties and their time de
pendent degradation. 
The RPV boat sampling at Kozloduy NPP, Unit #2 prior and after 
annealing has been successfully performed. Based on extracted 
material samples, a clear conclusion about level of irradiation 
embritlement as a result of service exposure prior annealing and 
a clear results of annealing process as well as residual life 
time of particular RPV has been made. 
The RPV boat sampling is highly sensitive and responsible service 
which shall be planed and performed under permanent surveillance 
of all experts incharge in the whole process. Unknowing of any 
variables, wrong estimation and/or any cutting parameter change 
may cause serious problems with unknown consequence. For good 
performance of boat sampling service the following is of major 
importance: , 

• boat sampling process qualification 
• RV ISI tool accuracy and stability 
• reliable underwater video system for positioning 
adjustment and monitoring of cutting process 

• RnV dimension like: exact position of the weld, 
weld centerline variation, shape of weld crown, 
radius of the vessel 

Working conditions, water clarity, ALARA principles, handling, 
measuring and storing of highly radioactive samples etq. are also 
very important factors which should be seriously considered 
before and during each boat sampling service. 
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International Workshop on V VER-440 Reactor Pressure Vessel embrlttlement and annealing, 
29-31 March 1994, Zavazna Poruba, Slovakia. 

EVALUATION OF MATERIAL PROPERTIES OF THE REACTOR 
PRESSURE VESSEL IN NPS GREIFSWALD UNIT 2, BEFORE AND 
AFTER ANNEALING. 

Ralf Ahlstrand, IVO International Ltd, Matti Valo, VTT and Jyrki Kohopaa, IVO International 
Ltd. 

Abstract: 

The RPV (Reactor Pressure Vessel) of NPS Greirswald, unit 2, was annealed in 1990. Small 
samples were removed from the inner wall at the core region of the RPV before and after 
annealing. Samples were taken from both the base metal and the weld seam. From the samples 
small mini Charpy specimens, so called subsize specimens, (KLST, 3x4x27 mm, DIN SOUS) were 
prepared by using EDM-machining and welding. In addition chemical analyses and neutron 
fluence were determined, microhardness was measured and the microstructure was looked at. 

In this paper the specimens preparation, impact toughness results, micrography, chemical analyses, 
neutron flutnee and microhardness will be presented. The transition temperature (T u and T )̂ will 
be evaluated using a well established correlation between small and standard test specimens. The 
recovery of the embrittled and annealed material will be analyzed. 
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1 
Introduction 

The RPV of unit 2 of the NPS (Nuclear Power Station) Greifswald was commissioned in 1974. 
The unit has been operated with standard reactor core for 15 years until the shut down of the plant 
in 1990.. The RPV of unit 2 was annealed in 1990. The annealing was carried out by the Russian 
company "Mocht Otshig". In order to determine the toughness and other properties of the core 
region material samples were removed both before and after annealing. Small "boat" shaped 
samples were cut out using EDM (Electroerrosive Dischard Machine). Before the annealing 2 
samples were cut from the core weld and 2 samples from the base metal. After annealing the same 
amount of samples was cut out. 

The samples were further cut into small test specimens by EDM. Impact tests, hardness 
measurements, chemical analyses, metallographic investigations and activity measurements were 
carried out. In this paper the results from the investigations on base metal samples are reported. 

2 
Removal of samples from the Inner wall or the RPV 

Since the RPV wall in unit 2 is not covered~with austenitic cladding it was easy to remove samples 
from the inside wall by EDM. The cutting scheme is shown in fig. 1 and fig. 2. Before the 
annealing 2 samples were removed from the core weld, 1 sample from forging nr 5 (center of 
core) and 1 sample from forging nr 6 (below core). After the annealing the same amount of 
samples were removed again. The weld samples were removed in the azimuthal angles 30° and 
86,9° before annealing and 32,8° and 93,5° after the annealing. The base metal samples were 
removed from angles 147° and 213,5° before annealing and 151,8° and 213,4° after annealing. 

The azimuthfil variation of the neutron flux is small, since all samples were removed around the 
same symmetric location compared to the core configuration symmetry. It should be noted, that 
the base metal samples from forging nr 5 (F5) were removed from different axial locations. The 
first sample was removed 1000 mm above the core weld and the second sample (after annealing) 
1300 mm above the same weld. This is clearly indicated in fig. 1 and 2. Both locations are in the 
maximum fluence region. The second sample is, however, clearly above the annealed area. 

3 
Specimen preparation 

A typical sample removed from the RPV wall is shown in fig. 3. The pressure vessel samples were 
cut in horizontal direction. The orientation of the final subsize test specimens is TL. The samples 
were first cut into seven 3*4 mm strips. The available length of the strips depends on the size of 
the sample and varied from 15,6 mm to full length 27 mm. The inner surface of the RPV was 
smooth and straight, only 0,2 mm of material was removed from the wall side of the samples. A 
length of 10 mm was chosen as a minimum insert; meaning that 5 mm is the shortest distance 
between the weld and the notch. The final size of the subsize Charpy specimen after cutting and 
welding was 3*4*27 mm with a V-notch in the center (DIN 50115). The specimen preparation 
technique has been presented in detail in ref. /!/. 
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4 
Testing of the base metal 

• Impact toughness 

The subsize notched bar specimens were tested in the hot-cell at VTT using a 15 J pendulum 
instrumented impact testing machine. The impact velocity of the pendulum was 3,8 m/s. The 
specimens were tested in different temperatures to receive a toughness transition curve. The test 
results are shown in figs- 4-7. The results have been gathered injable 1. In Table 1 the following 
transition temperature correlation has been used III'. 

Eq. 1. T 4 „ = T I M + 65 *C IV 

Since the samples from forging nr 5 were removed outside the annealing area, no recovery could 
be seen. The transition curves for both samples are practically the same (Fig.4). The critical 
transition temperature of this forging in the max flux area outside the annealing zone is T u ~ +12 
°C (T k = T w /if). 

—Table 1 Results from the impact testing of the subsize specimens. 

j Spectm. T *C T^Ja* C <T,„>-C AT I # M *C $ n/cm 1 A' 1 
F5,1000 

(I) 
-61 -44 -51 +4 8,2*10" 

F5, 1300 
("IA") 

-53 -32 -39 +12 H 

F6, 250 
(I) 

-47 -38 -43 +18 2.2*101 9 

F6, 250 
(IA) 

-92 -79 -85 -27 45 

" 

F5.1000 = forging nr 5,1000 mm above the core weld 
F5,1300= " 1300 mm 
F6,250 = Forging nr 6, 250 mm below the core weld 

The samples from forging nr 6 show two different transition curves since the annealed samples 
were removed from the effective annealing area. The shift in transition temperature due to 
annealing is approximately AT, = 45 °C. When using the neutron fluence of Table 1 HI and 
equation 2 til, one can estimate the embrittlement factor A, = 16 for forging nr 6. The transition 
temperature of forging nr 6 after annealing is T b = -27 C. Assuming a recovery of only 80% 
would increase the embrittlement factor A, to 19,2. According to Russian standards HI the 
embrittlement factor A, should not exceed 20 for the base metal. Accordingly one may conclude, 
that the recovery of forging nr 6 has been close to 100%. 

Eq. 2 AT, = A f (**10" , , ) , ' , HI Q = the neutron fluence (E > 0,5 MeV) 
A p the embrittlement factor HI 
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Assuming that the embrittlement properties of the core region forging nr 5 would be about the 
same as for forging nr 6, one can estimate the reference condition of the forging by eq. 2. The 
calculated T t o value for the forging nr 5 would be approximately is -57 °C. 

• Chemical composition 

Chemical analyses of the samples were carried out by optical emission spectroscopy. The results 
from the analyses are shown in Table 2. According to the results the forgings are quite similar 
especially concerning the impurities P and Cu. Forging nr 5 seems to be slightly cleaner regarding 
these elements. Sn and As is the same in both forgings. Thus we may conclude, that the irradiation 
properties of both forgings should be rather equal. 

Table 2. Chemical composition of the base metal samples. 

C Si Mn P S Cr Ni Mo Cu V | 

F5 0,28 0,38 0,015 0,010 2,7 0,17 0,63 0,13 0,23 | 
n 0,27 0,40 0,013 0,008 2,8 H ii ft 0,22 | 

F6 0,15 0,30 0,42 0,014 n 2,55 0,21 0,65 0,12 0,28 | 
ft 0,16 0,31 0,43 0,013 it 2,55 •I 0,67 0,13 H II 

Metallography 

The microstructure of the base metal samples was examined with optical microscopy. The 
metallographic samples were etched slightly in dilute nital to reveal the structure. No visible 
difference in micrography were observed either between the irradiated and annealed samples or 
between the samples from the two forgings. 

The microstructure was a typical bainitic structure, Fig 8, having an average grain size of ISO G 
2, i. e. about 0,18 mm. The grain size as well as the microstructure correspond very well to the 
RPV samples from Loviisa 1151. 

• Hardness 

The microhardness tests were carried out on each of the samples using a 1 kg weight. The results 
(HV) are shown in Table 3 below. 

Table 3. The microhardness test results of the samples 

RPV Forging nr Axial coordinate Condition Hardness 

| Forging nr 5 +1000 mm I 225 

| Forging nr 5 +1300 mm (IA) 249 

1 Forging nr 6 -250 mm I 232 

| Forging nr 6 -250 mm IA 207 

USD 
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The results are the average from 20 measurements for each hardness value. The hardness results 
are quite normal for this type of RPV base metal. The effect of annealing can be seen in forging 
nr 6. These conventional hardness measurements give only some qualitative information on the 
effect of annealing. The results can not be utilized in any quantitative evaluations of the material 
condition. 

5 
Discussion and recommendations 

The temperature distribution in the RPV during annealing is shown in fig. 7. According to ref. /4/, 
the temperature profiles have been measured from the RPV wall. From the figure one can estimate, 
that the temperature of the sample from forging nr 5 (FS, 1300, IA) was about 380 °C at the 
beginning and about 420 °C at the end of annealing. On the other hand our test results indicate, 
that there was no recovery of this sample in the annealing. This would indicate, that the annealing 
temperature in this area has been lower than shown in fig, 7. 

The neutron fluence of the samples has not yet been estimated. The specific activity of the weld 
samples have been measured already in 1991. The calculation of the fluence has not been carried 
out, since necessary operation statistics of the unit has not been available. Accordingly the neutron 
fluence values used in this paper are taken from ref. /2/. According to IVO's experience the 
neutron fluence of HI seems quite reasonable. 

The above test results and calculations using above equations and correlations give us a good tool 
for determining the material condition for a RPV with a reasonably good reliability. There are, 
however, still many uncertainties that need to be looked at more carefully. According to our 
opinion the following matters need further improvements and confirmation: 

- The correlation between the standard Charpy V and the subsize Charpy need 
additional improvements or confirmations. The scatter is still rather large. 

- A representative temperature/time parameter to recover irradiated material should 
be verified in order to enable the estimation of a correct reference temperature and 
transition temperature shift. This recommendation yields both for the base and the 
weld material. 

Since all units in NPS Greifswald have been shut down we recommend to use the RPV of units 
2 and 4 for a large European investigation programme including testing of trepan and boat samples 
which would be cut out of the RPV. These RPV's would be very good choice since they are 
typical WER-440 plants with quite representative materials and operating conditions (operating 
temperature, neutron spectra etc.). 

Finally we would also like to recommend a "Round Robin" surveillance programme for supporting 
continued operation of annealed WER-440 RPV's. The programme would include irradiation, 
annealing and re-irradiation of a most representative WER-440 RPV core weld material (model 
1970's). Preliminary discussions on the manufacture of a weld has already taken place with Izorsky 
Factories in St Petersburg. The proposal has also been sent to different organizations in Europe, 
which might find interest in this. 
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6 
Conclusions 

In this paper the investigations on 4 bease metal samples from the RPV of unit 2 in NPS 
Greifswald are described. The sample from forging nF 5 were removed above the annealed area. 
Accordingly the effect of annealing on this forging could not be determined. On he other hand the 
transition temperature of the heigh fluence region of the core could be measured. 

Samples from forging nr 6, which is below the core weld, were removed from thejinnealed region 
of the core region. From these samples the recovery due to annealing could be determined. The 
test results showed, that the irradiation embrittlement of this forging was about 45 °C and the 
embrittlement factor A, was about 16. The recovery of the base metal was most likely 100%. Since 
the chemical composition of both forgings are quite similar as far as the most dominant impurities 
are concerned, the test results from forging nr 6 may very well be used for estimating the tranition 
temperature shift for forging nr 5. 

The test results in these investigations showed, that the use of subsize Charpy specimens for 
determining transition temperatures and recovery of annealed RPV's is quite useful and 
encouraging. Some improvements to reduce the deviation in conelations between sub- and full size 
specimens are, however, still necessary. Finally we may conclude, that the base metals in the core 
region of the RPV of unit 2 are in excellent condition for further operation. 
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Fig 1. Removal scheme of the RPV 
samples before annealing. 
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Fig 3 Picture of a sample removed from the RPV (2 x magnification). 

Fig 8 Microstructure of a base metal sample from the RI'V (100 x 
magnification) 
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INTERNATIONAL WORKSHOP ON WWER-440 REACTOR PRESSURE VESSEL 
EMBRITTLEMENT AND ANNEALING, 29-31 March 1994. Zavazna Ponida, Slovak Republic. 

EVALUATION OF THE RADIATION DAMAGE OF THE REACTOR PRESSURE VESSEL 
AT LOVIISA 1 USING SAMPLES TAKEN FROM THE OUTER SURFACE 

Jyrki Kohopaa* , Matti Valof and Ralf Ahlstrand* 
* IVO International Ltd 
t VTT (Technical Research Centre of Finland) 

ABSTRACT 

During the refuelling outage of Loviisa Unit 1 in 1993 four base material samples 
were taken from the outer surface of the reactor pressure vessel. The samples were 
taken from two beltline ring forgings. Two of the samples have so far been 
investigated by carrying out mechanical tests and microscopic, SEM, TEM and 
FEGSTEM analyses. Chemical composition and neutron fluence of the samples were 
also determined. Subsize KLST specimens of 3 x 4 x 27 mm were used for impact 
tests. A well-established correlation was used to convert these impact test results into 
full-size Charpy impact values. 

Based on the experimental results the following conclusions can be drawn. The base 
material used in the Loviisa 1 surveillance program represents well the actual 
pressure vessel material. The results showed that the fluence of the pressure vessel 
outer surface and the transition temperature shift of the base material can be 
accurately predicted. The operation life of the Loviisa 1 RPV is not limited by 
irradiation embrittlement of the base material. 
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1. INTRODUCTION 

Irradiation embrittlement of the reactor pressure vessel at Loviisa 1 is monitored by 
a surveillance program. Base material samples of the surveillance program have been 
taken from forging number 6. However, during operation neutron flux is most severe 
in the area of forging number 5, which is located above forging number 6. In 
addition, some 20% of the base material COD specimens of the surveillance program 
showed exceptionally low fracture toughness values 111. The reason for this 
anomalous behavior is not yet fully known. 

In 1991 the Finnish nuclear authority STUK (Finnish Centre for Radiation and 
Nuclear Safety) required that the risk concerning brittle fracture in the base metal of 
the Loviisa 1 RPV must be clarified by the end of 1993. The main task was to verify 
that the surveillance program specimens of Loviisa 1 represent the actual RPV base 
material in the area of the highest neutron flux. The actual toughness values used in 
brittle fracture analysis and the estimated neutron fluence values were also to be 
confirmed. 

As a response to the above-mentioned requirements, base material samples were 
taken from the outer surface of the reactor pressure vessel during the refuelling 
outage of Loviisa Unit 1 in 1993. 

2. DESCRIPTION OF THE SAMPLES 

The samples were taken by a mechanical sawing machine using spherically shaped 
blades. The sawing machine was designed for this task by Rolls-Royce and 
Associates Limited. The positions from which the samples were cut out are presented 
in Figure 1. Two of the samples were cut out from the outer surface of forging 
number 5 (samples A and C) and two from forging number 6 (samples B and D). 
Each sample had received a different neutron fluence during operation. 

The thickness of the samples varied between 6 and 9 mm. The shape of the samples 
was slightly oval due to the cylindrical shape of the RPV outer surface, Figure 2. 
The mean diameter of the samples was about 100 mm. 

Two of the samples (A and B), one from each forging, were cut into small test 
pieces by EDM. The sectioning scheme is presented in Figure 3. The aim was to use 
the sample material as efficiently as possible. 

(IB8 
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3. MECHANICAL TESTS 

Small 3 x 4 x 27 mm KLST specimens were used for impact tests. Impact energy 
and lateral expansion values were determined. Energy levels 1.9 J and 3.1 J were 
used as transition temperature criteria. A temperature shift of 6S°C was used to 
convert the determined transition temperature values T,„ and T 3 U to the full-size 
Charpy transition temperature values T 4 U and Tjg,, respectively 121. The results of 
the impact tests are given in Table 1. « . 

Table 1. The transition temperatures of samples A and B. Charpy-V transition 
temperatures T 4 U and T^, are calculated by adding 65°C to small specimen . 
transition temperatures. 

T « (°Q T3.u C Q T4„ (°Q T«u (°Q 1 
Sample A -72 -49 -7 16 

Sample B -84 -64 -19 
1 1 

Based on the results of the Loviisa 1 surveillance program, the fluence-related 
embrittlement of the RPV base material is: 

AT = 21.7 x (F/1018) l8\l/3 (1) 

In Table 2 the fluence-corrected impact test values of the samples, where fluence is 
txtrapolated to zero, are compared with the Charpy impact tests values of 
surveillance base material in the reference condition. 

Table 2. The transition temperatures of the samples and surveillance base material in 
the reference condition. Fluence and size correction has been applied to the small 
specimen test values. 

Fluence 
> lMeV 

AT* (°C) T«, (°Q T«u CQ 

Sample A 3.3 x 1018 32 -39 -16 

Sample B 1.3 x 101 8 24 -43 -23 

Surv. Ref. - - -38 -25 | 

1 ' AT is the calculated transition temperature shift (1) f 
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Taking into accont both the size correlation and the fluence correction applied to the 
sample tests values, the calculated transition temperatures are surprisingly close to 
the actual values of the full-size Charpy test of the surveillance base material. The 

- data in Table 2 confirm that the base material of the surveillance program can be 
used to predict, quite accurately, the toughness level of both of the forgings in the 
core region, even if the original transition temperature of forging number 5, sample 
A, seems to be some 10CC higher than the original transition temperature of forging 
number 6, sample B. No_ indications of neutron flux effect or a possible lower 
irradiation temperature on the vessel outer surface compared with the inner surface 
can be seen in these results. 

Fracture surfaces of the broken impact specimens were investigated using SEM. It 
was noticed that crack initiation and crack propagation took place partly at grain 
boundaries. However, this mixed mode of crack initiation and propagation is found 
out to be typical of CrMoV steel of this type, especially in irradiated condition 111. 

Tensile properties of the samples were measured using specimens of a 2 x 1 mm 
cross-section. The measured room temperature tensile and yield strenght values were 
680 - 690 MPa and 530 - 560 MPa, respectively, for both of the samples. The higher 
fluence of sample A has diminished the original difference (about 20 MPa) in tensile 
properties between samples A and B presented in the manufacturing documentation. 
The measured hardness values of the samples were from 230 to 260 HVl. The 
average hardness of sample A was some 10 HV units higher than the average 
hardness of sample B. 

4. CHEMICAL ANALYSIS 

Chemical composition of the samples was analyzed spectrochemically by the VTT. 
The measured chemical composition of the samples, the measured composition of 
one surveillance specimen and the chemical composition of forgings number 5 and 
6 presented in the manufacturing documentation are summarized in Table 3. 

Table 3. The measured chemical compositions of the vessel wall samples A and B, 
one surveillance specimen and the compositions of forgings 5 and 6 presented in the 
manufacturing documentation. 

C Si Mn P S Cr Mo Cu V 

A (avg) 0,15 0,34 0,55 0,010 0,007 2,8 0,62 0,11 0,30 

B (avg) 0,13 0,30 0,47 0,010 0,010 2,6 0,60 0,10 0,29 

Surv. mat 0,14 0,31 0,48 0,013 0,010 2,6 0,62 0,11 0,30 

Forg. 5 0,18 0,30 044 0,014 0,015 2,8 0,64 0,15 0,32 

Forg. 6 0,15 0,30 0,48 0,012 0,016 2,6 0,66 0,15 0,32 
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Small differences in the contents of segregating elements, especially C, S and Mo, 
can be considered natural, because the samples represent a surface layer of the 
forgings. The only unexplained deviation is the measured Cu content. It seems that 
the manufacturer has measured systematically higher Cu contents than the VTT. The 
reason for this is not known. 

5JVIICROSTRUCTURE 

Microstructure of the samples was analyzed by optical microscopy and TEM. The 
prior austenitic grain size of the samples was large, ISO G 2 - 3. This is typical of 
steel of this kind, due to high austenitization temperature. The same grain size 
distribution was observed in the surveillance specimens. 

TEM was used for the characterization of carbide structure of samples A and B and 
one surveillance specimen. Matrix carbides, type MC, and grain boundary carbices, 
type M7C3, were analyzed and found similar in all three specimens. 

Based on the previous studies on heat treatments of the RPV steel, the observed 
distributions of carbides (size, shape and density) in the samples were used to 
determine the heat treatment parameter of the tempering treatments during 
manufacture. The determined heat treatment parameter was 20500. The heat 
treatment parameter calculated from the data given in the manufacturing 
documentation, using the formula M=T(20+logt), was 20760. The reason for the 
small difference could be the fact that during the manufacturing heat treatments the 
temperatures have been monitored by measuring the temperature of the furnace 
atmosphere instead of that of the actual forgings. Due to this the documented holding 
times of the tempering treatments might be exaggerated. 

6. GRAIN BOUNDARY SEGREGATIONS 

Grain boundary segregations were investigated using the energy dispersive X-ray 
analysis equipment on the Field Emission Gun Scanning Electron Microscope 
(FEGSTEM) in AEA Harwell. The mean grain boundary enrichment of different 
elements are presented in Figure 4. In the figure the grain boundary chemical 
compositon of samples A and B are compared with three surveillance specimens. 
One specimen, E102, is in the reference condition and two specimens, E109 and 
El 16, are irradiated. The fluence of the two irradiated specimens is about 6.5 x 10" 
n/cm2 ( > lMeV). 

It can be observed that neutron radiation increases the amount of grain boundary 
segregation. This may affect toughness of the steel in a similar way as conventional 
temper embrittlement. However, the observed grain boundary enrichment of the RPV 
samples is not higher than that of the surveillance specimen in the reference 
condition. This is probably due to the relatively low fluence values of RPV samples 
A and B (< 5 x 1018 n/cm2). 
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7. NEUTRON DOSIMETRY 

The neutron fluence of the samples was theoretically estimated using MMn activity 
measurements. Based on these measured activity values, the currently used fluence 
estimates were found to be reasonably accurate. 

8. CONCLUSIONS 

Based on the experimental results, the following conclusions can be drawn: 

The base material used in the Loviisa 1 surveillance program represents well 
the actual pressure vessel base material in the core region. 

The neutron fluence of the pressure vessel outer surface and the radiation 
induced transition temperature shift of the base material can be accurately 
predicted using currently available estimates based on the results of the 
surveillance program. ~ 

The operation life of the Loviisa 1 RPV is not limited by irradiation 
embrittlement of the base material. 
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Problems 

• Higher IE of the Weld with High Levels of P and Cu 

• Lack of Surveillance Program 

• Lack of Precise Data for P and Cu Content 

« 

Aims 

r 

• Mitigate the IE by Thermoannealing 

• Take Into Account the Influence of Factors Effecting Recovery 

• Estimate Degree and Rate of Embrittlement 



Factors Effecting RPV Material's Recovery 

• Annealing Temperature and Time 

• Impurity Contents 
r 

• Neutron Fluence and Flux 

• Irradiation Temperature 
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Conclusions 

• Optimum Annealing Temperature - 460°C 

• Annealing Time — 70-100 hours 

• Recovery A t Least 8 0 % 

• Residual Embrittlement Does Not Depend On Neutron Fluence 

• Residual Shift, T K , Depends on P Content if Higher Than 0.02% 

• Lateral Shift Provides A More Realistic Estimate of Re-
embrittlement 



Next Steps 

• Russian Recipe is Generally Applicable for American Materials 

• Need to Address Potential for Temperembrittlement Due to 
Annealing 

• It is Cost-effective to Irradiate Many Specimens in Russian NPP 
wi th Intermediate Annealing and Re-irradiation 
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Testing of irradiated and annealed 15H2MFA materials 

bv 

F. Gillemot; G. Uri 
Atomic Energy Research Institute, Budapest 

Abstract 

A set of surveillance samples made from 15H2MFA material has been studied in 
the laboratory of AEKI. 

Miniature notched tensile specimens were cut from some remnants of irradiated 
and broken surveillance charpy remnants. The Absorbed Specific Fracture Energy 
(ASFE) was measured on the specimens. 

A cutting machine and testing technique were elaborated for the measurements. 

The second part of the Charpy remnants was annealed at 460 and 490 °C for 
6-8 hours. The specimens were tested similarly and the results were compared. 

Keywords: Charpy specimen, notched tensile specimen, neutron irradiation, 
ageing, annealing. 

1. Introduction 
Every new information on real material properties enhances life time evaluation 

and life time management of nuclear pressure vessels. 
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FIG.1. Subsize tensile bars cut from Charpy 
remnants 

The broken half Charpy 
specimens remaining after 
surveillance testing and research 
are the best source to make further 
study, without costly new 
irradiation. A small size cutting 
machine has been installed into a 
hot cell and a technology to cut 
smooth and notched tensile bars 
was elaborated. Parallelly a small 
size furnace for annealing the 
specimens was installed, too. 
Finally mechanical cleaning device 
and ultrasonic cleaning were 
installed to remove from the 
surfaces the small particles 
produced during cutting. Fig. I 
shows the smooth and notched 
non-standard tensile bars cut from 
the COD and Charpy remnants. 
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FIG.2. Digitalized picture of a notched 
tensile at failure 

2. Testing technics and evaluation of tensile bar: 
For testing of small size specimens special grids were developed, with the help 

of which the heads of the specimens can be palled without sliding out. 
A further new development was a 

video camera which was connected to 
an IBM PC. During tensile testing the 
PC digitalizes the pictures and stores 
them. After having finished testing the 

~f- stored pictures can be analysed The 
inbuilt mathematical filters and tangent 
hyperbolic curve fitting for contrasts of 
the specimen contours in the pictures 
provide a good resolution and so 
enbles accurate sizing of the 
specimens. Fig. 2 shows a notched 

tensile specimen just after failing. Precise true-strain true-stress tensile and yield 
curves can be produced by this testing technique. 

The obtained tensile curves of the irradiated materials can be used to calculate a 
design tensile curve (true strain true-stress) for the finite element programs. 

There are different suggestions for use of the notched tensile results for 
calculating fracture toughness data: 

• Local approach elaborated by P. Petrequin [1] and other European research 
workers. They calculate fracture toughness using the finite element method 
from the true-stress true-strain curve. 

• Another possibility is to use of ASFE [2] as a material characteristic. The 
deformation energy required for crack initiation in a unit volume of material 
is called ASFE. In other words, if we consider an infinitely small element at a 
tip of a crack and determine the absorbed energy, the specified value of this 
energy is ASFE (see Fig. 3). ASFE is closely related to the critical value of 
Strain Energy Density [3]. 

Measurement of the energy in an infinitely small element is not possible, but it 
can be approximated with sufficient accuracy by calculating the fracture energy 
measured over the entire fracture cross section of an unnotched tensile specimen. 
For this purpose round bar tensile specimens are most suitable as crack initiation is 
followed immediatel) by unstable fracture. In this case the energy absorbed 
between crack initiation and total fracture is small in comparison with that used for 
plastic deformation. It follows that ASFE can be approximated successfully by the 
integral of a tensile diagram plotted in true stress-true strain scale: 

ASFE = Jo

E fa'de [ND /m 3 ] 

where o' is true stress, e is true strain and ef is the fracture strain. 
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The total energy absorbed at 
fracture is the volume energy 
multiplied by the volume of the 
plastic zone If this energy is 
divided by the fracture surface, 
the height of the plastic zone 
multiplied by ASFE will give an 
approximation of the fracture 
toughness value. Of course this 
approximation neglects the 
absorbed energy distribution in 
the function of the plastic zone 
height. 

The smooth and notched tensile bars can be tested statically and dynamically 
using a wide displacement rate. 

From the dynamic tensile curve the dynamic yield stress, ultimate stress, and 
absorbed specific fracture energy (ASFE) can be calculated. Using different 
measurement temperatures an ASFE transition temperature can be determined 
from the dynamic tensile results obtained on smooth and notched bars. The ASFE 
transition temperature is different from the Charpy transition temperature, but the 
transition temperature increase measured with different methods can be compared. 

3. Results obtained on irradiated and annealed small tensile bars 
Charpy and COD specimen remnants irradiated with various fluence at Faks 

NPP were used to cut small size tensile bars. Half of the specimens were annealed 
at 490 °C, 8 hours long, and left to cool in the furnace. Tensile testing was 
performed on the specimens using the optical size measurement techniques 
described above. 

Fig 4 shows the yield values in the function of irradiation fluence obtained on 
smooth tensile bars. The yield stress value was reduced by a considerable amount 
as a result of heat treatments in every fluence, but the change was partly due to the 
reduction of the original quenched properties. Applying a small notch factor the 
results are very similar (Fig. 5). In case of sharp notched specimens the difference 
is growing as a function of the fluence thus showing better the changes in 
embnttlement and also that the recovering effect caused by the annealing is 
considerable in the high fluence range (Fig 6). 

The ASFE values measured on smooth tensile bars are not affected either by the 
irradiation or by the heat treatment in the low fluence range, but a recovering 
effect can be observed in the high fluence range (Fig. 7). On the sharply notched 
tensile specimens the ASFE values are seriously reduced by the effect of the 
irradiation but after the heat treatment approximately the original value was 
measured. (Fig. 8-9). 

FIG.3. Theoretical definition of ASFE 
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FIG.6. Comparison of yield stress obtained on 
irradiated and annealed 15H2MFA steel in the 
function of the neutron fluence, measured on 
sharply notched tensile bars. Notch factor:4.5 

FIG.7. Comparison of ASFE values obtained on 
irradiated and annealed 15H2MFA steel in the 
function of neutron fluence, measured on smooth 
tensile bars 
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4. Conclusion 
The remnants of the irradiated broken Charpy and Charpy size COD specimens 

are still carrying a lot of useful information about the material ageing. One 
promising way to obtain these data is the use of small size smooth and notched 
tensile bars for true-strain true stress curve measurement. 

The ASFE values obtained on sharp notched tensile bars are very sensitive for 
radiation embrittlement and ageing, which means that they can be used for 
evaluation of the effect of the annealing recovery. 
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1. Fundamenta1 aspects 
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— metallurgy role 

C impurity and alloy 
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— service variables 
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3. Reembrettlement predictions 
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6. Cladding metal properties. 
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Potential mechanisms of 
radiation einbrittlement 
of PWR vessel steel 

Annealing effects 
in 4(in-500°C range 

Recovery 
controlling factor 

Expected annealing 
effect on reirradi-
ation behaviour 

Hardening due to Softening 
radiation-induced barriers: 
- vacancy clusters 
- interstitial dislocation 
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atom s e g r e g a t e s 

p a r t i c l e s coarsening 
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dissolution 

solute atom 
diffusion 
solute atom 
diffusion 

reembrittlement 
deceleration 
no contribution 

Brittle fracture stress 
reduce due to segregation 
of impurity elements: 
- grain boundary 

segregation 
- non-equilibrium 
segregation 

Transmutation product 
forming (B -> He + Li) 

G.B. enrichment, 
solution depletion 

dissolution 
Bubbles growth, 
segregation 

impurity atom 
diffusion 
impurity atom 
diffusion 
vacancies migration 
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Temper mbrittUmerd of 
Cr-JI/i steel during postirradiation 
annealing (ta «100 hours) 
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DYNAMIC STRAIN AQINS 
OF SOM£ RPV MATERIALS 
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i»6 ANNEALING RECOVERY 
OF THE LABORATORY MELT STEELS 
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RECOVERY DEPENDENCE ' * * 
ON WE DIFFERENCE BETWEEN 

ANNEALING AW IRRADIATION TEMPERATURES 
AT VARIOUS NEUTRON FLUXES 
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COMPARISON OF EXPERIMENTAL 
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OF POST ANNEAL REEMBRITLEMENT 
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CORRELATION OF WE RADIATION-INDUCED 
HARDNESS INCREMENT AND 

TRANSITION TEMPERATURE SHIFT 
FOR RPV MATERIALS 
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Correlation between standard 
and subslze impact specimens tests 

for initial condition of WWER vessel's 
materials 
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Correlation between standard 
and subsize impact specimens tests 
of temper-embri tiled. and irradiated 
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INITIAL TRANSITION TEMPERATURE EVALUATION 

1. CALCULATING METHOD BASED ON 
CHEMICAL COMPOSITION: 

r 

Tuo=101. 6-171 (Mn*Mo) + l[>1.8(Mn*V)+8224(Si*P)-42139(S*P)-2726(P)-163(Si*Mo) (1) 

Tkii=l 194(P)-4? . .9(MiO-8. r . .0(Mo)+64.0(Si)H0. 11 ( R P 02 ) - 8 . 85±1 4 . 6°C (2 ) 

x . C A L C U L A T I N G M E T H O D B A S E D O N R O O M T E M P E R A T U R E 

U - N O T C H S P E C I M E N S T E S T S : , f 
E H T - 1 0 

'fk.»--34. 3 9 - 1 3 . G x l.n + 18.83"C a t EKT < 92 J 
1 7 4 . 4 - E R T 

T * O = 3 4 . 3 9 - 0 . 3 3 x [ERT - 9 2 . 2 ] + 18.83°C a t EHT > 92 J 

3 . P O S T I R R A D I A T I O N I M I T A T I V E H E A T T R E A T M E N T : 
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ISOCHRONAL ANNEALING RECOVERY 
OF THE ELECTRICAL RESISTANCE 
OF NV-INPP VESSEL SHELL MATERIALS 
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COMPAKISON OFT CERTIFICATE AND CALCULATED T*co 
VALUES CWELD N4, WWER—44O RPV) 

NPP 
TT 
°C 

(cert) 

Chemical composition, wt. % Rj>02 
MPa 

TT °C 
(chem2) 

U-notch specimens 
NPP 

TT 
°C 

(cert) P Mn Mo Si 
Rj>02 
MPa 

TT °C 
(chem2) ERT , J TTo>»,°C 

NV-l 

Bohunuce-1 

Bohunice-2 

Bohunice-3 
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Rovno-1 
Nord-4 
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Loviisa-J 
l.ov i i sa- 2 
Paks-1 
Paks-2 

0 

2 
50 

0 
22 
26 

0 
45 
-5 
30 
2 

23 
5 

0.034 
0.035 
0.036 
0.017 
0.030 
0.021 
0.037 
0. 035 
0.011 
0.030 
0.025 
0.012 
0.016 

0.74 
1.28 
1.20 
1.16 
0.89 
0.90 
1.24 
1.06 
1.06 
0.91 

•. 1.10 
1.09 
1.26 

0.78 
0.50 
0.41 
0.46 
0.48 
0.48 
0.43 
0.52 
0.54 
0.50 
0.42 
0.51 
0.48 

0.24 
0.37 
0.43 
0.61 
0.39 
0.44 
0.40 
0.39 
0.55 
0.40 
0.36 
0.51 
0.58 

441.5 

512.4 

477.0 
' 1 

459. 1 
435.3 
524.8 
506.7 
495.4 
468.9 
495.7 
524.8 
460. 1 
448.3 

-2 ( -2) 
16 ( 14) 
27 (-13) 
12 ( 12) 
21 ( -1) 
23 ( -3) 
27 ( 27) 
23 (-22) 

0 ( 5) 
26 ( -4) 
19 ( 17) 
-1 (-24) 
2 ( -3) 

121.10 

199.B0 
98.62 
116.15 
121.12 
114.06 
80.05 

110.92 
119.81 
107.52 
100.19 
106.99 
133.68 

29 ( 9) 
-1 ( -3) 
32 (-18) 
26 ( 26) 
19 ( -3) 
25 ( -1) 
38 ( 38) 

28 (-17) 
25 ( 30) 

29 ( -1) 
32 ( 30) 
30 ( 7) 
21 ( 26) 

) 
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MAIN CONCLUSIONS 

ANNEALING CONDITIONS'. 

• Temperature: sirong effect at Ta*Tir +200° 
• Tim: no effect at > WO hours 

MATERIALS FEATURES'. 

• Phosphorus, copper: raise of residual shift 
•Nickel: no major effect in low-phosphorus sted 
• Steels and welds :no marked difference 

SERVICE VARIABLES'. 

•Irradiation temperature: influence on recovery start 
•Irradiation time: influence on recovery start 
•Fluence: no effect on residual shift 

AMEALING-RE/RRAD/ATION: 

•Ree/tibrittlemenl: non-additive effect 
•Cycles number: no major effect 

CONTROL: 

• Nard/iess:non-sg/isitive toA%es 

• Standard/subsize Charpy cor rotation: to 60 continued 



RUSSIAN STEELS FOR WWER - 440 REACTORS 
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AN EFFICIENCY OF THE HEAT TREATMENT OF REACTOR 
PRESSURE VESSEL USING MOSSBAUER SPECTROSCOPY 

J.Lipka, L.Kupca*, V.Slugen, J.Hascik, M.Miglierini, R.Grone, 
l.Toth, K.Vitdzek 
Department of Nuclear Physics and Technology 
Slovak Technical University, Bratislava, Slovakia 
*Nuclear Power Plant Research Institute, Trnava, Slovakia 

INTRODUCTION 

The technical interest stimulated intensive Mbssbauer investigations of 
steels and of interstitial alloy* in general as soon a c the Mbssbauer technique 
became generally available. The most significant advantage of the Mbssbauer 
spectroscopy (MS) with regard to the investigation of steels is its very high 
sensitivity to changes in the atomic configuration of resonant atoms in the 
immediate neighbourhood of an interstitial atom. MS, via the hyperfine 
interactions, provides information on the magnetic state, electrical interaction, 
chemical bonding, local crystal symmetry, lattice defects, dynamic 
parameters, elastic stresses, etc. MS was rarely used in the nuclear power 
industry [1,2,3,4]. 

A systematic study of the variation of the fundamental parameters of 
Mbssbauer spectra with change of composition, thermal history and e.g. 
neutron irradiation, can therefore to yield significant information above the 
structure of the steels and alloys. 

The MS is extremely well suited for the investigation of "microscopic" 
defects properties. By "microscopic" we mean that the hypcrfinc parameters 
to be determined from a Mbssbauer spectrum are particularly sensitive for the 
local conditions at the Mbssbauer atom site and its immediate environment. 
The MS is therefore also capable of providing microscopic information's 
about defects in this region. Such information is not obtainable from integral 
"macroscopic" methods as e.g. electrical resistance, optical absorption or 
EPR changes of mechanical properties, length and lattice parameter changes 
stored energy, microscopy study, scattering X-ray measurements, strength , 
fracture etc. But all of the integral methods c?n hardly give information's on 
what is going on at the defects site on a microscopic scale. Investigation of 
the structural lattice defects (SLD) in metals began to mushroom with the 
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development of nuclear reactor. These were until recently nearly all 
investigations of integral property changes with macroscopic methods. We 
think, therefore, that in metal where other microscopic methods are still not 
extremely powerful, a method like the MS has a wide field of applications on 
SLD. 

EXPERIMENTAL 

The deterioration of the mechanical properties of the reactor pressure 
vessel (RPV) steels during their irradiation in a nuclear power plant is known 
as neutron embrittlement [4]. The only possibility to reduce irradiation 
embrittlement and to increase the safety margin against brittle fracture of the 
RPV is thermal annealing. Recently a new kind of search for an efficient 
temperature-time regime for post-irradiation heat treatment using non
destructive test methods like positron annihilation and harness and proof of 
recovery of mechanical properties by destructive test methods was presented. 
Any more detailed knowledge of microscopically mechanism could be helpful 
in an understanding of the fact that a comparatively small 
(> 0.1 at.%) Cu content of RPV steel favours brittle fracture. The aim of 
our present Mossbauer investigation was to study the influence of neutron 
irradiation and post-irradiation heat treatment on Mossbauer spectra of RPV 
steels. 

Three types of RPV steels were studied using both Miissbaucr 
spectroscopy and electron-positron annihilation: 
1. original (unirradiated) material, 
2. material irradiated for 15 years in a reactor and 
3. thermally annealed samples. 

Erom each of the three types of materials were available samples of 
basic body and samples prepared from welded part of RPV. Samples of the 
basic material (the so-called "witness samples) exhibit a typical spectrum of 
dilute iron alloys which is composed of three sextets (Eig.l). Their relative 
intensities are close to the theoretical values calculated from random 
distribution of impurities in a b.c.c. structure (5% of 12 elements in total). A 
decrease of intensity (area) of the first sextet was observed in the irradiated 
samples. 

The corresponding Mossbauer spectrum, however, resumed its original 
parameters after 16^-hours heat treatment (in vacuum) of this irradiated 



I 4-3 

sample at 450 °C. The same trends was observed when the irradiated sample 
has been taken from the welded part of the RPV. The present studies of 
different RPV steels show that the changes in the materials due to neutron 
irradiation and pos-irradiation heat treatment are well detected. However, the 
interpretation of these changes is too complicated, though. Nevertheless, 
correlation between the hardness before and after thermal treatment with the 
shapes of respective Mossbauer spectrum can effectively evaluate the process 
of heat regeneration of the RPV. 

The Mossbauer spectroscopy results of some typical measurements 
(unirradiated, irradiated and irradiated annealed samples) are given in 
Table 1. 

Table 1 - Mossbauer spectroscopy results of basic material 

Sample H(MA/m) r AREA (%) 
unirradiated 26,595 

24,422 
22,325 

0,252 
0,346 
0,413 

56,4 
36,2 
7,3 

irradiated 26,646 
24,480 
22,549 

0,274 
0,343 
0,377 

61,0 
32,4 
'6,6 

irradiated and 
annealed in 
vacuum 

— 

26,606 
24,420 
22,410 

0,247 
0,322 
0,366 

57,4 
34,9 
6,9 

The application of electron-positron annihilation proved that this 
method is also useful for the RPV steels studies. 

CONCLUSION 

We think it very important lo combine Mossbauer measurements with 
other methods, preferably methods sensitive lo totally different defect 
properties. Promising attempts have been made combining MS and 
channelling or MS and electrical resistance. Simultaneous measurements with 
various methods on the same samples are optimal. 
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The effort (experimentally and theoretically as well) is rewarding, 
since the illumination of the microscopy of lattice defects serves a field which 
is not only interesting in itself but also of great technological importance for 
the future nuclear reactor development where severe radiation damage 
problems raised. 

The utilisation of the Mossbauer technique for routine testing in 
industrial quality control is feasible in many cases. It would be especially 
useful to improve backscatter techniques for this purpose since sample 
preparation would be minimised. Overmore in situ measurements could be 
performed using small backscatter spectrometer. 
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KEY ELEMENTS OF RUSSIAN ANNEALING 
PROGRAM 

1 Establishing Recipe and Justifying Operation 
a. Key factors for embrittlement 
b. Establishing time-temperature for annealing 
c. Effect of impurities on degree of recovery 
d. Rate of reembrittlement 
e. Effect of cladding 
f. Determining remaining life 

2 Development of Technology 
a. Feasibility study 
b. Design of furnace and associated equipment 
c. Thermal and stress analysis 
d. Development of means for determining temperature, 

chemical properties, hardness 
e. Development of effective management approaches 

3 Implementation 
a. Construction of apparatus 
b. Proof-of-principal application at Novovoronezh-3 
c. 12 annealing in Russia, East Germany, Bulgaria 
d. Successful resolution of all licensing issues 
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MOHTs RESPONSIBILITIES 

Main Participants of Work 

Research 
Institute for 
Metalurgical 

Research 

Research 
Institute for 

Nuclear 
Power Plant 
Operation 

Main 
Designer 

of the 
Reactor 

Reactor 
Vessel 

Manufacture 

Designer 
of the 

Annealing 
Apparatus 

' 1 

MOHT OTJIG RM Ltd. 

(Interbranch Economic Association 
ANNEALING BACKFITTING MODERNIZATION) 

Development of Dry Annealing Technology 

Designing and Manufacturing of the Annealing 
Apparatus and Other Affected Hardware 

Annealing Operation on NPP 

Assessment of RPV Lifetime 
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RPV BEING ANNEALED 

NPP Unit Annealing 
year 

Cladding Biological 
shield 

Annealing 
apparatus 

Novovoronezh* 1 1987 Yes Tank 0 Design 

Novovoronezh 3 1987 No Tank 1st Design 

Armenia 1 1988 No Concrete 1st Design 

Nord 1 1988 No Tank 1st Design 

Kola 1 1989 No Tank 1st Design 

Kola 2 1989 No Tank 1st Design 

Kozloduy 1 1989 No Tank 2nd Design 

Kozloduy 3 1989 Yes Tank 2nd Design 

Nord 2 1990 No Tank 2nd Design 

Nord 3 1990 Yes Tank 2nd Design 

Novovoronezh** 3 1991 No Tank 2nd Design 

Novovoronezh 4 1991 No Tank 2nd Design 

Kozloduy 2 1992 No Tank 2nd Design 

* Only Project and Sampling 
** Second annealing 



MOHT ACTIVITY 

1 Annealing Operation on NPP 

2 Assessment of RPV Lifetime 

3 Evaluation of Metallurgical Data and Annealing Recipe 
(temperature, hold period) 

4 Thermal and Stress Analysis 

5 Annealing Technology 

6 Designing and Manufacturing Annealing Apparatus 

7 Supplementary Hardware (Hardness Measurements, 
Shielded Cabin, Sampling Machine, Additional 
Thermocouples, Tools for Sample Cavities Blending) 
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1. ANNEALING OPERATIONS ON NPP 

• Coordination with Plant Outage Schedule 

• Installation of Additional Thermocouples 

• Check-out and Testing of Annealing Apparatus 

• Installation of Annealing Apparatus into Reactor 
Vessel 

• Ultrasonic Test of Reactor Vessel (before and after 
annealing) 

• Hardness Test (if needed before and after annealing) 

• Sampling Vessel Wall (if needed before and after 

annealing) 

• Annealing Apparatus Operating During Annealing 

• Equipment Deactivation and Packaging 
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2. ASSESSMENT OF RPV LIFETIME 

• Evaluation of Samples Removed from RPV Wall 

• Hardness Testing Results 

• Results of Ultrasonic Test of RPV 

• Thermal Monitoring Results 

• Control Stress Analysis for Real Temperature Field 
Registered During Annealing 

• Reembrittlment Assurance Program . 
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3. ANNEALING TEMPERATURE AND 
HOLD PERIOD 

• Studying of Embrittlment, Annealing Recovery and 
Reembrittlment Mechanisms 

• Testing of Surveillance Speciment Materials 
(weld and base metal) 

• Testing of Samples Removed from Reactor Vessel 
Wall 
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4. THERMAL AND STRESS ANALYSIS 

• Preliminary Evaluation for Choosing of Annealing 
Parameters (Temperature, Hold Period, Heatup and 
Cooldown Rates, Annealing Zone Size) 

• Thermal Analysis for Annealing Apparatus (Including 
Analysis of Possible Failures During Annealing) 

• Final Thermal/Structural Analysis. Detail Calculations 
of Stress-Strain-Temperature Fields in RPV and 
Other Affected Structures (before annealing) 

• Monitoring of Thermal Stress. Stress Analysis to 
Support the Annealing Operations (during annealing) 

• Stress Analysis for Real Temperature Field (after 
annealing) 



SUMMARY 

DRY ANNEALING TECHNOLOGY IS 
ALLOWABLE TO NPP 

IT IS PROVIDED RECOVERY-100% OF 
RADIATION DAMAGE AND EXTENSION 
OF RPV LIFETIME 

DURATION OF ANNEALING OPERATIONS 
(AND AFFECTED WORK) IS ABOUT 20 
DAYS 

SUMMARY RADIATION DOSE FOR 
PERSONNEL IS ALLOWABLE 
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. ANNEALING TECHNOLOGY IS ADAPTED 
TO NPP WITH DIFFERENT STRUCTURES 
OF CAVITY VOLUME EQUIPMENT 

. LARGE SCOPE OF TESTS OF MATERIALS 
CUT OUT FROM VESSELS OF OPERATING 
REACTORS, MAKING OF DATABASE BY 
TEST RESULTS ALLOW TO 
SUBSTANTIATE THE DEGREE OF 
RECOVERING THE PROPERTIES OF 
IRRADIATED METAL OF THE CLAD 
VESSELS WITHOUT CUTTING TEMPLETS 

. PRACTICE OF DECONTAMINATION OF 
FACILITIES FOR ANNEALING IS 
OPTIMIZED 

. THERE IS AN EXPERIENCE ON 
ASSEMBLY-DISASSEMBLY AND 
TRANSPORTATION OF ANNEALING 
FACILITY FROM ONE NPP TO ANOTHER 

. EXPERIENCE ON PERFORMANCE OF 12 
ANNEALINGS OF REACTOR VESSELS 
DEMONSTRATED RELIABILITY OF THE 
EQUIPMENT AND TECHNOLOGY 
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TYPICAL TEMPERATURE AND STRESS 
DISTRIBUTION 

* * * 

too Too soo Hoo 
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MAXIMAL TEMPERATURES DURING 
ANNEALING 

TEMPERATURE, ° C 
Annealed RPV 

NPP Unit Weld Flange Supports Bottom Concrete 

Novovoronezh 3 430 120 140 150 55 

Armenia 1 460 200 220 130 60 

Nord 1 475 160 170 270 50 

Kola 1 475 150 140 220 45 

Kola 2 475 150 150 240 45 

Kozloduy 1 475 135 135 250 45 

Kozloduy 3 475 145 150 270 50 

Nord 2 475 150 150 300 40 

Nord 3 475 145 . 145 330 45 

Novovoronezh 3 475 150 140 300 45 

Novovoronezh 4 475 13C 120 300 45 

Kozloduy 2 475 140 140 270 55 
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MAX. TEMPERATURE RANGE FOR 
VARIOUS NPP 

(end of steady state condition) 

0 tOO 100 300 HO SDO 
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Fig. 1 shows the facility in the flow sheet of annealing. Heating part of the 
facility (Fig. 2) comprises three circular rows of panel electrical infra-red 
heaters and there are nine separately regulated thermal zones which are 
automatically controlled in accordance with the present time-temperature 
conditions of annealing. 

Heating unit is fixed to thick-walled technological cover which is placed on the 
reactor vessel flange providing at the same time the biological shielding. The 
facility is made moisture-proof that allows to perform decontamination of the 
equipment with the aim of its multiple use. 

The facility is supplied to NPP in knock-down form. Loading the heating unit 
into the reactor vessel is performed by the standard crane. Power electrical 
equipment and device of control and recording the annealing conditions are 
included into a set of the facility. Program control of the annealing conditions is 
performed with the help of microprocessor control unit. 

The facility has been developed on the basis of large experience of application 
of similar heating units in heavy and power engineering industry. The heating 
units are characterized with highest degree of reliability. For the time period of 
annealing performance no cases of their failure were reported. 

Specific features of the facility are: availability of separate controlled sections 
with the thermocouples built-up, biological shield cover; absence of movable 
power parts, high degree of reliability. 
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"IT" 
Arrangement of the heating apparatus 

in the reactor vessel 

IffKOffll 
Heating 
unit 

Fig.1 
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VESSEL AND ITS THERMAL RADIATION SHIELD 

tea^ZSZZS / 
Fig.3 



S C H E D U L E FOR G E N E R A L PLANNING P U R P O S E S 

SHOWING MAJOR STEPS IN OVERALL ANNEALING SEQUENCE 
AND 

APPROXIMATE TIMES, BASED ON AROUND-THE-CLOCK OPERATIONS 

VESSEL U=WET< 
CONDITION I 

= s f c = 

FUNCTION 

TIME 

REMOVE ruci AND 
INTERNALS fftOU 
REACTOR VESSEL 

MONTH \-

PLA/fT SHUTDOWN 

WET e=SJCpDAAINING «=Ctt= 

PRC-ANNEAUNC 
SAMPLING 

( I S OAT/SAUPlC) 

• WALL SAMPLES 
O-BASE METAL) 
(J-WLLO UCTAI ) 

ORAIN VESSEL 
AMD INSTALL 
AMNCALIMO 
APPARATUS 

MCAT-UP 

y ol^* 

« — - | » OATS j - j » \ > OAt | — -

JO 10 
3« MRS 

3 D H V C OC==>WET WET t = ? | 

ANNEALING 
100 HOURS 

AT 47S*C 

T*HZ^> 

COOL-OOWN* 

N 

POST ANNCALMC 
SAMPLING 

2 WAUL SAMPLES 
(WELD MCTAL) 

7 0 C 

-CD-- 1 

-t a OATS ««}• 

O V E R A L L A N N E A U N U 
1 2> OATS«| — 

CHINO SUOOtH 
SAMPLE LOCATIONS 

\ 

-\ 3 OATS i - I OAT | ••! 

MM riff /s wmooucco INTO 
RCACTQK VCSSCL. WHCN IT 

ffCACHCS 7<TC 

•COCA-OOWN uurr is aac/MouR; HOWEVER, enwco* j « r c AWO 7<rc TT TAXES UORC TIME ro c o a DOWN 
THAN OESIREO. SOVIOS tNOOTEQ THAT THIS PHASE TYPICALLY ftCOURCD ABOUT ( OATS AM) THAT THCY 
ARC LOOKING AT WAYS TO MPAOVC COOL-DOWN RATE IN TMS TEMPCRATURC RANCC 

• •THC ACTUAL ANNCAUNC OPERATIONS (HEAT-UP. ANNEALING. ANO COOL-OOWN AT NOV0V0AON17H IINTT i IN 
rCBRUARY/MARCH Of 1991 RCQUttCO A TOTAL Of ABOUT t OATS ( 200 HOURS). THC COOL-00«N PHASE 
RCOUMCO ABOUT U HOURS. THUS. THIS INCHOATES THAT THEY WHERE SUCCESSFUL W SAVINC ABOUT 4 OATS 
THOU THE OVERALL SCHCOULC. 



1*1 

s*r 

CONTENT OF PHOSPHORUS AND COPPER 
DETERMINED ON METAL SAMPLES OF WELD 
BEING ANNEALED OF OPERATING REACTOR 

VESSELS 
Table 1 

NPP Unit CONTENT OF ELEMENTS IN METAL 
OF WELD No4,% 

NPP Unit 

Phosphorous (P) Copper (Cu) 

NPP Unit 

Actual 

Used 
in 

design 
verifi
cation 

Actual 

Used 
in 

design 
verifi
cation 

NPP Unit 

min max average 

Used 
in 

design 
verifi
cation 

min max average 

Used 
in 

design 
verifi
cation 

Novovoronezh 3 0.0336 0.0401 0.038 0.039 0.123 0.138 0.130 0.21 

Armenia 1 0.032 0.03; 0.033 0.030 0.110 0.110 0.110 0.16 

Nord 1 0.032 0.034 0.033 0.036 0.086 0.104 0.092 0.12 

Nord 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 0.0376 0/0346 0.036 0.138 0.154 0.145 0.12 

Kozloduy 1 0.028 0.036 0.032 0.036 0.100 0.120 0.110 0.12 
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THE RESULTS OF MEASURING HARDNESS OF 
REACTOR VESSEL METAL OF KOLSKAYA NPP, 

UNIT 1, PRIOR TO AND SUBSEQUENT 
TO ANNEALING 

Table 2 

Place of 
measurement 

Hardness values prior to 
annealing 

HB (kgf/sq.mm) 

Hardness values 
subsequent to annealing 

HB (kgf/sq.mm) 

HB 
(irrad.) 

HBaver 
(irrad.) 

HB 
(anneal.) 

HBaver 
(anneal.) 

1 

upper shell 

weld 

lower 
shell 

226 221 

243 247 

224 219 217 
229 232 233 

223.5 

245.0 

225.6 

184 195 

198 199 

184 193 187 
185 193 

189.5 

198.5 

188.4 

2 

upper shell 

weld 

lower 
shell 

228 218 217 

240 243 241 

213 230 230 

224.3 

241.3 

224.3 

189 201 201 

180 210 207 
200 

191 193 

197.0 

199.3 

192.0 

3 

upper shell 

weld 

lower 
shell 

219 221 220 

?36 231 242 

232 225 223 

220.0 

236.3 

226.6 

188 184 190 

203 201 

198 186 190 

187.3 

- 202.0 

198.0 



PARTICIPATION OF THE SKODA,NUCLEAR MACHINERY PLZEN,Ltd.AT 
RECOVERY ANNEALING OF THE RPVs REACTOR WER 4 4 0 Y - l 
BOHUNICE NPP 

hy 
Mr.JIRI URYNDA, FERDINAND HORC1CKA. ZDENEK TOLAR, 
JAN SIK, ANION IN SKR1VAN, JAROSLAV NAGR. JAROSLAV 
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SKODA NUCLEAR MACHINERY Ltd.PLZEN 
Orlik 266, 31606 PLZEN 
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ABSTRACT 
There are presented history of annealing procedure 

development for RPV material type V-230 VVER 440 reactor.In 
the year 1986 by Bohunice NPP was ordered design all 
regeneration annealing procedure at SKODA.Nuclear Machinery 
PJzen.At the same time was started with project and testing 
special furnace annealJng.There are described design, 
fabrication, technical data and possibilities of annealing 
equipment.Detuiled calculations and verification measurements 
on the demonstration vessel wcru performed.Conclusions and 
recomendations were accepted for these measurements and control 
at real RPV annealing. 

The apparatus for hardness measurement and taking samples 
was developed and manufactured by SKODA PIzen for determination 
chemical composition of real weld No.0.1.4 in beltline RPV 
zone.Also special equipment for annealing irradiated samples 
material.Both these equipments were applied to evaluating 
recovery annealing efficiency. 

JAN SMOLIK, 
PESEK, JAN 
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INTRODUCTION 

A Nuclear Reactor Pressure Vessel (hereafter RPV) belongs to such components the life 
lime of which limits the plant life lime on ihc whole. The RPV cannot he counl to be 
replaced after introducing it into operation, due to high induced radioactivity. 
The RPV is required to have a reliable operation quality for 
the whole life lime of it. in spite of degradation processes taking place into vessel wall 
throughout the whole service time. 
Among such processes belongs mainly radiation brittleness,having a most intensive 
influence onto mechanical properties of operated RPV material. Should be the 
permissible degradation extent exhausted, the thoroughly analysis of RPV service safety 
reserve mus1 be performed for assumed further operation possibility of it. Being not 
demonstrated a lot of RPV material toughness reserve to further final service of it, by 
performed analysis, there are only two possibilities to solve such question, as follows: 
RPV operation stoppage or recovery annealing performation, renewing the toughness to its 
brittlened material. 

The recovery annealing process consists of RPV heating, or as in the mostly used cases, 
the radiation brittlened beltline region only, up to sufficient high temperaturc-about 75 to 
160°C over radiating temperature, with sufficient time delay on this temperature. New 
thermally induced processes realized under such temperatures cause the RPV material 
regeneration from radiation injury and, by this way, the sufficient toughness properties 
restoration. 

The whole annealing project elaboration,mainiy the recovery annealing regime verifying 
and optimization and technological device manufacturing for annealing performalion, were 
ordered at SKODA Plzeft. Report serial developed during solving of this task in year 1990, 
was a basis of today s SUJB (Nuclear Safety National Institute) No.5/91 to issue the 
Decision on recovery annealing of both RPV ofJE-Vl Bohunice. 

ANNEALING PROJECT 

Annealing equipment designing, constructing, manufacturing and verifying for the dry 
annealing method with removed reactor core, were the main SKODA s shears. The 
designated temperature and time regimes to be realized using this equipment were 
important to develop such annealing furnace. Based on own experiments and experiences 
with pressure vessels of V-230 type reactor unit annealing in, of that time, SSSR, there 
was verified and designated the annealing regime as follow: 

- heating rate max. 20°C/h 
- delay nominal temperature 475°C 
- temperature tolerance -0°C, +30°C 
- temperature 475"C delay 168 h 
- time tolerance -16 h (10%) 
- cooling rate max. 20°C/h 

In addition to it, there were performed amount of thcrmo-tcchnical calculations, 
proving no occurrence of unacceptable temperature gradient in any of RPV sections 
during anncalling. and, by this way, to state of stress which mighl induce permanent 

f 
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deformation. A calculation off-line system SYSTUS with three-dimensional RPV model 
was available lor such cases of expressive temperature non-uniformity origin evaluation. 

These calculations validity was verified by demonstration 
vessel annealing, where temperature stress was being measured 
using thermocouples placed on outer RPV model surface, in area 
of circumferential weld No.0.1.4. 

ANNEALING EQUIPMENT PARAMETERS AND DESCRIPTION 

The RPV V-230 restoration annealing equipment is a ring-shaped furnace, inserted 
into RPV. Electric heated furnace is equipped with resistance heated, power controlled 

elements. Entire heating equipment is fixed onto support structure, where upper section of it 
forms a shielding plate, closing the reactor vessel. Sketch (diagram) of entire equipment 
is shown in Fig. 1. 

The constituent parameters of annealing equipment are as follows: 
- overall dimensions diameter 4270 mm 

high 10577_mm 
- weight mechanical part 62330 kg 

including heating section 64800 kg 
- furnace nominal temperature 475°C +30°C 

-0°C 
- nominal current 1490 A 
- installed heal output 975 kW 
- heating sections 13 items for 75 kW 

The annealing furnace is designated to heat and keep of RPV V-230 type reactor 
vessel wall temperature on value of 505°C for 168 hours delay, in the core section band 
width of 
600 mm . 

To annealing, the furnace is inserted into pressure vessel until the shielding plate close 
this one, and heated from inward. The furnace is equipped with extendable 
thermocouples giving the RPV wall temperature automatic control possibility and reading 
the wall internal surface temperature. The electric control equipment give the both 
automatic and hand actuated control possibility including option of rising or dropping 
temperature gradient. A typical electric resistance heating is used for heating up. Furnace 
structural conception followed, 
among others, the maximal air flowing restriction in RPV during annealing. For this reason, 
the cylindrical shape of annealing furnace was used with the practically acceptable 
largest diameter of it, on the one hand, and horizontal zoning of space between furnace 
outer surface and RPV inner surface, on the other hand. Horizontal partitions in furnace 
arc proportioned 
lo use ihcm as assembly platform. 

Installed thermal output and dividing it into main and support sections and into 
controlled zones were designated 
on base of thcrmo-tcchnical conditions defined particularly by 
RPV V-230 thermal insulation structure. This fact specify also 



\W 
a fixture structure of thermocouples for RPV outer surface temperatures support 
measuring. 

Furnace guideline, cable and thermocouple supports arc of one-purpose model for 
reactor V 230 type using. 

As mentioned above, for regulation purpose the heating elements were zoned into 13 
zones assembling five sections, livery healing clement has a maximal output 75 kW, so that 
total installed output is 975 kW. 

In order to keep the circumferential and axial heac 
treatment regimes, the furnace control equipment was furnished 
with a special informating and control system enabling as follows: 

- automatical or hand actuated process control 
- maximal temperature setting for single sections 
- automatical restriction of heating zones outputs depending on maximal permissible 
heating element temperature 
- option of heating or cooling rale of RPV in weld section, and corresponding temperature 
changes for the other sections. 
- keeping the RPV temperature distribution on set up value during requested time 
- to switch off or, potentially, to switch on heating zones during annealing process 

ANNEALING EQUIPMENT TESTING IN MANUFACTURING SHOP 

The entire equipment was verified on a mode! pressure vessel. Inside and outside oT 
pressure vessel was installed extensive system of temperature measuring, which had to 
verify the actual temperatures of pressure vessel, inside of furnace and around the pressure 
vessel. 

The manufacture shop testing proved as follows: 

- as to output, the annealing equipment is made too big 
- control system was true designed and operates reliable 
- necessity to keep the accurate uniformity of heat elements 

peripheral distribution 
-the outside insulation brings a great influence to uniform course of pressure vessel 
heating 
-should fallout one of section zone under time keeping the annealing temperature, it 
docs not expose the annealing process to danger 
- movable thermocouple structure must operate absolutely reliable 
- below and above shielding plate occurred lower temperature as assumed 

INFORMATION SYSTEM USED FOR ANNEALING 

An information system ensured, during e .tire annealing process, the continuous 
measuring of all temperature and output data,and in regular intervals performed calculational 
evaluations of temperature distribution, and corresponding to it stresses in inside and outside 
surface ot pressure vessel. 

\ 
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The purpose of it were to ensure the heating equipment control to heat the NRPV, to 

prove reaching tho annealing temperature of 475°C (+30, -0)°C in requested heated band 
along weld sides, lo keep time delay on this temperature for 168 (+0, -16) hours, and to 
prove, by documentary evidence, reached temperatures of chosen furnace support 
structure parts, shielding plate and room air. 

MEASURED DATA 

By annealing of the second V-l unit were read 94 readings from 84 points of 
temperature measuring. By annealing of the first V-l unit, the entire amount of readings 
was reduced to 57 readings from 47 points of temperature measuring. In addition, in both 
cases there were read 39 readings, characterizing output 
distribution among single phase of heating elements. 

For temperature measurement purpose were used mainly the sleeve thermocouple of K 
(NiCr-Ni) type of dia. 2mm and 3mm with three versions of probes (MK), as follows: 

a) A contact type - for measuring of metal surface temperature, MK tightly 
connected with the surface and insulation equipped 

b) A radiation type - for measuring of room air temperature, equipped with a 
ceramic sleeve to reduce the radiation component of heating elements heat near lo MK. 

c) A pushed type - for NRPV wall inside surface temperature measuring. The surface 
contact was blocked after furnace insertion into NRPV, due to NRPV internal structure 
arrangement. 
MK was preserved against heat radiation component, using a tube of dia. 30 mm. 

Measuring section consist of Orion-delta (Solatron) log, with data transition to 
personnel computer. All data were read in regular frequency of 2 min. (by stabilized regimes 
of5min.) and stored in computer memory. A print output of all relevant data was performed 
as needs. 

The measuring section was reserved by multichannel data recorder, independently 
recording chosen temperature data. 

A processing system consist of personnel computer PC 486, software equipped to store 
of all measured data in PARADOX 4.0 data base system with data graphic representation 
possibility. 

A special processing program was automatically computing of temperatures distribution 
in vessel inside and outside surface, with regular frequency of 20 min., and computing 

of resulting thermal stress (reduced stress), with frequency of 60 min. Rotary symmetrical 
models, afforded respective temperature distributions in meridian section through RPV, 

were used by these on-line computings, based on measured control temperatures. 

MATERIAL SAMPLING AND HARDNESS MEASURING 

Material samples cutting-off and hardness measuring were performed on outside NRPV 
surface in area of peripheral weld (beltline region) at core level, before and after 
annealing being realized by SKODA J.S. in cooperation with EBO and VUJE staff, within 
the framework of RPV recovery annealing. 

; 
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Samples cutting-off and hardness measuring equipment, operating in 35 mm width 

gap between NRPV outside surface and thermal shielding of reactor concrete cavity, were 
designed and 
iiuiiuifactored in SKODA works J.S., Co. Ltd., for this purpose. A sketch ol this equipment is 
shown in l;ig.2. 

Chips form material samples were cut-off using a high-speed driven milling head 
and shaped tool of hardened metal. 
Samples were cut-off at levels designated in advance, namely from basic and weld 
joint materials. Chemical and gamma-speclromclrical analysis were carried out in 
VUJE institute. 

Hardness measuring was realized using a hardness-measuring head of Brincll method, 
the dia. 2,5 mm ball imprinting under test loading ofl840N. Loading was hydraulic 
induced. The measuring ball was imprinted into material through Ni- foil of 0,03 mm 
thickness, being mowed after every imprint. Imprint mark sizes in the Ni-foil were 
laboratory evaluated, after withdrawing it out from equipment. 

RPV surface preparation for sampling and hardness measuring was performed 
using a grinding head. 

All sampling and hardness measuring points were followed by visual inspection using 
Olympus fibroscopc,being also used to photodocuments making purposes. All sampling 
and measuring points were marked out into cartographs in order to repeatly look them out 
and inspect them. 

A new sampling head, giving the possibility to withdraw material sample in a particle 
form was also designed and manufactured in SKODA J.S., Co. Ltd. The particle of 
spherical cap shape, mechanically cut off from outside NRPV surface,can be in more detail 
laboratory evaluated. This sampling head, being in operation testing now, is shown in Fig.3. 

Except said SKODA s activity, a special furnace to anneal of irradiated test samples 
was developed and manufactured. This device was used to annealing process effectivity 
evaluation in semi-heat chambers, inUJV 0eD institute. Model weld joint manufacturing 
of the same chemical composition as weld No.0.1.4. ("Tailor weld") was also one of 
important works. Test samples, made of mentioned weld, were used for purpose of irradiation 
and 
annealing. Based on these tests, the RPV material recovery degree and requested 
toughness level renovation were documented. 

SUMMARY 

Present SKODA, J.S., Plzefl, Co. Ltd. participation on annealing of both RPV of JE 
V-l unit in Jaslovskc Bohunice was undisputabely important. In begin, dated by 1985 year, 
series of preparation works were discussed, which further were directed to developing and 
manufacturing of annealing equipment for reactor vessels VVER 440 of V 230 type. 
Repeated successful using of it was a close cooperation achievement of SKODA, J.E. 
Bohunice, UJV 0cD, VUJE Tmava and other establishments, participated in performation 
proper and in recovery annealing evaluation, including to afford varranty for a least life 
time of annealed vessels. 

X 



These experiences arc expected to take full advantage for other annealing projects of 
RPV reactors of V-230 and V-213 types. According to our suggestion, first of all, it should 
be employed all generally applicable results of material properties analysis after irradiation 
brilllcness and annealing. 

\ 
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CHEMICAL COMPOSITION DETERMINATION OF BOHUNICE 1 AND 2 RPVs 
AND HARDNESS MEASUREMENTS OF RPVs MATERIAL 

i?y , i ? 
Uudovit Kupca, Martin Bfezina, Peter Beno, Ivan Kniz: 
- Nuclear Power Plants Research Institute (VUJE) 
Okruzna 5, 918 64 Trnava, Slovak Republic 

- Nuclear Power Plant Jaslovske Bohunice (EBO) 
919 31 Jaslovske Bohunice, Slovak Republic 

ABSTRACT 
The base informations of all activities concerning the 

material properties recovery performed before and after 
annealing procedure on the first two units V-230 type in NPP 
V-l, are the topic of this paper. 

The samples of weld and base metal from both RPVs NPP 
V-l were prepared by special apparatus in the very narrow 
gap between the outside surface of the RPV and the reactor 
thermal shielding in the reactor cavity, from the critical 
circumferential weld joint #4. The chemical composition of 
the samples was analyzed in Nuclear Power Plants Research 
Institute (VtJJE) laboratories. Except these results achieved 
from the analysis of the irradiated samples are presented 
the evaluation results of the chemical composition influence 
on the RPVs materials brittle fracture temperatures. All 
these results which served as input data for the irradiation 
-nibrittlement recovery evaluation of the both RPV NPP V-l in 
Jaslovske Bohunice, are presented in the form of the trend 
curves for both RPVs. 

Keywords: WER-440, reactor pressure vessel, 15CH2MFA steel, 
annealing, irradiation embrittlement recovery, chemical ana
lysis, hardness measurement, brittle fracture temperature 

INTRODUCTION 
The annealing procedure realization was based on the 

"Regulation Act #5" of the former Czechoslovak Atomic Energy 
Commision (CSKAE) issued in 1990, concerning the higher re
liability and safe operation of the PVR WER-440 type with 
Reactor Pressure Vessels (RPV) V-230 type [l]. On the base 
of this document were performed on both units following pro
cedures: 
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- the ultrasonic inspections of the annealed region before 
and after annealing 

- the calculations and estimations of the annealing 
efficiency 

- and the creation of the Tĵ p trend curves. 
Annealing procedures were performed in following schedule: 
Unit # 1: from 20-th till 27-th April 1993 
Unit # 2: from 30-th January till 6-th February 1993 
The sampling was performed: 
on the RPV unit #2: 

- from January 14-th till 20-th - before annealing 
- from February 12-th till 14-th - after annealing. 
on the RPV unit #1: 

- from April 5-th till 9-th - before annealing 
The hardness measurement (Brinnel) was performed: 
- at the same time as sampling both of the base and weld me
tal across the critical weld #4 in the regions of maximum 
and minimum neutron flux (fig.#l). — 

The samples prepared by milling technology were used: 
- for the chemical analysis, both the weld and base metal, 
to achieve more precise and reliable informations as were 
available from original RPVs documentation and other 
sources [2,6] 

- for the dosimetry measurements to analyze the positive 
effects of the 36 dummy elements, which were inserted to 
the peripheral part of both reactor cores on the base of 
recommendations of 0KB Gidropress [2], which were accepted 
by former Nuclear Regulatory Commission 

- for the electron-positron annihilation measurements to 
analyse the regeneration procedure efficiency. 

The hardness measurements using the ball indentor through 
the stripe from Ni-foil were performed with aim: 
- to identify the real geometry of the weld #4 on the 
external RPVs surface 

- to analyze the annealing procedure efficiency by comparing 
the results of the hardness before and after annealing. 

THE HARDNESS MEASUREMENT PROCEDURE ACROSS THE VELD #4 
Before the beginning of the hardness measuring both RPVs 
were performed following procedures: 
a) the determination of the real weld #4 positions on RPV by 

three independent methods: 
- chemical etching for visual identification of weld #2 

positions and Eddy current probe calibration 
- determination of weld #5 position by chemical etching 

and Eddy current measurement 
- identification of the real position of weld #4 by the 

measurements of altitudes based on the data from the 
ultrasonic control operation performed from inside of 
the RPV, and using the special Eddy current probe 

- v 
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b) the grinding of RPV outside surface across the weld #4 
in the maximum and minimum positions of neutron flux in 
asimuthal plane of the reactor core [3], to prepare the 
standard surface conditions for the hardness measurement 

c) the using of milling technology to prepare the samples 
from the weld metal #4 (depths max. 3mm) and the base me
tal above and under this weld for the chemical compositi
on determination (fig.#2,3). 

The hardness measurement were performed by following condi
tions: ••-
- Brinnel method with the ball indentor, pressed on the 
grounded RPV surface through the nickel stripe 

- diameter of the indentor ball is 2,5 mm 
- dimensions of the Ni-stripe: 

thickness: 0,04 mm 
widths: 10 mm 
lenghts: 250 mm - 600 mm 

- pressing force: 1840 N. 

By the hardness measurement evaluation are the diameters of 
recorded prints measured using the light microscope and 
processed by image analyzer. The results of these measure
ments are summarized in fig. #4 and 5 [4]. 

THE CHEMICAL COMPOSITION ANALYSIS 

For the more precise and reliable informations about the 
chemical composition of this critical part both RPVs were 
prepared following numbers of samples: 
- 10 samples from the Unit-1 
- 19 samples from the Unit-2. 

For the quantitative analysis of elements: C, Si, Mn, Cr, 
Ni, Mo, V, S, Co, P, and Cu were used the following methods: 
- coulombmetric titration 
- spectroscopy 
- and atomic absorption spectrometry. 

The chemical composition is presented in the table #1 
[9,10]. The coordinates by sampling were measured from the 
axis of weld #2. The samples were taken in minimum and maxi
mum of the neutron flux (30° from axis #111, or 920 mm on 
the outer diameter RPV, and 300 mm left from the axis 
#111). From the known chemical compositions it is possible 
to calculate the irradiation embritt lenient coefficients 
using for example Yermakov and Dragunov [6] so called "che
mical relations" for base and weld metal: 

AF-BMSS - 1 1 0 ° * P" 2 C1) 
AF-VM = 8 0 0 (%P+0,07%Cu) (2) 

and the brittle fracture transition temperature by relation: 
TK0 VM = 101,6 - 171.%Mn.%Mo + 151,8.%Mn.%V + 8224.%Cu.%P -

- 42139 .%S .%P - 163 .*Cu .%Mo - 2726 .%P (3) 

- I 
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Table #1: Chemical composition of naterials of RPV's Unit #1 and 12 

Material C Si Nn Cr Ni Ho V S P Co Cu 

BH limtl 0,140 0.31 0,37 2.64 0,20 0.58 0,27 0,017 0,014 0,019 0,091 

VK l/nitl 0,048 0.37 1.11 1,00 0,12 0,39 0,13 0,013 0,043 0,024 0,103 

BN Unit2 0,132 0,25 0,37 1,225 0,17 0,55 0,25 0,018 0,010 0,017 0,082 

VH Unit2 0,066 0,26 0.8L 1,110 0.14 0,34 0,19 0,013 0,026 0,019 0,109 

The s h i f t of t he b r i t t l e f r a c t u r e t r a n s i t i o n t e m p e r a t u r e i s 
p o s s i b l e t o c a l c u l a t e , i f t h e f l u e n c e va lue impinging on RPV 
w a l l i s known, by formula : 

5 T K F = A F . ( F . 1 0 - 2 2 ) 1 / 3 (4) 

Using this approach we are presenting the trend curves of 
TKFVM v a l u e s f° r both units (fig.#6 and 7) after annealing 
procedure. 

CONCLUSIONS FROM ANALYSIS OF THE RESULTS 
FROM THE DOSIMETRY MEASUREMENTS: 
- the activity mesurements of the RPVs samples proved the 
shift of local maximum of the neutron flux in the asimu-
thal plane of reactor core due to the insertion of dummy 
elements 

- the high energy neutron fluence is 2.6 times lower and in 
the thermal energy region is the shielding factor higher 
than 4.5 according the RPVs wall 

- from these measurements is possible estimate the relative 
contents of some elements present in the samples too 

FROM THE CHEMICAL COMPOSITION ANALYSIS: 
- the P contents is comparable with the producer data 
- the contents of Cu, and S is significantly lower than the 
producer data and the analysis results obtained from the 
sampling in 1989 performed on the unit #1 

- this fact is possible to explain by: 
a) higher precision of the chemical analysis methods 
b) better statistics from more samples which were sampled 

in two layers 
FROM THE RPVs HARDNESS MEASUREMENT: 
- the precision of the hardness measurement was substantial
ly improved, by the correlations measurement on the hard
ness standards in laboratory conditions and the image ana
lysis system application, to the 10% value 

- the changes of hardness values after annealing are higher 
in weld metal (up to 48 HB), than in base metal (33 HB) 

- the values of the hardness after annealing operation are 
for both RPVs similar 

- V -
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- we did not observed the annealing temperature gradient in
fluence on the hardness recovery due to the annealing pro
cedure 

- recalculation of the hardness to the strength R m by CSN 
420379 standard, give us the very similar values as in the 
unirradiated conditions of the RPVs steel. 

FROM THE ANNEALING PROCEDURE EFFICIENCY EVALUATIONS: 
The annealing procedure efficiency was evaluated in follo
wing way: 
- according the data based on the experiences and experi
ments of the producer with respons the RPVs steel on the 
annealing procedure, the recovery of the RPV material pro
perties depends on the difference between annetiling and 
irradiation temperatures. For our case was this difference 
more than 200°C and the recovery efficiency is more than 
95% 

- the calculations of the strenghts values from hardness va
lues before and after annealing by CSN 420379 give us 100% 
recovery efficiency 

- the Mdssbauer spectroscopy and electron-positron annihila
tion methods applications give us informations about the 
high degree of ordered structure after annealing, as well 
as the very similar hardness values measured in the bottom 
part of the RPVs without irradiation embrittlement compa
red with the hardness after annealing supported very high 
recovery efficiency too. 
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Fig.No.l: Neutron flux distribution on RPV Unit 1 
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INDENTATION TESTING OF RPV WELD OVERLAY CLADDING BEFORE AND AFTER 
RPV ANNEALING 

J. Zdarek, J. Novak, Nuclear Research Institute Rez pic, 
250 68 Rez, Czech Republic 

1. Introduction 
Including the effect of weld overlay cladding properties 

into the analysis of both the RPV residual life and RPV defects 
acceptability requires, among others, determination of weld 
overlay cladding mechanical tensile properties given by both 
technology of cladding deposition (and heat treatment) and 
service conditions at certain location in RPV under 
consideration. 

Special method for indentation testing of the RPV weld 
overlay cladding and evaluation of indentation diagrams was used. 
This method permits to obtain "specific" mechanical tensile 
properties of weld overlay cladding. 
2. Indentation testing — 

For indentation testing, special device (Fig. 1) was 
developed and used. This device is equipped by the last type of 
Remote Hardness Tester developed by Scientific and Research 
Institute for NPP's Operation, Moscow, Russia, with spherical 
indentor. The Fixation and Fine Positionning Module, permitting 
measurements inside RPV, was designed and realized by Nuclear 
Research .Institute (NRI), ReS, Czech Republic. The method of 
evaluation of indentation diagrams was developed by NRI. 

Method of evaluation of indentation diagrams is described in 
report NRI [4]. 
3. Results of indentation testing 

Indentation tests performed on 1. .and 2. unit of NPP V-l at 
Jaslovske Bohunice, Slovakia, before and after anealing of RPV's 
reveal mechanical tensile properties of weld overlay cladding 
affected by both continuous range of histories (height profile of 
neutron fluence corresponding to the geometry of the active zone 
and another height profile of annealing temperature) and local 
technological factors (Tables 1 -s- 5). Figures 2 * 6 show vertical 
profiles of yield stress, ultimate tensile strength and uniform 
elongation determined before and after RPV annealing on 2. and 
1. unit of NPP V-l. Due to the diversity of histories and greater 
neutron fluence range, only global comparison with data obtained 
by tensile testing of surveillance specimens is possible; this 
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comparison is shovn on Figures 7 and 8 (for indentation testing 
one graphical symbol represents 3-̂5 indentation tests, for 
tensile testing each group of four symbols defines rectangle 
obtained as mean value ± standard deviation). 
4. Discussion 

The scatter of experimental values on Figures 7 and 8 
represents practically the true scatter of mechanical properties, 
because the measurements show existence of areas on the RPV wall 
with extremal properties consistently both before and after 
annealing of the RPV. We consider thifinhomogeneity of ferrite 
volume ratio to be a possible source of- the scatter of mechanical 
properties. 

Annealing at temperatures approximately 350-r475°C (cladding 
at vertical coordinates corresponding ,to the lower two thirds of 
the reactor active zone) for 168h. lowered the yield stress and 
increased ductility, in accordance with previous results obtained 
by conventional tensile testing of irradiated "surveillance 
specimens" before and after annealing at 475°C for 168h. 

Annealing at lower temperatures (cladding at vertical 
coordinates corresponding approximately to the upper third of the 
reactor active zone) had an opposite effect, usually described as 
"radiation anneal hardening". This phenomenon, with softening 
after longer times of annealing or at higher temperatures of 
annealing, is analogous to the effect of ageing and overageing of 
supersaturated solid solutions. 
5. Summary and perspectives 

Method of indentation testing of RPV cladding and evaluation 
of indentation diagrams was developed, tested and used for 
determination of mechanical tensile properties. The next step, 
the correlation of mechanical tensile properties and fracture 
toughness, is presently under study; the results will be 
published later. Both types of material data are needed, among 
others, as input for the deep analysis of a RPV integrity during 
Pressurized Thermal Shock. 
References 
[1] J.Novak, J.2darek: Nondestructive determination of mechanical 
properties of stainless steel cladding of WER-440 pressure 
vessels (in Czech), Nuclear Research Institute rep. UJV 10040 M 
(1993). 
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Tab. l. 
Values determined at unit 2, before annealing, azimuth 30° 

coordinate number of n R^tMPa) R_0.2[MPa] 
measurem. 

4650 3 
5900 7 
6800 7 
7150 4 

0 . 2 2 6 6 1 7 . 4 4 5 1 . 6 
0 . 1 9 0 6 2 3 . 0 4 7 4 . 2 
0 . 2 3 5 6 2 8 . 5 4 5 4 . 0 
0 . 2 5 4 6 2 7 . 9 4 4 7 . 7 

Tab. 2. 
Values determined at unit 2, after annealing, azimuth 30° 

coordinate number of n R^MPa] Rp0.2tMPa] 
measurem. 

5900 3 0.202 535.5 402.9 
6800 2 0.203 574.6 431.9 
7150 3 0.184 542.7 415.3 

Tab. 3. 
Values determined at unit 2, after annealing, azimuth 12.5° 

coordinate number of n R^MPa] R_0.2[MPa] 
measurem. 

5900 4 0.181 534.5 410.0 
6800 2 0.211 570.9 425.4 



Tab. 4. 
Values determined at unit 1, before annealing 

coordinate azimuth number of n R^fMPa] R_0.2[MPa] 
measurem. 

3360 6° 2 0.162 552.0 428.9 
4290 30° 2 0.306 624.2 407.7 
4667 30° 3 0.208 574.7 429.7 
4887.5 30° 4 0.292 619.4 414.6 
5688 30° 5 0.201 578.6 435.8 
5886 12.5° 5 0.057 649.5 626.0 
5870 30° 4 0.109 626.8 544.0 
6020 30° 2 0.058 650.8 626.3 
6140 30° 2 0.168 570.0 441.3 
6582 12.5° 5 0.133 598.0 492.2 
6585 30° 4 0.141 590.7 477.9 
6780 30° 5 0.197 631.7 477.8 
6812 12.5° 

30° 
5 0.088 594.2 539.7 

6978 
12.5° 
30° 5 0.130 572.9 474.7 

7167.5 30° 4 0.141 568.4 459.8 
7255 30° 2 0.120 562.0 476.2 

Tab. 5. 
Values determined at unit 1, after annealing 

coordinate azimuth number of n R^MPa] Rp0.2[MPa] 
measurem. 

4630 30° 5 0.127 580.3 484.1 
4865 30° 4 0.185 591.3 452.1 
5680 30° 5 0.142 577.5 466.1 
5860 30° 4 0.124 619.3 520.0 
6000 30° 3 0.176 650.3 504.1 
6147 30° 3 0.166 566.4 439.1 
6580 30° 5 0.176 594.1 457.5 
6780 30° 5 0.197 597.9 452.2 
7000 30° 6 0.202 575.9 433.3 
7250 30° 6 0.190 593.5 451.8 
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MANAGEMENT OF THE BOHUNICE RPVs ANNEALING PROCEDURE 
by 
Milan Repka 
Nuclear Power Plant Bohunice (NPP EBO) 
919 31 Jaslovske Bohunice 
Slovak Republic 

ABSTRACT 
The program of annealing regeneration procedure of RPVs 
units 1 and 2 of NPP V-1 (EBO) realization in the year 1993. 
is the topic of this paper. In the paper are in detail de
scribed following steps: the preparation works, the annea
ling procedure realization schedule and safety management? 
starting with zerp_conditions, assembling of annealing appa
ratus, annealing procedure, cooling down and disassembling 
procedure of annealing apparatus. At the end are discussed 
and evaluated the programs of annealing of the both RPVs in
cluding the dosimetry measurements. 

KEYVORDS: 
WER reactor, thermal annealing, reactor pressure vessel, 
annealing apparatus, annealing temperature 

1. INTRODUCTION 
The preparation works of RPV annealing procedure of unit 2 
NPP V-1 were ordered by NPP EBO n SKODA Plzeft Vorks in 
October 1985. In the year 1986 was signed the contract be
tween the SKODA Vorks and EBO NPP, dealing with nuclear sa
fety and reliability of unit 2 NPP V-1, in which was planned 
to develop the regeneration technology of RPV material using 
the thermal annealing procedure. The annealing procedure was 
scheduled during refueling in the second half of the year 
1993. The annealing procedure of the RPV Unit-2 was initia
lized by the former Czechoslovak Atomic Energy Commision 
(CSKAE) "Resolution Act No.5/91" in the range of the 81 pre
cautions during so called "small backfitting" of the NPP 
V-1 in the year 1992. The annealing of the EPV Unit-1 was 
prescribed by the special resolution act of the Slovak 
Nuclear Authority No.51/93 issued in 1.4.1993. 
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At the end of 1992 were realized the annealing apparatus 
tests on the model RPV in Skoda Vorks. To the annealing pro
cedure realization was prepared and approved the "The annea
ling programme of RPV realization" with following parts: 
1) Preparation works 
2) Starting conditions before annealing 
3) Annealing procedure schedule and responsibility 
4) Monitoring of irradiation conditions during annealing 

procedure. 
5) Safety management of annealing procedure 
6) Methods of annealing procedure evaluation 

2. PREPARATION VORKS 
In the range of preparation works were prescribed the con
tents, responsibility and deadlines in following activities: 
- the annealing procedure staff personnel training 
- the annealing procedure programme operation log 
- the assembly of upper part annealing apparatus without the 
shielding cover 

- the assembly and tests of heating part of the annealing 
apparatus 

- the connection to the power supply of annealing device in
cluding the checking of electical parts and review of all 
d ocument at i on 

- the assembly of external thermocouples connected to the 
RPV and biological water shielding tank 

- the assembling of controlling device. 

3. STARTING CONDITIONS 
For the starting of annealing programme were prescribed fo
llowing conditions: 
- reactor shut down, RPV cooled down and filled with water 
to the cold leg nozzles level, drainage of the rests of 
cooling water from main isolating valves, the nuclear fuel 
and core internals from reactor pulled out 

- the RPV NDT testing programme before annealing finished, 
the RPV cladding hardness measurement finished 

- the sampling and hardness measurement around of weld No. 
0.1.4 finished by special programme. 
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Before the inserting of annealing device into the RPV, must 
be fullfilled special conditions and docurentated by follo
wing reports: 

1) The conditions of primary circuit parts and isolating 
valves sealing of cooling water during annealing proce
dure and controlling devices preparations by the speci
al appendix of annealing programme 

2) The report of RPVs cleaning 
3) The report of annealing device and staff preparation. 

After fullfilling all these activities were informed the 
both regulatory bodies about the annealing programme star
ting. Before the annealing programme start (start of hea
ting) must be fullfilled special conditions which must be 
documentated by the start-up procedure reports: 
1) Start-up conditions for primary circuit parts including 

the air condition and biological water tank 
2) The measurement of electical insulations, overhaul of an

nealing apparatus and. safety devices controlling reports 
3) The tests of power supply conditions and measurement ap

paratus of the annealing device 

4. THE ANNEALING PROGRAMME REALIZATION SCHEDULE 
The annealing programme was managed by the special group. 
The chief of this group was from NPP EBO and this group was 
managed by NPP outage maintenance staff. In this working 
group were involved the specialists from all participated 
organizations, the shift engineer from NPP EBO, primary cir
cuit master, the head of operation dosimetry department NPP 
V-l and the head of NDT department NPP EBO. The figure No. 
1 presents the view on the assembled annealing device before 
inserting into RPV. The cross section of RPV VVER-440/230 is 
in the figure No. 2 with annealing zone 300 mm above and be
low the weld No. 0.1.4. 
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4.1 Annealing device assembly 
Annealing device assembling procedure were realized from 
first till 5-th working day by following steps: 
- the assembling of guiding rails into refueling pool for 
the annealing device inserting into RPV and tests of its 
compatibility with shielding cover 

- the lowering of water level in RPV to the 4900 mm below 
the main sealing surface of RPV, connection of shielding 
cover with upper part of annealing apparatus, and inser
ting test into RPV 

- final assembly of annealing apparatus including the ther
mocouples 

- the drainage of water from RPV, internal surfaces deconta
mination and slush removing 

- finishing of inserting procedure reports 
- inserting procedure of annealing device realization 
- connection of power supply cables to the annealing device 
cover, assembling and connecting of the external thermo
couples, tests of electrodevices 

- finishing of annealing procedure start-up reports. 

4.2 Annealing procedure realization 
Annealing procedure was realized from 6-th til] 13-th day 
with following steps: 
- verifying of power supplies, measurement and controlling 
devices, tests of heating parts 

- heating to the annealing temperature T a n n = 475°C (limits 
+30, - 0 °C) by trend 20°C per hour 

- annealing time t = 168 hours 
- maximal temperature of water in biological shielding tank 
was 65 °C (by water circulation). 

4.3 Cooling down and disassembly 
This part of annealing procedure was realized from 14-th 
till 17-th day with follow?ng steps: 
- cooling down procedure by maximal velocity 20°C per hour 
- switch of the heating power supplies and disconnecting of 
power cables 
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- sinking of the supporting pads, pulling of the annealing 
device up to the 200 mm and putting it to the supporting 
pads to enable the natural cooling 

- from the temperature of T=300 °C was'started the artifici
al cooling down by NPPs aircondition systems 

- the continuous dosimetry and cooling down trends measure
ment —-

- disconnecting of the internal thermocouples and disassem
bling of its supports by the RPV temperature T = 100 °C 
and by the special regime of air condition systems pulling 
out the annealing apparatus from RPV 

- from the RPV temperature T =70 °C end of measurement, 
filling the RPV with water till the cold leg nozzles le
vel, RPV sealing surface decontamination and finishing all 
preparation works for following NDT testing after annea
ling 

- simultaneous disassembling of the external thermocouples, 
power supplies and electrodevices 

- dosimetrical mapping of annealing apparatus and its decon
tamination by special programme. 

The planning outage for annealing procedures were: 
- 18 days for unit-2 
- 17 days for unit-1. 

5. SAFETY MANAGEMENT 
During the annealing procedure were prescribed and control
led the following provisions: 
- the following of the annealing programme realization for 
all participating and operational personnel 

- all activities were organized and controlled by "R-order" 
- status of primary circuit devices, measurement rnd con
trolling devices during the inserting of annealing appara
tus into RPV were checked in every night shift, all mani
pulations with main insulating valves were restricted 

- all activities leading to the possibilities of cooling wa
ter bleeding to the RPV during annealing procedure were 
strictly prohibited 

- examptions from annealing programs wvre realized by the 
annealing programme manager licencing 
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- non-standard situations arising during annealing procedure 
were analyzed and solved by the annealing group 

- the annealing procedure working place in the reactor hall 
was marked and moving of the working staff was prescribed 

- during the inserting and pulling out of annealing appara
tus when the RPV is without water, were all activities in 
reactor hall minifflalized and recommended to realize them 
during the night shift 

- during annealing procedure realization was strictly 
prohibited all manipulations on the supplying 6 kV and 
0,4 kV net, which can cause the interruption of supplying 
and controlling the annealing process. 

6. THE ANNEALING PROGRAMME EVALUATION 
During the heating, annealing and cooling down were issued 
the reports which contained the main annealing parameters. 
After the end of annealing was prepared special report 
"Annealing programme evaluation" in which were involved the 
evaluation of all activities and schedule of this programme. 
All planned activities and aims of annealing were fullfilled 
for both RPVs NPP V-l. On the figure No. 3 is presented the 
diagram of annealing temperature in the annealing region. 
The results of temperature measurement and temperature 
stresses of the RPV materials were elaborated till 1 months 
period after annealing process realization. In September 
1993 were prepared the reports "Evaluation of regeneration 
annealing RPV" for both units. As the main goal of this wor
kshop we can assess the main results of all experiments dea
ling with RPV annealing and to compare them with the results 
of similar annealing procedures on the other V-230 RPVs. 
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Main annealing parameters for both RPVs V-l 

Parameter Unit-1 Unit-2 

20-27.4. 1993 30.1-6.2.1993 
475-496 475-503 
168 160 

17 18 
18,6 17,1 
448 410 

Date of annealing 
Annealing temperature [°C] 
Time of annealing [hours] 
Summary outage of unit: 
- planned [days] 
- real [days] 

[hours] 
Activities involved [hours] 
- preparation works including 
insertion of annealing device 123 104 

- heating up 25 20 
- time of annealing 168 160 
- cooling down [till 70°C] 110 117 
- disassembling works and 
decontamination 22 9 

The real outages of the both reactors were following: 
- unit-2: 25.1.1993 1 7 0 0 till 11.2.1993 1 8 4 0 (17,1 days) 
- unit-1: 14.4.1993 1 5 0 0 till 3.5.1993 0 7 0 0 (18,6 days) 

7. MONITORING OF IRRADIATION SITUATION DURING ANNEALING 
The irradiation situation during annealing apparatus or de
vice manipulation and annealing operation of RPVs was moni
tored by standard dosimetric methods used in NPP. The irra
diation field during inserting and pulling out the annealing 
device when the RPV was without water was following: 
a) in the reactor hall: 

- dosimetric checkpoint 20-25 jiGy per hour 
- reactor postament 100-500 jiG> per hour 
- postament near refuelling tank 4,5-6 mGy per hour 
- above the refuelling pool 30-45 mGy per hour 

b) volumetric activity of aerosols: 
- during pulling out 10-35 Bq/m3 
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After inserting the annealing device and during annealing: 
a) in the reactor hall: 

- dosimetric checkpoint 20-50 jiGy per hour 
- on the shielding cover 12-30 jiGy per hour 
- during the annealing process were not observed any 
changes of fluence on the shielding cover. 

b) volumetric activity of aerosols: 
- refueling pool max. 10 Bq/m 
- by lifted annealing device in th-; first stage of coo
ling after annealing: 

- refueling pool 10-18 Bq/m3 

- reactor hall less than 10 Bq/nr3 

c) annealing apparatus contamination: 
- after pulling out from reactor before decontamination 
0,3-40 Bq/m2, mainly upper part of annealing apparatus 
(the sealing planes till 1 kBq/m ) 

- after decontamination: 
a) upper part and internals 0,3 Bq/m^ 
b) the heating spirals and ceramics 3 - 1 7 Bq/m^ 

Total fluence from all annealing apparatus was not possible 
to measure because of high level of irradiation backround in 
the reactor hall. 

7. LIST OF ENCLOSURES 
1. The view On the assembled irradiation apparatus 
2. The cross-section of RPV with annealed zone 
3. The diagram of annealing temperature 
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A POWERFUL METHODOLOGY 

FOR REACTOR VESSEL PRESSURIZED THERMAL SHOCK ANALYSIS 

J. Boucau 
Westinghouse Energy Systems Europe S.A. 

Boulevard Paepsem 20, 1070 Brussels, Belgium 

T. Mager 
Westinghouse Nuclear Technology Division 
P.O. Box 355, Pittsburgh, PA 15230, USA 

ABSTRACT 

The recent operating experience of the Pressurized Water Reactor (PWR) Industry has focused increasing 
attention on the issue of reactor vessel pressurized thermal shock (PTS). More specifically, the review of 
the old VVER-type of reactors (VVER 440/230) has indicated a sensitive behavior to neutron 
embrittlement. This led already to some remedial actions including safety injection water preheating or 
vessel annealing. 

Such measures are usually taken based on the analysis of a selected number of conservative PTS events. 
Consideration of all postulated cooldown events would draw attention to the impact of operator action and 
control system effects on reactor vessel PTS. 

Westinghouse has developed a methodology which couples event sequence analysis with probabilistic 
fracture mechanics analyses, to identify those events that are of primary concern for reactor vessel 
integrity. Operating experience is utilized to aid in defining the appropriate event sequences and event 
frequencies of occurrence for the evaluation. 

Once the event sequences of concern are identified, detailed deterministic thermal-hydraulic and structural 
evaluations can be performed to determine the conditions required to minimize the extension of postulated 
flaws or enhance flaw arrest in the reactor vessel. The results of these analyses can then be used to better 
define further modifications in vessel and plant system design and to operating procedures. 

The purpose of the present paper will be to describe this methodology and to show its benefits for decision 
making. 
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1. INTRODUCTION 

Radiation embrittlement has been an important issue in the nuclear industry since the manufacture 

of the first commercial Pressurized Water Reactor (PWR) vessels in the late 1950's and early 

1960's. 

Reactor vessel Pressurized Thermal Shock (PTS) events are transients which result in a rapid 

cooldown in the primary system coincident with a high or increasing primary system pressure. The 

PTS concern arises if one of these transients acts on the beltline region of a reactor vessel where 

a reduced fracture resistance exists because of neutron irradiation. Such an event may produce 

propagation of flaws postulated to exist near the inner wall surface, thereby potentially affecting 

the integrity of the vessel. 

The TMI event of 1979 was responsible for raising the concern of "pressurized thermal shock" 

to a high level of visibility in the 80's. TMI, along with an earlier cooldown event (during high 

system pressure) occurring at the Rancho Seco plant in 1978, together caused a realization that 

events resulting in sudden cooling of the vessel, while accompanied by high pressure, i.e., PIS, 

could actually occur. 

Indurtry responses to the US NRC questions included thermal-hydraulic and fracture mechanics 

evaluations demonstrating that PWRs could continue safe operation, but concluded that some 

vessels may require additional measures to show vessel integrity throughout end-of-life. The 

evaluations were made solely in a deterministic basis using postulated design basis transients. It 

was decided that a more realistic evaluation should be done using statistical methods and 

probabilistic techniques. 

The methodology that was developed by D.S. Ackerson et al. (1983) of Westinghouse, coupled 

probabilistic risk assessment (PRA) with thermal-hydraulic and probabilistic fracture mechanics 

(PFM) analysis to identify the dominating scenarios which lead to a PTS concern and to determine 

the risk of significant flaw extension f. >m PTS transients. 

This approach was used by Westinghouse subsequently by the US NRC to support their position 

and licensing requirements for PTS for all PWRs. 

The present paper adapts this methodology that can be used to identify transients scenarios of 

concern and select the most adequate modifications that may be necessary to address PTS safety 

goals for a particular plant design, including the VVER reactors. 

\ 



aai 
2. PROBABILISTIC PTS EVALUATION 

The overall probabilistic PTS evaluation, illustrated on Figure 1, is divided into two basic parts. 
A broad risk assessment is performed that utilizes various lower resolution techniques to assess 
the PTS risk of literally thousands of hypothetical cooldown transients. Event tree analysis, 
stylized transient characterizations, and probabilistic fracture mechanics analyses are employed in 
order to estimate total plant PTS risk and to identify the specific transient scenarios that are 
anticipated to contribute most significantly to the total PTS risk. Next, a rigorous risk analysis is 
performed on each dominant transient scenario which is selected from the broad risk assessment. 

Detailed thermal-hydraulic and deterministic fracture mechanics methods are employed to 
determine the precise risk of the dominating transients in relationship to PTS safety goals. If the 
PTS risk analysis shows unacceptable frequencies of vessel failure, an evaluation of modifications 
can be made to determine if an acceptable result can be achieved. A detailed discussion of the 
overall PTS evaluation is presented in the following paragraphs. 

Broad Scope Analysis 

Plant 
Data 

Evaluation 
Transient Plant 

Data 
Sequence* Calculation 

. 
Transient 

Probability 
Calculation 

Probabilistic 
Fracture 

Mechanics 
Evaluation 

Estimate 
of Frequency 

oC Vessel 
Faihiie 

Narrow Scope Analysis ----

Deterministic 
Evaluation 

of Dominating 
T t j i u i m u 

Evaluation 
nf Potential 

Modifications 

Figure 1 
Methodology for Reactor Vessel Integrity Evaluation 
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2.1 PTS Risk Assessment (Wide Scope. Lower Resolution) 

The first step in the PTS risk assessment is to identify, using event tree analysis, those sequences 
of events and associated frequencies that could potentially result in a pressurized thermal shock 
of the reactor vessel. 
The frequencies depend upon both independent occurrences of these transients as initiating events 
and consequential occurrences from other events that are not by themselves cooldown transients. 
These other transients may be transformed into PTS transients as a result of plant system 
malfunctions or operator error. 
The plant event tree, in response to being perturbed by each initiating event, models the 
probability of plant systems availability and malfunction for each possible sequence. Thus, the 
output of the plant model is a vector of cooldown states of varying degrees of severity and 
frequencies resulting from all possible sequences of plant response to all expected initiating events. 

The plant cooldown state vector is then incorporated in the mitigation event tree that 
probabilistically models the effect of automatic or operator actions to terminate or lessen the effect 
of cooldown sequences. The overall result of the event tree approach is an end state vector of 
potential unmitigated PTS scenarios, grouped by common end state categories and decay heat 
levels, along with the associated frequencies. 

The next step is to associate thermal-hydraulic characteristics with each cooldown transient end 
state. Because there can be literally thousands of end states and since only a small number prove 
to be of any practical concern, it is prudent to use simple approximations at this point. Using 
sensitivity studies and judgement based on experience, each end state is fit with a simple 
exponential curve, and a pressure is selected that is representative of the system pressure during 
the period of potential flaw extension. 

The third step is to quantify the conditional probability of reactor vessel failure given that an 
exponential cooldown, which approximates the cooldown end state, occurs. The conditional 
probability curves are generated from probabilistic fracture mechanics (PFM) analyses using the 
Monte Carlo technique. A matrix of cases for given transient characteristics and inner surface 
RTN D T values are generated to obtain results for generation of conditional probability curves. 

For each case, a large number of deterministic fracture mechanics analysis trials (~ IO6) are 
simulated using random values that are selected by a random generator from distributions defined 
for the pertinent input properties. The input properties, which have been treated as random 
variables, include: initial crack depth, initial RTN D T, copper content, fluence, and the critical stress 
intensity values tor flaw initiation and arrest. The probability of vessel failure for each case is 
determined by dividing the number of failures by the number of trials. 
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Figure 2 Figure 3 
Plant Specific Frequency of Vessel Failure Plant Specific Frequency of Vessel Failure 
Using Probabilistic Fracture Mechanics Using Deterministic Fracture Mechanics 
(PFM) Analysis (DFM) Analyses 

The final step is to associate a probability of vessel failure with each end state by multiplying the 
probability of the end state itself by the conditional probability of vessel failure given that the 
see".;.. 10 occurs. If the probabilities of vessel failure that are associated with the end states are 
summed together, the total risk of vessel failure from PTS can be ascertained as a function of 
RTN D T, and dominating transient scenarios can be identified. Figure 2 is a graph that shows total 
PTS risk as a function of plant RT N 0 r values. Also shown is the risk associated with each 
cooldown scenario that is a significant contributor to the total PTS risk. 

2.2 PTS Risk Analysis (Narrow Scope. High Resolution) 

Once the probabilistic PTS risk assessment has been completed, the transient scenarios that 
dominate the plant total PTS risk can be selected for more detailed analysis. Referring to Figure 
2, the scenarios that exceed the PTS safety goal in the RTN D T range of interest are readily selected 
(LOCA "B" and SSB "A"). It is also appropriate to choose scenarios that fall below the safety 
goal within a band that accounts for uncertainty in the probabilistic analysis (LOCA "A" and 
Other "A"). The very low risk scenarios (LOCA "C" is an example), which incidently include 
many of the "design basis" transients that have been historically used for PTS decision making, 
are eliminated from further consideration. 
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Detailed thermal-hydraulic and deterministic fracture mechanics (DFM) analyses are then 
performed on the small group of selected transients. The results are then performed on the small 
group of selected transients. The results are plotted on a graph as shown in Figure 2. The abscissa 
of each "X" is the lowest RTN D T at which vessel failure is predicted to occur for a specific 
transient. The ordinate is the frequency of occurrence of the transient scenario. A horizontal line 
is drawn to the right of each "X" because failure will always be predicted to occur at all RT N D T 

values that are higher than the RTN D T at "X". The total PTS risk curve (shown as a dashed line) 
is constructed by simply adding together the frequencies associated with each scenario that causes 
vessel failure at a given value of vessel surface RTN D T. If the total PTS risk curve extends into 
the unacceptable quadrant, some modifications can be examined to determine if an acceptable 
result can be achieved. In Figure 3 the SSB "A" and/or LOCA "B" PTS transient(s) must be 
addressed to demonstrate acceptable PTS risk. 

3. EVALUATION OF MODIFICATIONS 

There are three general ways of affecting the PTS risk associated with a specific scenario. The 
frequency of the scenario can be reduced through the use of system or man-machine interface 
modifications (the "X" shifts downward). For example, installation of a block valve upstream of 
the secondary power operated relief valves might reduce the frequency of non-isolatable small 
steam breaks. The severity of the transient, if it occurs, can be reduced through the use of system 
modifications or man-machine interface improvements (the "X" shifts to the right). Heating of 
emergency core cooling water is an example of such a modification. Finally, methods such as flux 
reductions may be employed to reduce the vessel RTN D T at the end of plant life (the vertical 
joundary of the unacceptable quadrant shifts to the left). 

Potential actions that may be used, if necessary, to affect the risk due to PTS include; heating of 
emergency core cooling water, auxiliary feedwater flow limiting devices, PTS control and 
protection systems, flux reductions, vessel annealing, man-machine interface modifications, and 
specific equipment modifications. A cost-benefit analysis can be performed on individual 
modifications, or combinations thereof, that are found to affect PTS risk. In this way, the most 
cost effective method of achieving PTS goals can be selected. 

4 CONCLUSIONS 

A powerful methodology to address reactor vessel integrity in an integrated manner has been 
presented. This methodology uses probabilistic risk assessment techniques in combination with 
traditional deterministic methods. This allows a quantification of the risk of vessel failure and the 
identification of the dominating transient sequences 
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This approach is quite efficient to identify the modifications in vessel and plant system design that 
can better reduce the PTS risk. 

This methodology can be applied to any PWR, including the VVER reactors which are quite 
sensitive to vessel embrittletnent caused by the high content of impurities and high neutron flux 
in the beltline region. 
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D.S. Ackerson, K.R. Balkey, T.A. Meyer, R.P. Ofstun, S.D. Rupprecht, D.R. Sharp, "A 
Quantitative Methodology for Reactor Vessel Pressurized Thermal Shock Decision Making", 
Nuclear Engineering and Design, 75 (1983), pp 405-414. 

* 



8L1^ im 
INTERNATIONAL WORKSHOP 

on 

VVER 440 REACTOR PRESSURE VESSEL 

EMBRITTLEMENT AND ANNEALING 

THREE-DIMENSIONAL PRESSURIZED THERMAL SHOCK 
ANALYSIS OF A TYPICAL REACTOR VESSEL 

J. BOUCAU, Westinghouse Brussels 

M. RECINELLA, Westinghouse Brussels 

S. SWAMY, Westinghouse Pittsburgh 

Zavazna Poruba, Slovak Republic 

29-31 March 1994 

© 1994 Westinghouse Electric Corporation 



Sill 

THREE-DIMENSIONAL PRESSURIZED THERMAL SHOCK ANALYSIS 
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ABSTRACT 

The phenomenon associated with High Pressure Safety Injection following a Small Break LOCA has 
received considerable attention in recent years. Particularly, thermal mixing following an accident 
condition such as a Small Break LOCA has been examined experimentally throughout the world. Data 
from various experiments are available now, some on scale models while others are full scale tests. These 
test data indicate localized cooldown or a stratified condition in the reactor vessel following the safety 
injection. Such behavior cannot be described by a traditional simple thermal hydraulic model. The need 
to simulate observed test data in the analysis has led to the development of multi-dimensional computer 
codes and other regional mixing models based on a fundamentally oriented zonal approach. 

In the present paper the results of a Small Break LOCA evaluation for a typical PWR will be presented. 
The effect of High Pressure Safety Injection has been evaluated using the three-dimensional TEMPEST 
code. The axial and azimuthal fluid temperature distributions have been determined following the safety 
injection. The temperature distribution clearly indicated localized temperature gradients directly below the 
primary loop cold leg, indicating a stratified condition. A three-dimensional finite element model has been 
constructed to evaluate the thermal and stress response of the reactor vessel beltline region. The effects 
of the stress fields on the fracture behavior of the reactor vessel have been investigated. 

This three-dimensional analysis can be directly applied to any PWR, including the VVER-440 reactors. 
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INTRODUCTION 

Reactor vessel Pressurized Thermal Shock (PTS) events have been shown from PWR operating 
experience to be transients which result in a rapid and severe cooldown in the primary system 
coincident with a high or increasing primary system pressure. In general, transients leading to loop 
flow stagnation are much more severe. This is due to the fact that once loop flow is lost, the 
downcomer cooldown will be accelerated because of the lack of mixing between Safety Injection 
(SI) flow and the warm loop flow. 

Thermal mixing behavior is a key element to assess the impact of PTS upon vessel integrity. The 
manner in which cooler, more dense SI flow mixes with warmer, less dense fluid in the cold leg 
and downcomer during low or stagnant loop flow conditions has been studied experimentally 
throughout the world. Data from various experiments are available now, some on scale models 
and others are full scale tests. Available test data indicate localized cooldown or a stratified 
condition in the reactor vessel following the safety injection. 

More recently, additional experiments have been performed at the German HDR-Facility. Those 
tests go one step further in analyzing thermal mixing in a timely large scale three-dimensional 
(3-D) downcomer operating at high pressure conditions. Those tests have provided a better insight 
in the azimuthal gradients caused by the cold plume inside the downcomer. One major conclusion 
of the HDR tests is that the multi-dimensional code results are quite close to the measured data. 

Accordingly, a detailed PTS study using 3-D thermal hydraulic and stress analysis codes will 
better evaluate the phenomena associated with thermal stratification. 

The purpose of this paper is to present the results of a small loss-of-coolant (SBLOCA) 3-D 
analysis performed for a typical Westinghouse plant. This methodology can be directly applied 
to any VVER reactor to evaluate the impact of localized cooldown on the reactor vessel wall. 

THERMAL HYDRAULIC ANALYSIS 

Transient Description 

A small-break LOCA is characterized by a rapid cooldown and depressurization of the Reactor 
Coolant System (RCS). The primary temperature remains just above the steam generator saturation 
temperature for a while until the combined effects of cold SI water addition and energy loss from 
the break exceed the energy addition rate from decay heat production. After that time, RCS 
pressure and temperature should both decrease slowly. If the SI flow is less than the break flow, 
the RCS experiences a net loss of inventory, leading eventually to flow stagnation in the cold 
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!eg/downcomer region. The fluid temperature in this region drops rapidly as the cold SI water 
replaces the warmer RCS water through the break. While the fluid temperature in the downcomer 
region continues to decrease, the RCS pressure remains fairly high when the break is small. 

For this evaluation, an interactive thermal hydraulic system code (TREAT) was used to determine 
the transient conditions as long as natural circulation does exist. During loop flow stagnation, a 
three-dimensional thermal hydraulic analysis was performed using the TEMPEST computer code. 

2.2 3-D Nodal Model 

The components included in the 3-D thermal hydraulic study are the primary loop piping 
components from the vessel to the steam generator including the cross-over leg, pump, horizontal 
cold leg, vessel downcomer and lower plenum. This model represents the region where strong 
secondary circulation patterns are expected to develop as a result of density differences. It has 
been confirmed by experiments and analytical results. 

The nodal grid, which consisted of more than 3000 computational cells, was developed using 
cartesian coordinates. 

As Cartesian coordinates have been used, the annular downcomer has been unwrapped and 
approximated as a rectangular region having a width and height representing a portion of the 
primary vessel. The cold leg has been treated as a square duct of the same cross-sectional area 
as the circular cold leg pipe. This is the generally accepted approach for the PTS studies. 

In order to account for stored heat effects, wall heat transfer has been modeled in the cold leg 
pipe, cold leg nozzle, vessel wall and core barrel wall. The plant specific materia) properties have 
been used in each wall model. 

The boundary conditions specified in this model include the temperatures and velocities at the 
safety injection inlets, provided by the system code analysis once loop flow stagnation occurs. 
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3-D Thermal Hydraulic Results 

As the cold SI water is injected into the cold leg, it falls toward the bottom, and entrains a 
substantial amount of water. The mixing in the region around the point of injection is ven 
rigorous. This entrainment creates a counter-current flow in the top part of the cold leg. The cold 
stratified layer flows at the bottom of the cold leg. At low flow rate this stratified counter-current 
flow regime helps to draw warmer fluid from the downcomer and lower plenum to the injection 
region and allows continuous mixing of the cold SI jet with warmer fluid. In addition to forward 
flow of injection water into the downcomer, the results of the 3-D analysis also shows counter-
current back flow into the pump and loop seal region. This counter-current backflow allows 
mixing at the injection region of the cold SI flow with the warmer pump and loop seal fluid. 

The cold stratified layer exiting the cold leg will spill over into the downcomer to form an 
essentially planar buoyant plume contained within the downcomer wall. This jet will heat up as 
it descends to the lower plenum entraining and mixing with the warmer surrounding fluid. The 
plume grows in the circumferential direction as it descends to the lower plenum. 

Figure I presents the circumferential temperature distribution in the downcomer and the core 
midplane elevation. Results are plotted at various time intervals of the transient simulation. At 
each time, the area of temperature variation is located below the cold leg nozzle, in the plume 
region. Outside the plume, the temperatures remain relatively uniform. The pomt of minimum 
temperature is not stationary on the line directly below the cold leg pipe centerline. A 
circumferential temperature variation of as much as 31°C occurs at the mid-plane elevation. This 
figure also indicates that the cold plume widens with time, with a decreasing amplitude. This 
indicates that substantial mixing occurs, on either side of the falling plume. 

Figure 2 velocity distribution next to the vessel wall at a given time. The uniformity of the falling 
plume is evident and recirculation at this time is nearly symmetric. Recirculation flow, that backs 
up the downcomer annulus on either side of the falling plume, comes from lower plenum. 

A very strong stratification layer develops above the cold leg nozzle. Warm water above the top 
of the cold leg is essentially trapped and unavailable for mixing. 
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3 FRACTURE MECHANICS ANALYSIS 

3.1 Finite Element Model 

As demonstrated in the thermal hydraulic analysis, thermal stratification can result from cold water 
injection into the reactor vessel (RV). Consequently, thermal gtadients result not only in the radial 
direction but also in the azimuthal and axial direction of the Reactor Vessel. This effect causes 
an assymmetric thermal loading of the reactor beltline region. Accordingly a three-dimensional 
finite element model is required for precise evaluation. 

Since the effect of neutron irradiation is the most considerable in the beltlinc of the RV, the 
nozzles, and the upper and lower heads are not included in the analysis model. The existence of 
symmetric condition of the RV geometry allows one to use only a portion of the RV for analysis. 
The RV support and the cladding layer are physically included in the model. 

The mesh layout on the beltline inside and outside surfaces-is exactly the same as the one that was 
used in the thermal hydraulic analysis. 

The Three-Dimensional finite element model of the reactor vessel beltline region as well as the 
thermal and stress analysis are performed using the Westinghouse computer code WECAN. 
WECAN, an acronym standing for Westinghouse Electric Computer ANalvsis, is a proprietary 
computer code for general structural analyses using the finite element method. 

3.2 Finite Element Heat Transfer and Stress Analysis 

The beltline is subjected to the combined thermal and pressure loadings. 

The thermal loading is time and location dependent and shown in Figure 1. The thermal hydraulic 
analysis provided also the film coefficient data as a function of time and location for application 
in thermal analysis of the RV beltline region. The pressure loading is only time dependent and 
is shown in Figure 3. 

The heat transfer analysis provides the complete temperature results for all nodal points of any 

time of the transient. 
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Figure 4 shows the temperature distribution across the wall for a location along the centerline of 

the inlet nozzle for multiple time moments. The slope of the curve is a measure of the magnitude 

of the thermal stresses. A steeper curve means greater thermal stresses. But since the pressure 

stress coexists and the fracture condition is affected by both the magnitude and the profile of the 

stress distributions as well as temperature, all time points are investigated to ensure accurate 

determination of the critical flaw size and critical time or safety margin. 

Stress calculations were performed for all time points that define the small LOCA discussed 

above. Based on the analysis results the time at which the maximum stress occurs was identified. 

Based on the stress contour plots it is seen that the highest stressed spot is at the upper corner of 

the finite element model where the inlet nozzle would locate. This is expecied as the cooling rate 

is the largest around the inlet nozzle region. In the region beneath the inlet nozzle the stresses 

progressively decreased at a slow rate. At azimuths away from the inlet nozzle the stresses are 

gradually reduced. This is because the rate of change of the temperature in regions away from the 

inlet nozzle is smaller. 
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Figure 4: Trough Wall Temperature Distributions History 

3.3 Fracture Mechanics Evaluation 

Surface Cracks 

For the fracture evaluation, linear elastic stress intensity factor (K.,) solutions were used. The 
computed K, values are compared with the toughness (KIC) values to determine the critical flaw 
sizes or available margins. 

Information obtained from non destructive evaluation (NDE) of structural components reveals that 
the cracks, if existing, are most likely located on the surface of subsurface of a structural 
component. The shape of the surface crack often can be enveloped by a semi-ellipse, with an 
appropriate length to depth ratio (aspect ratio). Based on case studies the 6:1 aspect ratio appears 
to be most common and conservative for most engineering evaluations. Although the aspect ratio 
may change during crack growth, the 6:1 aspect ratio is a conservative assumption and thus it will 
be held constant in the subject analysis. If the crack is embedded beneath the surface, the crack 
shape may be assumed to be complete elliptical, with some appropriate aspect ratios. The 
embedded crack is less severe and is not covered in the present analysis. If the embedded crack 
is sufficiently near the surface, it is generally treated as a surface crack. 
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Shown in Figure 5 is the geometry of the reference flaw used 

in developing the stress intensity factor expression applicable r 

x 
A 

T 
- r \ t 

2c 

to typical PWR vessel beltlines. The P.aw is semieliiptical in i 

shape and its depth and length are denoted by a and 2c, \_ 

respectively. The aspect ratio, defined by the ratio of 2c/a, is 

assumed to be 6. The beltline inside radius and wal l th ickness Figure 3: Surface Crack and Terminologies 

are noted by R and t, respectively. 

The crack opening through-wall stress a is represented by a third degree polynominal as follows: 

ho 
(1) 

where 

A 0, A„ A 2, and A 3 are the coefficients of the polynomial, and t is the thickness of the specimen, 

and x is the dis'ance measured from the surface into the body. It should be noted that Eq. (1) 

represents the stress distribution of the uncracked body over the section where a postulated 

crack is to be placed. It is helpful if one views (x/t>* as a load component and A, as its weight. 

The stress intensity factor, K„ of any point on the crack front can be expressed by the relation: 

/ 2 V / 4 

K, (•, £ - % cos2 * • f j sin* + 

'A. K. (*.f) -1 2 A, «, *?> • i ^ «, *?> ^ £ - «= *?> 

where 

H ((|). a/t) are the magnification factors obtainable from the methods given in Reference 1. 



Material Toughness and Fracture Criteria 

Whether or not a crack will initiate depends on the value of K, and the fracture toughness K:r. 

For brittle materials, the crack initiation will occur if the following condition :s satisfied. 

K, > K I C 

The lower bound toughness K ( C curve as defined in Reference 2 was used as allocable tough-ess. 

in this evaluation, as follows: 

KIC = 36.5 + 3.084 exp [0.036 (t - RT N D T + 55.6) ] (MPa Vm) 

where 

RTNDT = reference in nil-ductility transition temperature (°C) 

T = material temperature (°C) 

Fracture Mechanics Results 

Since the fracture instability is determined by both the stress intensity factor and the fracture 

toughness, and since the fracture toughness is also function of the temperature, the stress, the 

RT N D T and the temperature are the governing factors that will affect the choice of the locations 

where the fracture mechanics calculations have to be performed. 

By examining the stress, temperature and RT N D T distributions, several locations were choser.. 

The fracture mechanics evaluations for the selected locations were performed using the 

Westinghouse proprietary computer code SAF3D. 

The K, values for the selected locations are evaluated at the representative time points of the 

transient and for different crack depths (axial and circumferential). Two locations were identified 

to be more limiting and this for an axial flaw. At one location the RT N D T is the highest in the 

reactor vessel and for the other location, both the stress and RT N D T are rather high. The result* for 

these locations are shown in Figures 6a and 6b. 
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Figure 6a: K, and IC* at Location of Highest RT\ m 
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f ieure 6b K, and K„ at Location of High Stress and High RTX,„ 
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CONCLUSIONS 

A vital ingredient for performing integrity analyses is the knowledge of the stresses that develop 

in the structure when subjected to various loadings such as the transient loadings. In the recent 

years thermal mixing phenomena following an accident condition such as a small break LOCA 

has been examined throughout the world. Data from various experiments are available now, some 

on scale models while others are on full scale tests. 

Available test data indicate localized cooldown or a stratified condition in the reactor vessel 

following the safety injection. Such behavior cannot be described by a traditional simple thermal 

hydraulic model. 

The input temperatures used in this evaluation were obtained from a three-dimensional thermal-

hydraulic analysis. Thus, the vessel wall was subjected to fluid temperatures which varied both 

in the axial as well as the azimuthal direction, which resulted in a more reaiisiic representation 

of the transients. Analytical results clearly indicated the plume effect caused by localized 

cooldown or a stratified condition as was observed in the experiments. 

A three-dimensional finite element model was constructed for the thermal and stress analyses. The 

maximum stresses occured in the reactor vessel practically along the centerline of the inlet nozzle. 

Fracture mechanics analyses were performed. Both longitudinal and circumferential flaws were 

considered. Location of the lowest toughness in the reactor vessel identified by the highest RT N D T 

was also evaluated by postulating flaws at such a location. The calculated initial flaw sizes were 

rather large, mainly because in this case the material RT N D T was on the low side. Therefore 

available margins were determined for some realistic crack depths. 
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openings of diameter 20,32 and 
cooldovn following the steam pip 
reactor power are given in this ; 

ic calculations of the NPP-Vi 
during small leakage through 
50 mm as well as analyses of 
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USED ABBREVIATIONS 

AFWP - aux i1iary feedvater pump 
CL - cold leg 
DG - diesel generator 
EHPIP - emergency high pressure injection pump 
FAV - fast-acting valve 
FTSV - fast-acting turbine stop valve 
HL - hot leg 
LOCA - loss of coolant accident 
MFVP - main feedvater pump 
MSH - main steam header 
NC - natural circulation 
NPP - nuclear power plant 
PC - primary circuit 
PCL - primary circuit loop 
PCP - primary coolant pump 
PTS - pressurized thermal shock 
PZR - pressurizer 
RC - reactor core 
RCSC - reactor core support cylinder 
REP - reactor emergency protection 
RPV • reactor pressure vessel 
SC - secondary circuit 
SDVA - steam dump valve to the atmosphere 
SDVC - steam dump valve to the condenser 
SG - steam generator 
TG - turbogenerator 
TMCH - top mixing chamber 
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I . IHTRODUaiOM 

Detailed study of causes, course and consequences of 
American NPP Three Wile Island-2 accident in the year 1979 has 
pointed out an importance of transient processes with fast and 
wide range cooldown of primary circuit with subsequent pressure 
increase above its nominal value. Such a kind of transient 
processes is classed as a Pressurized The.rmal Shock (PTS) and 
represents a considerable danger for RPV integrity. Superposition 
of thermal and mechanical stresses occurs in the RPV wall 
material, while the presence of undetected material defects 
cannot even be totally excluded. The PTS processes have got a 
particularly great importance in connection with finding out a 
quicker material embrittlement (first of all of the welds) of RPV 
"of the first reactor generations, namely by influence of 
radiation damage [21. In consequence of the material brittleness 
increase the transitional temperature moves from the tenacious 
failure (fracture) to the brittle one to higher temperature 
values and thus the so-called "operational window", which is 
created by limiting conditions for primary circuit pressures and 
temperatures, decreases. 

The RPV of the HPP-V1 first unit and expecially second unit 
(reactors of the V-230 type) are in worse condition from the 
point of view of the basic as well as weld metal embrittlement. 
Therefore more attention was devoted them during their operation 
and material research. 

First of all the primary circuit small-break loss of coolant 
accidents and accidents with large steam leaks from the SC belong 
into the group of PTS processes. 

Complex study of these processes requires to involve in the 
solution more technical fields, which include research of 
material properties, fracture mechanics of bodies, 
thermal-hydraulic calculations, radiation physics and others. In 
this report an attention is devoted to thermal-hydraulic 
calculations only and fast cooldown of a unit is discussed from 
operational mode point of view only. 
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2 . THERMAL-HYDRAULIC CALCULATIONS 

2.1. Small-break LOCA 

2.1.1. Characteristics of the process 

Small-break LOCAs are worse from the point of view of 
unfavourable thermal and mechanical stress of the RPV, because 
during medium and large-break LOCAs the primary circuit pressure 
decreases quickly and the RPV total stress is smaller. Leakages 
through small sections are compensable by emergency high pressure 
injection pumps, which are automatically .actuated from the 
pressurizer pressure and water level decrease. The PC pressure is 
then maintained higher than its nominal value, while its value 
.-ponds namely on the EHPIP characteristics ("closing point"). 

The PCPs remain in operation, flow rate through PCLs is high and 
influence of the cold water fed by EHPIP on the reactor inlet 
coolant temperature practically does not occur. Therefore the 
loss of unit internal consumption supply was chosen as an 
independent failure, which will occur at the accide*ht rise 
moment. It was assumed that two PCPs from six PCPs operating (in 
the PCL No. 2 and 5) are supplied or from the internal 
consumption supply transformer either from the back-up 
transformer. The remaining 4 PCPs are supplied from the internal 
consumption generator. During loss of internal consumption supply 
two PCPs are practically immediately disconnected and remaining 4 
PCPs coastdown with TGs. After loss of two PCPs the flow 
direction in the appropriate PCLs is reversed within few seconds, 
but after finishing the coastdown of remaining 4 PCPs the flow 
rate in all PCLs will set in the original direction and the flow 
rate depends on the natural circulation intensity only. The NC 
intensity is proportional to the residual reactor power. Besides 
the NC has an unfavourable effect which causes the reversal of 
heat transfer between PC and SC. Scheme of the EHPIP pipe 
connections to the PZR is given in Fig.a. 

The system consists of two identical subsystems, each of 
which includes three EHPIPs. One subsystem is connected to the 
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suction, the second one to the delivery pipe of the PCPs in all 
PCLs. Cold water fed by the EHPIPs (~55°C) into the delivery pipe 
of the PCPs will create a colder layer on the bottom of the pipe, 
which successively flows into the RPV, where it flows down along 
the reactor core support cylinder wall and creates the so-called 
cold tongues. Then water drops lower in the RCSC, heats up from 
the RPV wall and partially is mixed with hot water which is 
contained in the RCSC. 

Water delivered to the PCP suction successively fills the 
part of the PCL between the PCP and SG up to the creation of cold 
water plug what practically will cause stopping the water 
circulation in this PCL. The hydrostatic pressure of thi water 
seal increases proportionally to the difference of specific 
weight of cold and hot water, what further supports the flow 
staguation. Decrease of the NC flow rate causes the coolant 
temperature increase in the top mixing chamber. After reaching a 
sufficient warming-up a pressure difference is created, which 
"will force" the stagnated coolant from the cold leg water seal 
into the RCSC. Sudden getting of large quantity of cold water 
into the RCSC can cause a thermal shock on the RPV. Whole process 
is cyclically repeated, while considerable temperature waves 
occur at the RPV inlet. Water seal is preferentially created in 
the failed PCL and in the PCLs with short coastdovn of two PCPs. 

2.1.2. Definition of initiating event and Initial conditions 

LOCAs with equivalent leak opening of diameter 20,32 and 
50 mm were analysed by the code RELAP5/M0D2. Creation of the leak 
opening with appropriate diameter in the axis of the horizontal 
section of the PCL between the PCP delivery and the RPV in the 
PCL with the PZR was supposed as an initiating event. The 
initiating event was combined with the loss of unit internal 
consumption supply at the accident rise moment. Actuation of the 
REP-1 and loss of PCP were supposed at the same time. Shutdown of 
both TGs was supposed with the delay 10 sec after the REP-1 
actuation. The EHPIPs started with 70 sec delay after signal rise 
and one AFWP started with delay of 90 sec after signal rise. 
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The unit operation at the end of fuel campaign, with 6 PCPs, 

at 102% of nominal power level, at power grid frequency 48 Hz, 
with corresponding flow rate decrease through the reactor was 
assumed at the accident rise moment. Geometric and hydraulic 
characteristics of the NPP-V1 second unit 11] were 
pessimistically assumed for the calculation. 

Assumptions of calculation were chosen with the aim to 
maximize the temperature effects of cold water to the RPV wall, 
what was achieved by = 

* NC minimization so that the Untermayer formula was used for the 
reactor residual power calculation providing the following 
reactor core history = 
. fuel campaign - 300 days, outage - 84 days, refueling of 119 
fuel assemblies, power increase to the nominal value during 
0,7 day, then reactor scrammed by the REP-1 

- maximization of the EHPIP water flow rate using the 
characteristics which give the high flow rate 

- respecting the unevenness of the cold water injection into the 
individual PCLs caused by different hydraulic resistances from 
the EHPIP delivery collector to the PCL 

* no interventions of operational personnel into the accident 
course during whole analyzed time interval were considered. 

Nodallzing scheme of the PCL with the leak is given in 
Fig.b. 

2.1.3. Calculation results 

Three variants were analyzed which differ by the leakage 
opening size only (equivalent diameter of 20,32 and 50 mm). 
Chronology of important events for separate caIculational 
variants is compared in table 1. 

The process course for the break diameter 20 mm is briefly 
described in the following text. Time courses of the most 
important parameters of the variant with break diameter 20 mm are 
shown in Fig. 1 -10. 
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At the tiie 0.0 sec the break rise and parallely the loss of 

unit internal consumption supply occur. This results in loss of 
two PCPs, four PCPs coastdown with the PGs. Both TGs are shutdown 
at 10th sec by closing the FTSVs. The SDVA is open at 20th sec. 

Coolant temperature, PC pressure and PZR water level 
decrease by coolant leakage and especially after the REP-1 
actuation. At the PZR level decrease by 2.56 • four EHPIPs start 
(92nd sec}. Coolant delivery by the EHPIPs is already higher than 
leakage froa the PC at 95th sec and the PZR is successively 
filled. The PC pressure, after initial short-term, decreases 
under value of 11 MPa and after starting the EHPIPs it increases 
to the value of about 13 MPa, at which it is maintained. During 
successive cooldown of the PC at about 8O00th sec a periodical 
forcing the cold water from the cold leg water seals into the 
RCSC occurs. Besides the asymmetrical RPV thermal stress occurs 
at about 3900th sec. It is caused by considerably colder water 
(by 150 0C). With regard to high PC pressure, the thermal shocks 
caused by this process are particularly danger. 

Some parameters are compared for three leakage opening sizes 
in Fig. 11 to 14. In principle these leakages are compensable by 
the EHPIP operation. Vhile the PC pressure is continuosly 
maintained at about value of 13 MPa for the break diameter 20 mm, 
the PC pressure moves within the range 9.5 - 9.2 MPa for the 
break diameter 32 mm. Temperature waves with the amplitude about 
100°C occur at about 4600th sec. Leakage and filling of water are 
identical for the break diameter 50 mm at 400th sec. Then the PC 
pressure quickly decrease and both the PC and SC pressures are 
identical at 450th sec. As a results of this, the EHPIP water 
delivery is 3-times higher than for variant with the break 
diameter 20 mm. It has a considerable influence on the total rate 
of the PC cooldown. Indication of the temperature wave rise 
occurs at about 2600th sec, but regarding that the PC pressure is 
lower at this time than 3,5 MPa, this variant is not so dangerous 
from the point of view of brittle failure (fracture) than the 
previous ones. 
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Table 1. Chronology of important events for separate 
calculational variants 

Time [si 
Event 

Break opening [mm] Time [si 
Event 020 032 050 

Break opening rise 0 0 0 

REP-1 actuation 0 0 0 
Loss of unit internal consumption 
supply 0 0 0 

Loss of PCPs supply 0 0 0 

Shutdown of TGs 10 10 10 

First opening of the SDVA 20 20 20 

First closing of the SDVA 100 90 85 

PC pressure decrease by-0,96 MPa 
CREP-2) 24 15 9 

PZR water level decrease by 2.56m 
(IIHPIP) 92 37 19 

PZR water level decrease by 2.7 m 
(REP-1) X 41 21 

Start of 4 PCPs 92 75 75 

First equalization of leakage and 
filling 95 80 450 

Start of 1 AFVP 90 90 90 

Second opening of the SDVA 375 X X 

Second closing of the SDVA 625 X X 

Heat transfer reversal at least 
in one SG 85 80 100 

Total heat transfer reversal in 
SG 2100 120 100 

End of analysis 9900 9900 2800 

* phenomenon did not occur 
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2.1.4. Conclusions resulted from analyses 

Spectrum of LOCAs with equivalent leakage opening of 
diameter 20,32 and 50 mm, supposing the loss of unit internal 
consumption supply at the moment of the leakage opening rise, was 
analyzed in this report. 

Calculational assumptions were pessimistically chosen with 
the aim to maximize the unfavourable effects of cold water filled 
by the emergency core cooling system on the RPV vail material. 

On the basis of the performed calculations it can be 
concluded : 

1. Filling the cold water from the EHPIPs leads to the 
unfavourable effects of low coolant temperature on the RPV 
wall during loss of coolant in all analyzed variants. Three 
basic effects exist as follows : 
a) Temperature waves with amplitude more than 100°C at the RPV 

inlet nozzles as a result of periodical forcing the cold 
vater accumulated in the cold leg loop seals. Cold water 
is here accumulated as a result of the EHPIP operation 
connected to the PCP suction side. 

b) Creation of the cold tongues (i.e. unevenness of 
temperature field) on the RCSC walls as a result of the 
EHPIP operation connected to the PCP delivery side. 

c) Long-term PC cooldovn with the possibility of 
non-conformance with the permissible values of pressure and 
temperature. 

2. As expected the most unfavourable variant is the case of small 
leakages regarding the high PC pressure during transient 
process and from the point of view of thermal shock occurrence 
at high pressure and of total PC subcooling. 

3. Calculational results of flow rates, temperatures and 
pressures in the PC can be used as boundary conditions for 
evaluation of unfavourable effects of cold water on the RPV 
material. 
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4. While managing the accident it is necessary to exclude 
inadmissibly deep temperature decrease at the PC pressure 
above 3.5 MPa. For the first approximation, as inadmissibly 
low temperature can be considered the temperature of brittle 
failure (fracture). More correct value can be obtained from 
detailed analysis of influence of cold water on the RPV 
material. 

5. In order to maintain the PC coolant pressure and temperature 
in the permissible limits, it is possible to use the opening 
and closing the PZR relief valve, eventually the drainage 
steam line into the PZR bubbling condenser, svitching-on and 
switching-off of the EHPIPs. These actions are not necessary 
within the time shorter than 30 minutes after the accident 
rise. It is necessary to take into account, that the PZR 
bubbling condenser diaphragm will likely be broken by 
overpressure. In case of small-break LOCAs the criterion for 
operational staff intervention should be maintaining the PC 
coolant subcooled condition (with certain margin), maintaining 
the PZR water level within controllable limits and exclusion 
of water temperature decrease at the RPV Intel under the 
brittle fracture temperature limit. Problem of temperature 
waves can be eliminated by switching-off the EHPIPs connected 
to the PCP suction side. 
But for ultimate conclusions it is necessary to perform a 

strength analysis respecting the fracture mechanics principles by 
using the presented result as an input data. 

2.2. Large steam leakages from the SC 

2.2.1. Characteristics of the process 

Complete steam pipeline or the MSH break is assumed in the 
calculational analyses. After a leakage opening creation the steam, 
eventually water-steam mixture flows out from both ends of the 
break by critical flow rate. Thermal power of one or few SGs will 
suddenly increase, while the heat removal from the PC will be 
intensified. Primary coolant temperature and pressure decrease 
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cause decrease of primary coolant volume, what results in flow 
out of water from PZR and in decrease of water level in the PZR. 
Pressure and water level decrease in the PZR initiates the start 
of the EHPIPs, which supply cold water (~ 55°C) into the PC in 
dependence on the hydraulic characteristics. As a result of the 
EHPIP operation and operation of systems which localize the 
leakage and decrease the heat removal from the PC (closing the 
FAVs on the steam pipelines, loss of water feeding into the SGs, 
decrease of the reactor power), the PC pressure decrease will be 
stopped, then it will begin to increase and successively the 
values near the EHPIP characteristics closing point (~ 13 MPa) 
vill be achieved. After some combinations of failures the PC 
pressure can increase up to the value of the PZR blow-off valve 
opening pressure (~ 14 MPa). After reaching the closing point the 
cold water supply into the PC will be stopped. Because the PC is 
tight, quantity of suppplied water into the PC is considerably 
lower therm during LOCA, when the EHPIPs operate continuously. 

Automatic localization logic of the steam leakage at the 
NPP-Vl will not cause a loss of the PCPs and the cold tongues as 
well as temperature waves rise do not threaten. Therefore, in 
order to achieve loss of all PCPs besides the accident itself we 
must also assume loss of internal consumption supply. (At partial 
loss of the PCPs, water flows in the PCLs with lost PCPs in the 
reversal direction and pulls down also water from the EHPIPs). If 
all PCPs fail, the primary coolant in the PCLs flows only by NC 
effect, while namely reactor residual power represents the 
"driving" force. The reactor residual power has minimal values in 
case, when it was long-tern shutdown and then approached the 
critical state and low power level (approximately 0.1% Nnominai). 

2.2.2. Definition of initiating event and initial conditions 

Many calculational variants of accidents with a steam 
pipellne 
or the MSH break were performed in the frame of the NPP-Vl safety 
evaluation. We will mention here the calculation of steam 
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pipeline break at nominal as well as at null reactor power, 
assuming parallel loss of internal consumption supply and failure 
(no closing of armatures on the feedwater pipeline into the SG 
with broken steam pipeline. The calculations were performed using 
the code DYNAMIKA-5 [33. 

At the accident rise moment we assumed : reactor power 102% 
of nominal value, unit operation with 6 PCPs. power grid 
fregnency 48 Hz, corresponding decrease of flow rate through the 
reactor. 

After loss of the internal consumption supply the REP-1 is 
actuated, two PCPs are immediatly lost, four PCPs coastdown 
together with the TGs and all MFHPs are tripped. Drives of 
armatures will remain without supply till the DG start. Input 
data on the MPP-V1 second unit were used for the calculation [1]. 

The NPP unit condition at null power : reactor power 0.1% of 
nominal value, 6 PCPs in operation, PZR pressure 11.3 MPa, coolant 
temperature in the lover mixing chamber 258°C, MSH pressure 
3.9 MPa, TGs are not connected to the MSH, MFWPs are not 
operating. .All PCPs are tripped after loss of the internal 
consumpt i on supp1y. 

2.2.3. Calculation results 

The aim of calculations was to obtain information on Lime 
dependence of primary coo1ant»pressures and temperatures at the 
RPV inlet during the accident course. Calculation results of two 
variants will be given • 
PNC - break of steam pipeline from the SG No.4 in the hermetical 

area at nominal power; failure (no closing) of armatures on 
the feedwater line into the SG No.4 is assumed; loss of 
internal consumption supply; start of four EHPIPs and 1 
AFWP. 

POC - break of steam pipeline from the SG No.4 inside the herme
tical area at null reactor power; loss of internal 
consumption supply; no closing of armatures on the 
feedwater pipeline from the AFHP; start of four SHPIPs and 
1 AFKP. 
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Calculation results are given in Fig. 15 - 19 and 20 - 24, 
respect i ve 1 y. 

Initiating event is the complete break of steam pipeline 
from the SG No.4, which occurs at 20th sec. Opening time of 
leakage sections is 0.2 sec. Steam, eventualy steam-water mixture 
flows out from both ends of the break, while both flows are 
mutually indepedent. Initial accident phase is very violent, 
actuation of control, protection and safety systems occurs. 
Signal on the loss of internal consumption supply initiates 
shutdown of both TGs as well as the REP-1. 

Reactor power decreases quickly down to the reactor residual 
power level (calculation of its time course according the ANS 
formula). Primary coolant flow rate through the reactor depends 
on the PCP operation. Quick decrease of reactor power and 
increased heat transfer from the PC into the SC have considerable 
effect on the PC coolant temperature change. During first phase 
of the accident the most important heat removal from the PC is 
through the SG No.4., vhich results in coolant temperature 
decrease at the SG No.4. outlet. After water-steam mixture flow 
out from the SG No.4. the heat removal will suddenly decrease and 
outlet temperature will temporarily increase. After water level 
increase the heat removal from the PC will increase and coolant 
temperature at the end of 1 hour decrease to value of 188°C. 

Changes of coolant temparature will influence the PC 
pressure and the PZR water level. The pressure will first quickly 
decrease to the value of 10.5 MPa, but after decreasing the heat 
removal from the PC and after starting the EHPIP its decrease 
will be stopped and then it will be increased up to the opening 
pressure of the PZR relief valves. The PZR water level 
decreases quickly down to the vaue of 2.2 m after the EHPIP start 
it will increase. During a short period after break of steam 
pipellne the saturated stead flows through the break from the SG 
No. 4 side with maximum flow rate approximately 900 kg/a. 
Vater-steam mixture in the SG No.4. will violently boil up, It 
will fill up whole volume of the SG No.4. and it will flow 
through the steam pipeline to the break. Maximum flow rate of 
water-steam mixture reaches appr. 300 kg/s. SG No.4. is quickly 
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emptied, its level "will fall" and steam flows out again through 
the break, but flow rates are small. From the MSH side the 
saturated steam flows with minimal flow rate approximately 800 
kg/s. 

After stopping the steam leakage from the MSH side, the 
pressure decrease in all SGs (except SG No.4) will be stopped and 
the pressure increase up to values closely under the opening 
pressure of the SG safety valves. SG No.4 will be practically 
depressur i zed to atmospher i c pressure. 

After the AFHP start, the "tight" SGs are already 
pressurized and therefore we supposed that all feedwater from the 
AFWP flows into the SG No.4. Water level in it increases and heat 
removal is performed namely through this SG. 

Time course of the process at null reactor power is 
qualitatively the same as at nominal power, but there are some 
differences here : 

- regarding low content of steam under water level in the SG, 
the filling-up the failed SG by water-steam mixture does not 
occur after untightness rise 

- MFKPs are not in operation, water level in failed SG is 
maintained by the AFMPs 

- decrease of the SG pressures and the PC coolant temperatures is 
quicker because the reactor power is null 

- immediate loss of all PCPs in the case of loss of internal 
consumption supply 

- RC has low residual power and therefore the NC is very weak. 
Calculational results are given in Fig. 20 to 24. 
After loss of Internal consumption supply the loss of all 

PCPs immediately occurs. Because the RC power is very low, the 
coolant flow rate In the PCLs and in the reactor is also small. 
Circulation is weak, namely in the unfailed PCLs, where the flow 
will be practically stopped from appr. 1000th sec. Flow is 
maintained through failed PCL only. 

After break of steam pipeline, approximately 800 kg/s of 
saturated steam flows out through the break. Filling-up the SG 
No.4 by water-steam mixture does not occur, therefore its 
emptying lasts longer. Coolant temperature at the SG No.4 outlet 
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suddenly decreases until the substantial part of heat transfer 
surface will be uncovered. Decrease of temperatures in other PCLs 
is more slower. 

The PZP pressure and water level decrease as a result of 
increased heat removal from the PC. Four EHPIPs start at 666th 
sec. and pressure and water level begin to increase. The EHPIPs 
operation supports circulation in the PCLs, but after reaching 
the closing point (at about 1000th sec.) the water supply into 
the PC-will be stopped. 

Inflow of cold water (appr. 55°C) from the EHPIPs into the 
PCLs with small flow rate will cause sudden water cooldown at the 
RPV inlet, what represents a considerable shock on the material. 
Minimal temperature is about 98°C (at the end of one hour), but 
the temperature can fall even lower unless some measures are 
undertaken. 

2.2.4. Conclusions resulted from analyses 

Calculational results, confirmed, that measures for the NPP-V1 
safety enhancing, performed in the frame of reconstruction have 
considerably increased resistance of the NPP units against simple 
failure, especially on the side of feedwater. In order to verify 
thermal and mechanical stresses of the RPV, such a kind of 
assumptions was accepted, that they exceed the simple failure 
principle, while the operational staff intervention into was not 
considered. 

Quantity of supplier cold water will not cause temperature 
waves at the RPV inlet because the PC remains tight. 

If stagnating flow will be set in some PCL (low residual 
reactor power), the EHPIP, operation can cause creation of cold 
tongues on the RPV wall. If no measures are undertaken to stop 
cooldown, the temperature of cold tongue at the RPV inlet can 
fall down to the values approximately of 60°C. Temperature of 
cold tongue moves about 100°C at the time of one hour after 
beginning the accident. 

* 
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Schéma eyetému havarijného dopliiovania primàrneho okruhu a eprchového 
eystému 

Fig.a. Scheme of ECCS end spray system in NPP-V1 
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ABSTRACT 

Results from the integrity assessment of reactor pressure vessels of unit 1 and 2 

in Nuclear Power Plant Jaslovske Bohunice (V-l) are shown. This procedure contains 

an assessment of their initial mechanical properties as well as their chemical 

composition, results from neutron dosimetry and neutron transport calculations, results 

from experimental programme of irradiation and annealing of specimens as well as 

results from annealing demonstration test and of real vessels annealing. Final assessment 

of their residual lifetime is performed on the basis of fracture mechanics calculations. 



INTRODUCTION 

On the basis of analysis and recommendations made by the OKB Gidropress 1984 
necessary steps were taken to improve the safety of reactor pressure vessels in NPF V-l 
as well as to extend their lifetime up to their design one. 

From this reason, several upgradings were realizing in both unit, mainly : 
- inserting of 36 dummy elements into unit 2 in 1985, 
- inserting of 36 dummy elements into unit 1 in 1992, 
- correction of operational instructions in 1985, 
- heating the emergency water cooling tanks up to 55 °C in 1985 and 1986, 
- assembling of fast-acting valves in 1987, 
- realization of in-service inspection beginning from 1982 to 1993. 

All these upgradings result in some improvement of reactor pressure vessel safety. 
On the other side, results from irradiation tests of similar materials in other reactor 
(former USSR, Finland) show to a substantially higher sensitivity to irradiation 
embrittlement, primarily of weld metal. This degrading effect strongly affects residual 
lifetime of vessels. As a result of analysis made in OKB Gidropress and in the former 
CSSR, decision of the CsAEC was taken: from this point of view, a necessary supporting 
programme for vessel annealing realization was required and thus realized. 

In previous papers information on some tasks within this programme has been 
given. The main important part of this programmes which lead to fulfilment of the 
decision of the CsAEC were : 
- programme of an assessment of the state of reactor pressure vessel before the 
annealing, 
- technological (demonstration) programme, 
- programme of irradiation and annealing of specimens, 
- programme of material properties (including chemical composition) precisioning, 
- programme of an assessment of the state of reactor pressure vessel after annealing and 
an assesment of its residual lifetime. 



1. STATE OF THE REACTOR PRESSURE VESSELS BEFORE ANNEALING 
1.1. NEUTRON FLUENCE IN REACTOR PRESSURE VESSEL WALL 

Resistance against neutron embrittlement is the most important factor of materials 

of reactor pressure vessels of V-230 type due to their specific design - small diameter and 

thus high neutron fluence in reactor pressure vessel wall. 

Thus, proper and precise determination of real neutron fluences are of a highest 

importance. In both units, inserting of dummy elements was realized with the aim to 

decrease neutron fluxes on pressure vessel wall. Calculations as well as mock-up 

experiments in zero-power reactor LR-0 in Nuclear Research Institute Rez with support 

of measurements in zero-power reactor SR-0 in SKODA Concern were realized. 

Moreover, neutron dosimetry measurements in ex-vessel positions were performed during 

last several years. As a result, detailed information on neutron field in the reactor vessel 

wall was obtained and inserting of dummy elements result in : 

- a shift of a local fast neutron (< 0.5 MeV) flux maximum by about 20° - see Fig.l, 

- a decrease of fast neutron flux : 

- in the old maximum (0°) - approximately 5.3-times, 

- in the new maximum (20°)- approximately 3.3-times, 

- total fluence (in 30 years) - by about 2.8-times, 

- ratio between fast neutron fluxes in the welding joint 0.1.4 (in the lower part of reactor 

core - critical weld metal - see Fig.2) and the reactor beltline is about 0.72, while for 

weld metal 0.1.5 this ratio is as small as 0.02. 

Resulting neutron fluences, reaching the inner vessel wall, are shown in Fig.3 (unit 

1) and 4 (unit 2). These diagrams show two breaks, connected with : 

- dummy elements inserting, 

- realization of annealing. 

Much lower fluences in unit 2 are reflected much earlier inserting of dummy 

elements: while the old maximum plays the dominant role in base metal for the whole 

lifetime of unit 1, quite opposite situation can be found in unit 2, as in 1993 the new 

maximum starts to be higher than the old one. 

1.2. DEFECTNESS IN PRESSURE VESSELS 
These reactor pressure vessels are being periodically inspected practically from 

the beginning of operation, thus a full map o defects is available. Moreover, two different 



companies and testing equipments and according to two difference Codes (Soviet and 

ASME) have been used for in-service inspections. Comparison of their results shows to 

a similarity of detected defects in their location as well as their sizing. No visible growth 

of defects was observed during the whole operation as well as a result of annealing. 

Allowability analysis of all found defects was performed after each inspection, 

using a procedure which was based on data of only existing Code [1], even approved only 

for design of components. In all cases, all defects were found as allowable, as their sizes 

do not overreach the permissible values by a substantial amount. At the same time, their 

calculated growth is negligible with respect to their initial values. 

1.3. REACTOR VESSELS MATERIALS PROPERTIES 

Unfortunately, passport documentation as well as all other information from the 

manufacturer, Izhora plant, as well as from the Designer General, OKB Gidropress, was 

not sufficient for a complex and reliable determination of properties of vessels. Thus, 

additional measures were taken to precise, first of all, their chemical composition of most 

critical parts - base metal in beltline and weld metals 0.1.4. 

1.3.1. Chemical Composition of Materials 

from the point of view of irradiation embrittlement, the most important elements 

in this type of steel are copper and phosphorus. Unfortunately, for weld metals the 

content of copper was not determined during manufacturing, and content of phosphorus 

was determined only from weld deposit and not from weld metal. Their contents in weld 

metals were then determined by calculation, only. 

Using these initial data and information from materials scrap taken from vessels 

from outer surface, the following contents have been taken into calculations (using 

conservative principles): 

unit 1 

unit 2 

P [mass.%] Cu [mass.%] 
base metal(beltline) 0.012 0.13 
weld metal(0.1.4) 0.043" 0.10 
weld metal(0.1.5) 0.038 0.20 

base metal(beltline) 0.010 0.10 
weld metal(0.1.4) 0.036 0.14 

(0.1.5) 0.025 0.04 



It must be concluded that all values are in a relatively good correlation with initial 
information, only value (x) is much higher and thus its value should have to be checked 
again. 

1.3.2.Mechanical properties of materials 
There was a similar situation with initial mechanical properties of materials, first 

of all, jf weld metals, as critical temperature of brittleness, T ,̂, was not a part of 
standard plan of testing. There do not exist any reliable and realistic method for its 
determination because of cladding existence on internal surface and small gap between 
outer vessel wall and biological shielding. 

Thus, conservative values have to be taken into consideration as initial ones, 
again: 

T k 0 [°C] unit 1 unit 2 
base metal(beltline) 0 0 
weld metal(0.1.4) + 2 + 50" . 
weld metal(0.1.5) 0 0 

Value of the initial temperature marked by (x) is taken conservatively, as there is not 
enough test data to approve its lower value strictly according to [1]. 

The most important values are those that were reached during operation, i.e. 
before the annealing. 

According to [1], the following well known formula is used for the determination 
of a transition temperature shift, ATF, due to irradiation embrittlement: 

ATF = Ap.CFxlO' 2 2 ) 1 / 3 (1) 
where A F is a coefficient of irradiation embrittlement [°C], 

F is a fast neutron fluence with energies larger than 0.5 MeV [n.m'2], 
and for coefficient AF, the following formula is recommended : 
- base metal : AF = 18 (2) 
- weld metal _ = 800 (%P + 0.07 %Cu) 

As there are no surveillance specimens in this type of reactor, only calculations 
can be used for prediction of material irradiation embrittlement (which can be confirmed 
by irradiation of "quasi-archive" or "tailored" materials). 

Using the aforementioned chemical composition, the following coefficients can be 
obtained : 



unit 1 unit 2 

base metal 18 18 

weld metal(0.1.4) 40 40 

Calculated values of transition temperatures T F that were received as : 

T F = T k 0 + ATF (3) 

are shown in Fig.5 (unit 1) and 6 (unit 2). It is clearly seen that the highest values are 

reached for weld metals 0.1.4 as a result of their high coefficient A F. 

2. RESISTANCE AGAINST BRITTLE FAILURE 

Resistance against brittle failure was assessed according to the [1] using linear 

elastic fracture mechanics, calculated defect of semielliptic surface type of depth equal 

to one quarter of the wall thickness and length equal to its 3 depths. Reference values 

of static fracture toughness were taken according to [1] for weld metal of this type of 

steel a s : 

[K, cl3 = 35 + 53 . exp (0.0217 . TR) (4) 

where T R = T - T K (5) 

and T is a temperature in the calculated point of a defect. 

Different emergency cooling regimes were taken into consideration. 

Thermohydraulic characteristics and primary circuit thermohydraulic regimes were 

calculated using RELAP 5, Mod.2 Code, for temperature-stress fields in vessel wall the 

COSMOS Coae was then used. On the basis of these results, the maximum allowable 

values of transition temperature, T k

a, have been determined. In calculations different 

numbers of "cold tongues" have been considered, i.e. from symmetrical (6) to fully 

asymmetrical (only 1). The lowest temperature received during this calculations was 

+ 152.3 °C, which was used as a reference one. 

3. RESISTANCE AGAINST FATIGUE DAMAGE 

Calculations of fatigue damage of these vessels are not available, thus results from 

calculations of V-213C type were taken as a reference ones. There should not be any 

substantial difference between these two type of reactors from this point of view. 



Comparative calculations showed that the real fatigue damage values are 
approximately twice lower than predicted ones in design calculations. Even the main 
bolting joints M 140 in vessels are still under allowed value, i.e. A = 1. 

4. RESULTS FROM PROGRAMME OF IRRADIATION AND ANNEALING 
Results from this programme are summarized in other paper. Generally, it can 

be concluded, in agreement with other literature data, that : 

- residual values of transition temperatures, determined either by Charpy notch impact 
testing (TK) or by static fracture toughness (T^) are in all cases (even after three cycles 
of irradiation and annealing) still lower than + 30 °C, 
- results from static fracture toughness testing are consistent with results from Charpy 
notch impact toughness testing, 
- static mechanical properties are also practically fully annealed, 
- austenitic cladding is damaged by irradiation, too, but its properties are also well 
restored after annealing, which was confirmed by instrumented hardness measurements 
before and after annealing of cladding directly in vessels, 
- testing after several cycles of irradiation, annealing and following irradiation (up to 2 
cycles in a "host" power reactor and up to 3 cycles in an experimental reactor) show that 
probably "lateral (horizontal)" shift is taking place in re-embrittlement. 

5. REALIZATION AND RESULTS FROM ANNEALING 

The main task during annealing was to ensure that welding joints 0.1.4 in both 
vessels will be sufficiently annealed, i.e. their temperature during annealing should have 
not to decrease below + 475.15 °C. This requirement was fully reached for both units, 
required time of annealing (168+0.18)h. 

During annealing, temperature fields were measured and on-line stress field was 
also calculated. It was determined that temperature stresses were below the yield 
strength of base and weld materials. This situation was also confirmed by measurements 
of residual stresses in weld metals on outer surface after demonstration experiment of 
annealing. 

Measured values of temperatures outside the reactor also showed that maximum 
temperature of concrete walls were not higher than about 60 °C. 



6. STATE OF THE REACTOR PRESSURE VESSELS AFTER ANNEALING 

Based on the aforementioned specialities of this type of vessels, i.e.mainly : 

- nonexistence of surveillance specimens, 

- very limited volume (gap) in outer vessel surface to cur specimens from an outer vessel 

surface, 

calculations has to be used for an assessment of vessel material properties not only after 

some time of operation but also after annealing. 

Using-results from the whole programme and also fron other literature sources, 

the following conservative value of residual transition temperature shift after annealing, 

ATRES, was conservatively taken into calculations : 

A T ^ = + 30°C 

Thus, the following residual transition temperatures, T ^ [°C], just after annealing have 

been calculated : 

unit 1 unit 2 

base metal(beltline) + 83.2 + 66.4 

weld metal(0.1.4) + 3 2 +80 

Using predicted neutron fluxes for future operation (see Figs.3 and 4) calculations of 

awaited transition temperatures have been performed. These results are shown in Figs. 

5 (unit 1) and 6 (unit 2). It is clearly seen the difference between a behaviour of both 

vessels : 

- in case of unit 1, the leading role after annealing is for some time transformed into 

base metal, but after about another 10 years of operation, weld me tal would be again the 

leading one (new maximum, of course), 

- in case of unit 2, the leading role after annealing (as well as before it) plays again the 

weld metal due to its very high initial transition temperature T k 0 and thus T ^ , too. 

Besides it, transition temperatures of this weld metal in unit 2 are higher than in unit 1, 

during the whole future operation. 



CONCLUSIONS 
An assessment of the integrity of reactor pressure vessels of both units in NPP 

Jaslovske" Bohunice was based on results from : 

- passport documentation and additional information, 

- precisioning of chemical composition of vessels materials, 

- in-service inspections, 

- experimental programme of specimens testing after irradiation and annealing 

- demonstration annealing programme, 

- calculation of resistance against brittle failure, 

- calculation of fatigue damage, 

- measurements during annealing realization. 

In general, it was concluded, that: 

- both vessels have been successfully annealed, 

- reactor pressure vessel of unit 1 can be operated without any restrictions up to the 

design lifetime, 

- reactor pressure vessel of unit 2 can be operated till 2002, 

under conditions that no major changes in operating regimes will be realized. 

At the same time, some necessary actions should be taken : 

- to cut off solid (boat type) specimens from outer surface of the vessel to precise 

chemical composition (mainly of unit 2), 

- to realize supplementary calculations of PTS events and their influence on vessels 

resistance against brittle failure, 

- to apply approaches used in PWR vessels assessment to assess these reactor pressure 

vessels residual lifetime. 

LITERATURE 

[1] - Soviet Rules for Strength Calculations of Components and Piping in 

Nuclear Power Plants, Moscow, 1989 
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Fig.l REACTOR PRESSURE VESSEL OF WWER-440/V-230 TYPI 
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RESULTS OF REACTOR PRESSURE VESSELS ISI 

by 
Mr. Stefan SEP&BK 
BOHUNICE NUCLEAR PLANT 
919 31 JasloveM~Bohunice 
Slovak Republic 

ABSTRACT 
To lind out the possible influence of the annealing process 
to reactor pressure vessel integrity, a large in-service 
inspection programme has been implemented as an associated 
activity to reactor pressure vessel annealing. Ir this paper 
the approach to the RPV in-service inspection is shown. Also, 
the main results and conclusions following in-service 
inspection are presented. 

KEYWORDS 
Reactor pressure vessel, in-service inspection, base metal, 
cladding, ultrasonic examination, Eddy-current technique. 

INTRODUCTION 
Inspection oi Bohunico NPP, unit 1 and 2 reactor pressure-
vessels was performed in following ctages : 

Incoming inspection 
The objective of incoming inspection was to assure required 
quality of RPVc before the montage. The inspection wac 
performed using by direct visual, dye-penetrant and manual 
ultrasonic methods. 

Pre-corwice inspection 
This inspection wac performed in two stages. 

Stagro i - the first revision - performed after the first 
hyProtest of the primary circuit 
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fft-ygfe 5 - the second revision - perforated af ter the second 
hydrotett arid so called hot t e s t s , when th* ?ara* 

•meters t pressure* teaeprature) of the primary 
c i rcui t c^siponeats reached designed levels. 

I" the stain objective of pre~*ervice inspection was tc assure 
I the required quality c£ SPVs before the K££ units 

cesufcissicnin?. 

k Irrsfrrvto EnspggUfrn 
ft The objective of ' in-service Inspection is to assure the 
|i integrity el NH> components during the operational slap** 
I" ISI was regulary performed as follows :' 
i p '-..-• 

| - the first 181 interval (after th# coawdssicnin*) was 
prescribed And completed in 2 years and ail components had 
tc be inspected in 100 * of prescribed scope 

- next ISI has to be completed in 4-years intervals, of 
course RPVs including? 

The scope of RF-Vs ISI connected with the annealing was 
extended to whole cor* region. 

•BftCTOB PRESSURE VESSEL ISI, DB3CBIPTI0H, SCOPE, BESULTS. 
Reactor pressure vessel (see picture) represents the welded 
pressure vessel with six circumferential and on© 
longitudinal weld in bottom. Pressure vessel is manufactured 
from iow-alloved carbon steel and cladded with 
anti-cerroslon austenitic cladding. 
In the nossle area there are six hot and sir. cold nossles 
with competent wolds. 

The standard in-service inspection programme censors ; 
- ultrasonic examination of all BPV welds 
- ultrasonic examination of base metal of s0,5 width from 
both sides of weld axle 

- ultrasonic examination of the cladding in selected areas 
- Eddy-current examination of the cladding in selectod areas 
as a complementary method 

* 



- visual inspection of all inner surface and outer RPV 
surface in the nozzle and bottom area 

- dye-penetrant and visual examination of nozzle welds front 
inside and outside 

- nozzle welds examination using by radiography method 
- visual, dye-penetrarit and magnetic particle examination 

of RPV flange 
- visual and Eddy-current examination of flange thread 

holes. 

The terms of P.PVs ISI performed 

UMIT 1 : 19811' , 1985, 1986, 1992, 19932* 
UNIT 2 : 1982, 1985, 1989, 1992-93»> 

Remarks •• 
*> In 1981 RPV ISI performed in limited scope due to the 

fact that manipulator has not been prepared for the 
inspection. 

2» Due to the fact that regular ISI of unit 1 RPV was per
formed in 1992, in 1993 was performed ISI in scope 
corresponding to the annealing. 

*» Performed full ISI scope according to the standard 
programme and extended to whole core area as mentioned 
below. 

The ISI ccopa before and following the annealing : 
VNIT 1 : 
- ultrasonic examination of 0.1.4 and 0.1.5 welds 
- ultrasonic examination of base metal in scope : 
- full examination of ring between 0.1.4 and 0.1.5 weldc 
- 0,5 t ol weld width above 0.1.5 weld 
- the strip of base metal of 725 mm width below 0.1.4 weld 

- visual,Eddy-current and ultrasonic examination of cladding 
in the earr.<? scope as ultrasonic volumetric examination. 

* 



t »«w» scope wa* p*rf srmed both, beidr* and after- t h e 
ftfeaiinf. 

» ful l ISI according: t o the s tandard programme l o r the 
". claimed i*r?e outage 
'f- s tandard ISI programs* extended by : 

» u l t r a son i c voiwmetric examination of base metal between 
O. i .4 and O. i .o welds and ol c t r i p of ?25 mm width 
below 0 .1 .4 weld 

- v i s u a l , u l t r a s o n i c and Eddy current examination of 
cladding in the same acope a s base metal 

fail* anneali na 
!?he aame scope of tSI performs-d as described for Unit i. 

MSiS 
||||||fc* follows from ISI description, the scope of ISI associated 
flctwith the annealing is reaiy large. 
'tp«l>The approach to accept such ISI programme was based on these 
%i-;;j:: -- consideration*. 
v4i fSl' Ih core region there has never been performed full 
Px^" voiumemetric ultrasonic inspection of base metal and 
•4,'|$i inspection of claddin?. 
X"-?CY.3. 2"J* to thermal affecting of RPV material during annealing, 
;'\«l.'s thermal stresses in RPV wall are inducted, which could 

load to initiation of new defets and/or to growth of 
c::*.fftin<? defects. 
Tc find out the explanation of eventual*/ defects 

•̂ *< -v detected after the annealing, the status of the quality 
J';, , •, oi "RfV material in core region had tc be Known prior to 
;* X<. *" 
'-•~fj« ^ ^h© annealing. 

. *' * '-* Irs-ccrvice inspect ion of both un i t s hgs been performed 
'• <*\ . < . 
*"*••"* 1m/ Beac to r tes t , p ic Trnava 'Slo^aK Republic) by means of 

• • - *5entralraactmanipvlater" ZMK-5 type of Siemens fVO/KVfU 

f*fc £ * 

:>>£v 
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production. For ultrasonic examination a multiple probe 
system was introduced and TIMLOK and ALOK aquistition- and 
processing techniques was applied. 

The eddy-current examination and processing has oeen 
performed by means ol MIZ-ljS system. 

The ultrasonic inspection results were processed and 
evaluated using by KTA 32 01.4 standard. In regard to 
possibility ol comparison with previous ISI results and lor 
the calculations ol acceptance ol RPV lor next operation, 
the re-calculation to PK 15-14/72 acceptance criteria was 
carried out. It is necessary to emphasize that these 
acceptance criteria have been developed as the construction 
standard and ior ISI they seem to be very severe. In case ol 
delects detected according to these criteria an additional 
calculation hav* to be perlormed. 

For the calculation ol acceptance ol delects the 
"Methodics ior the determination oi delect acceptance in 
components and pipelines metal during NPP operation" M-01-88 
is applied. 
Due to a lack ol instructions for the cladding delects 
calculation, ASME Code, Section XI, article IWB-35 10-2 has 
been applied lor the laminar cladding delects acceptance 
calculation. 

Remarks .-
PK 15-14/72 acceptance criteria prescribes lollowing size ol 
delects (equivalent diameter). 
welds D n " 3,75 mm - registration 

Dr, S 4,5 mm - acceptance 
cladding : I>„ - 4,4 mm - registration 

Dr, 2 6,0 mm - acceptance 

The results? ol ISI ol Bchunice unit 1 and 2 can be 
summarized as lolIowa. 
The comparison ol the res.ilt© obtained in 1992 (and 1993) 
with previous ISI recultc chowed quite good corelation and 

f 



•ft.-.--- -.- v;-*-t, • : ; ^ 3 if ' • • •r - ; i - - . -^^SE^rT.» iM 

f osparisen of the results obtained in i$$? before and after 
&fte annealing to 1**3: ISX of unit I SPY shewed practical*/ 
1̂**1 ly awre%!t«int. 
'"* n iaei ho differenciei '-in' ISI results before and alter the 
,' PV annealihf have been observed at 'jtr.it 2. 

- ̂ Foiiowins defect© -located in core- area and weld 0.1.5 have-
'̂ teeen assessed s 

;•» 3 laminar ciaddin? defects of £,,*$«* in 0.1.4 weld area 
»,- 3 volumetric defects ol l>n*5; 5,3 and 6,7 in weld 0.1.5. 

•/ 

I I JC?^ - 2 volumetric d*i*ct« o£ D**5,? and e ,5 mm in w*id 0 . 1 . 3 . 

M M Û.7»:~„;_ . Calculation* and assessment oi these defect* showed 
M^-''^'".' -sufficient safety margin lor all considered both, normal and 
•',,; -t . .emergency operation conditions as well. 

sti' i.) ISI oi unit i and 2 reactor pressure vessel showed 
a «ood reproducibility of used inspection techniques 

2.) 121 results shoved no negative influence of the anneaiihg 
prczc-^c to the BT'Vc integrity. No now defects and/or no 
growing of existing defects have boon observed. 

t. > No opened surface defects in the cladding have teen 
observed. 

4.) Calculations and assessment of the acceptance of defects 
detected above IY. 15-14/72 acceptance criteria showed 
sufficient safety margin for all considered both, normal 
and emergency operation conditions as well. 

http://'jtr.it
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Experience of reactor pressure vessel annealing 
in Novovoronezh WPP 

First " dry " annealing of the reactor pressure vessel was perfor
med in 1987 in Unit 3, putted into operation in 1971, of Novovoro
nezh NPP ( NV NPP ). 

The process of annealing was of experimental character; the very 
technological process was refined on; solutions correctness was 
confirmed; experience of work organisation was gained. 

There were works performed on the following points: 
- the reactor pressure vessel non-destructive inspection ( before 
and after the process ); 
- non-destructive inspection of the rate of metal mechanical pro
perties restoration; — 

- actual quantity definition for phosphoric and cupreous impuriti
es in metal of weld;-; 
- thermal monitoring of the reactor pressure vessel and the reac
tor internals when annealing. 

Positive results of the first annealing allowed to perform its in
dustrial implementation.. The first annealing results analysis and 
further investigations of the mechanical properties restoration 
for the reactor pressure vessel PWR-440 metal ( when postradiation 
annealing ) showed that the temperatural and temporal mode should 
be corrected ( the annealing process allowed to have welds metal 
restoration equaling practically 100 per cent ). 

To improve the safety of the reactors under operation annealing 
processes with refined technology were performed in Unit 3 ( se
cond time ) and Unit 4, NV NPP. Properties restoration which had 
been performed allowed to provide optimum project lifetime of the 
reactors pressure vessels of Units 3 and 4, NV NPP. 

Accumulated experience of the reactor pressure vessels annealing 
confirms that the thermal restoration processing of the vessel 
welds metal ( PWR-440 ) is an effective method to prolong the ves
sels lifetime and to improve operational safety. 



o 

The accumulated experience confirmed the wisdom of a team united 
into an organisation (MOHT Otjig) coordinating the reactor annea
ling activities in the framework of the nuclear aphere, realising 
actively the technology of restoration thermoprocessing and its 
improvement. 
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EXPERIENCES IN RPV HEAT TREATMENTS 

P. VERON, PHD 
EQUIPOS NUCLEARES, S.A. 
Apartado 51 
39600 MALIANO (SPAIN) 
Fax: 34(9)42 200150 

1 - INTRODUCTION 

In this paper we pass review to our experience in RPV manufacturing heat 
treatments (600°C) and try to extrapolate its significancy into annealings at 
lower temperatures (425 - 475°C). 

2- EXPERIENCES IN RPV HEAT TREAMENTS(60Q-C) 

In the heat treatments (60O°C) of reactor pressure vessels (RPV), we have 
found two main problems: reheat cracking and weld overlay disbounding. 

Reheat cracking has been observed in the coarse grain areas of the heat 
affected zones of weldments SA-508 class 2 forgings. It starts at temperatures 
not lower than 500°C in seams relaxing significant stresses. 

Weld overlay dibounding has been found in corners by others during 
manufacturing after frequent intermediate heat treatments. 

The causes are the existence of a carbon depleted zone along the fusion line 
and the differential thermal expansion between the low alloy base metal and 
the austenitic overlay. It may take place in restrained areas (like corners) 
containing previous flaws (i.e lack of fusion) and it is favoured with thick 
overlays and high temperatures. 

3.- CONCLUSIONS 

As compared with manufacturing heat treatments, the lower temperatures of 
annealing for the recovery of irradiation embrittlement together with the 
absence of geometrical discontinuities at the RPV core allows to rule out the 
possibility of cracking phenomena like those observed in past RPV 
manufacturing. 
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WWER 440/230 REACTOR PRESSURE VESSEL NEUTRON INDUCED 
EMBRITTLEMENT ASSESSMENT OF " Kozloduy NPP 

St.Vodnicharov*, Tz. Kamenova* B.Pekov** , P.Tzokov*** 
Institute for Metal Science*, Schipchensky prohod 67,1574 Sofia 
Agency for Peaceful Use of Nuclear Energy** 
NPP" Kozloduy"*** 
Bulgaria 

Designed life time of Kozloduy nuclear units WWER440/230 is 30 years. The 
world practice shows that as a result of fast neutron bombardment in the reactor 
pressure vessel (RPV) metal processes of ageing are going. This puts in front of 
the specialists the task to investigate and to create methods for it's monitoring, 
assessment and mitigation. For the moment there are relatively accurate empirical 
methods for predicting range of neutron irradiation embrittJement (NIE) of the 
RPV metal. For their application a number of parameters, describing the metal 
properties, the irradiation conditions and the neutron field are necessary. 
Unfortunately in the early years of nuclear power production the process of NIE 
has not been investigated well enough and the values of some parameters haven't 
been measured and registrated. 

I. ACTIVITIES FOR MITIGATION AND MONITORING OF THE 
NEUTRON EMBRITTLEMENT AND THE INTEGRITY OF RPV 

In order to increase the life time of RPV some activities for mitigating the 
rate of NIE, restoring the mechanica! properties and restricting the possibility for 
thermochocks are performed in NPP Kosloduy. The most important of them are: 

- installation of 36 dummy elements in tne periphery of the core zone: 
Unit 1:1987 
Unit 2:1988 
Unit 3:1987 
Unit 4: low leakage 
- Heating up to 55oC the water in tank for emergency core cooling. 
- The cavity neutron measurements for all units are running now. 
- The recovery annealing is conducted according Russian methods : 475oC 

/150 h, heating rate <20oC and cooling rate <30oC as follows: 
Unit 1:1989 
Unit 2:1992 
Unit 3:1989 
Unit 4: not necessary. 
-The programme for installation of fast acting valves in main steam piping 

is started in 1992. 
- Actualization of the operation instruction for pressure decreasing in the 

case of compensated primary leak running at high pressure in RPV. 
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- The surveillance programme including IS! ; before and after annealing), 
fluence (F» measurements and calculation and prediction trend curve for cnticai 
transition temperature (Tkf* is cared out 

- Actualisation after annealing of the PT start and shut down diagrammes 
and of the permissible temperatures for hydrotests. 

- The concept leak before break is accepted and acoustics leak monitinng 
system (ALMS) is instaiated in primary piping for Unit 1.2.3 and 4. 

An irivesiigrticn of re-embr;ti!smef low is performed in Russia using 
templets material from Unit 2. 

II. RPV METAL STATUS 

In order to obtain additional information or to assess available parameters 
describing the present status of RPV metal two programmes are performed. 

Unit 1 [1 ,2 .3 ,41 
In the period of annealing during 1989 following work is done: 
- Annealing of the metal in the zone of weld 4. 
- The scraps from inner surface of weld4 are taken out in azimuta! position 

60o (before annealing) and in positions 180 and 300o (after annealing). Tne 
maximal depth after 4 layers sampling and in griding is 5.8 mm. 

- The concentration of P and Cu in weld metal are determined by chemical 
analysis. 

- The hardness tests before and after annealing in positions 30 , 45 , and 
60 o on the base metal (BM), on 'he weld metal (WM) and on the heat affected 
zone (HAZ) on the inner side of the vessel are performed. 

- Calculation of neutron fluence is made. 
- The Tkf. trend curve is calculated. 
- The residual part of Tkf shift ( \ Tres) is determinated experimentally by 

Gidropress. 
- A new value of the maximal permissible critical transition temperature Tka 

is calculated for the Unit 1 by the new calculation methods of Gidropress. 
- Full ISI of RPV material is performed before and after annealing (Table 3) 

Unit 2 [1.3. 5) 
in 1992 the six months VYANO programme was started under the cc-

ordination of EDF & Siemens. Kurcnatov and Prometey institute from Russia, 
Initec- Zagreb - Westinghouse IP? Kozloduy took part as co-operators too. The 
following activities are performed: 

- A standard annealing of the metal in the zons of weld 4 is performed in 
1992. 

- Samples (15 '.emplets) are cut before and after annealing from the inside 
surface of RPV (VVM and BM) by the means of spark erosion technics. The 
minimal measured wall thickness after grinding is 132.5 mm 
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- Hardness measurements directly on the RPV wall (WM and BM) and on 
the templeto are made. 

- The subsize notched bar impact test specimens (BM and WM) and tensile 
test specimens (WM) are prepared from templets and tested. 

- The criteria temperatures for subsize Charpy specimens are created by 
Russian specialists. 

- The neutron fluence is calculated and dosimetricaliy determined. 
- The values for Tkf before and after annealing are determined 

experimentaly by Charpy test of subsize specimens. 
- Tko value is indirectly determinated by the means of high temperature 

annealing- 560oC / 2h. 
- Prediction of Tkf trend curve is made. 
- Actualisation after annealing of the P-T start and shut down diagrammes 

and of the permissible temperatures for hydrotests is made. 
- A new value of the maximal permissible critical transition temperature Tka 

is calculated by Gidropress. 
- Full ISI of RPV materials is performed before and after annealing (Table 

3). 

Unit 3 (1,3, 6] 
- Annealing the metal in zone of weld 4 is performed in 1989. 
- The neutron fluence (3D-geometry) is calculated. 
- Prediction of trend curve for Tkf is made. 
- Actualisation after annealing of the P-T start and shut down diagrammes 

and of the permissible temperatures for hydrotests is made. 
- Full ISI of RPV materials is performed before and after annealing (Table 

3). 

Unit 4 [1,3] 
- The chemical analyse of the weld metal of Unit 4 shows the lowest value 

for the P and Cu content. This fact together with the low Tko value determinate the 
low neutron induced embrittlement rate till the end of the life time of this Unit. 

- ISI of RPV materials is performed (Table 3). 

III. RESULTS AND CONCLUSIONS 
As a result of these activities the following parameters are evaluated: 

- Full chemical compopition of WM and BM for Unit 2. 
- The concentration of P and Cu in WM for Unit 1 (table 1). 
- Hardness values for BM and WM before and aft annealing for Unit 1 

(measured in the vessel ) and for Unit 2 (measured in the vessel and on the 
templets)- Table 2. 

- Neutron fluence - calculated for all Units and dosimetric measured for 
Unit 2. Additional cavity experiments are running now. 
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- Tensile preperfief 3? room and 270c>C temperature for V'M of Drift 2 before 
and after annealing . yield and leusiie slreiigiii. eiongation and area recucuon 

- Data about the initial tens'ie properties of non irradiated metal of veld 4 
for Unit 2 are discovered m the factor;- documentation. The absolute and re la te 
changes of the properties are calculated after operation and after annealing in 
respect to the non irradiated condition. The absolute recovery rate after annealing 
f>:) is estimated 

- The critical temperature of ductile to brittle transition for the WM and BM 
of Unit 2 before and after annealing, determinated accordina Russian standards 
iTkfi. 

- Indirect determination of the initial critical temperature Tko for WM of 
Unit2. 

All data tor basic parameters used tor neutron irradiation embnttlement 
assessment of Unit 1,2,3. and 4 are classified in Table 1,2 and 3. 

The following conclusions can be made on the basis of the performed in 
Kozloduy NPP surveillance activities and monitoring . 

- The measured concentration of F \0,052%i in weid 4 of the Unit 1 is higher 
than the one calculated by Gidropress method (0,03B%) <Tahie 1). This value is 
the highest one measured in the RPV weld metal of any VVWER 440. Maybe this 
fact is a sequence of some additional reinforcement of the weld performed by the 
factory, but this is not documented. 

- The measured and calculated values of P for Unit 2 are very close (0.0375. 
resp. 0,036%) and similar to the ones for Units (Table 1). 

- Some inhomogenity is observed in the P- azimutal distribution. 
- Recalculated values of Tko for Unit 1 and the measured one for Unit 2 are 

significantly higher ttian the originally presented by the factory The discrepancy 
between the predicted by formulae (10oC) and the real data (50oC) is observed 
in the case of Unit 2 (Table 1). 

-The mean hardness values for Unit 2 (for BM and WM) are higher than 
those for Unit 1. The hardness relative recovery of weld metal after annealing is 
13.5% for Unit 1 and 19 5% for Unit 2 (Table 2). 

- The hardness data for Unit 2 , measured on the vessel wall are similar 
with measured on the templets. 

• The hardness and the hardness relative recovery for the BM are lower 
t! anforWM. 

- For Unit 2 and 3 the residual parts of transition temperature shift ( A Tres) 
coincide 'with the normally accepted one for the case when the P content is less 
than 0,04% (20cC) (Table 1). This value for Unit 2 is experimentally established by 
the means of Charpy testing of subsize specimens. 

- Since the P content in weld 4 of Unit 1 is higher than the upper margine 
value, additional investigations are performed by Kurchatov Institute to prove the 
..', Tres in this case. The value ,.\Tres = 40oC is accepted (Tabic 1) [?, 8] 

- The increase of the vield stress and the yield stress relative recovery rate 
is stronger (18.8%) than the one of the tensile stress (12.5%) 
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- The increase of R02 due to neutron irradiation (60%) is stronger than the 
Rm one (36%). The elongation decrease is relatively weak (4%). The same 
dependencies are observed for the annealed specimens (30 , 21 and 2,8%). 

- The recovery rates e of Rm and RQ2 are very close - 45 and 50%. The 
elongation recovery is 30% 

- The calculations of neutron fiuence made by specialists of INRNE using 
3D - geometry show a reduction of the fiuence by factors 1,2 -1,4 in comparison to 
the designed (in the case with dummy elements) one [9]. 

- ISI results of annealed Units showed that there are no indications for 
defects in the weld 4 of all Units and no changes in the size of the existing defects 
or appearance of new defects after RPV annealing are discovered. 

IV. RPV EMBRITTLEMENT ASSESSMENT 
- For prediction of the neutron embrittiement of the weld metal the 

contemporary values of P and Cu concentrations, Tko, A Tres and F are used. In 
figures 1 and 2 the trend curves ( Unit 2 and 4 ) for conservative mode of re-
embrittiement, calculated by designed fiuence (G), the calculated one (CAL) and 
the lateral trend curves for annealed uni (LAT) are compared . 

- In the case of validity of lateral re-embrittiement law all RPV reach or 
exceed the designed life tune. 

- The installation of MSIV is obligatory for the first three Units. 
- The fracture mechanics methods and thermo-shock hydraulic conditions 

should be re-assessed and developed, so that more accurate determination of the 
maximal permissible critical temperature (Tka) is achieved. In this case only we 
could be able to obtain one exact prediction of the residual life time. 

• 
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Tabe 1. Parameters discribiny the neutron induced embriltlement of weld 4 metal 

UniH Unit 2 Unit 3 Unit 4 

1. Start [yearj 1974 1975 1981 1982 

2. Dummy elements lyear] 1987 1988 1987 1986 
low leakage 

3. Content Cu (%] 
P [%] 

0.12 
0.036 
calculated 

0.21 
0.036 
calculated 

Cu l%] 
P l%] 

0.12 
0.052 
scraps 
inside 

0.18 
0.0375 
templets 

0.20 
0.036 
measured 
in factory 

0.04 
0.021 
measred 
in factory 

5. Af [°C] 48.3 40.1 40.0 19.0 

6. Tko [°C] 52 
calculated 

10 
calculated 

- -

65 
calculated 
new P% 

50 
measured 
templets 
560oC/2h 

50 
measured 
in factory 

5 
measured 
in factory 

7. ATres. [°C] 40 
P>0.04% 

20 
measured 
templets 

20 
P<0.04% 

8.F10- 1 8(cm-2| till 
Fgidropress (G) 

12.1994 
4.68 

02.1994 
1.63 

02.1994 
6.60 

02.1994 
58.0 

Faidropress (G) 
FINRNE(3D)(CAL)(mean) 

1.47 1.45 1.52 

9.Tkf[°C] lill 
Conservative 
re-embrittl. 
FQ (G) OD 

12.1994 

186 

02.1994 

117 

02.1994 

145 

02.1994 

79/73* 
1/4D 

F C A L (CAL) OD 
182 
176 

115 142 
136 

75/70* 
69 

1/4D 
Lateral (LAT) OD 
re-embriUI.+Fg I/4D 

172 
149 
145 

98 
96 

133 
125 
122 

66 

* - low leakage is consideraled 



Table 2. Brinnell hardness (HB) direclly measurer! on Ihe vessel wall before (b) and 
aller (a) annealing 

HB b before ann. HB a after ann. AHB AHB 
HB b 

IMPa] [MPa] [MPa] [%] 

Unit 1 
BM 20II 1090 121 6,0% 
WB 2290 1990 300 13,1% 
HAZ 1970 1060 110 5,6% 

Unit 2 
BM 2227 2060 167 7,4% 
WM 2390 1923 467 19,5% 
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Table 3. In servioe inspection 

Inspection zone lest Unit t Unit 2 Unit 3 Unit 4 

b.a. a.a b.a. a.a. b.a. a.a 

Year 1989 1992 1909 1990 
1 Welds 2-7 1-7 3-5 4 2-7 inner surf. 

IV + + + + + + + 
US + + + + + + -

2 Middle z o ^ r.'.'ye IV + + + . - + -
US + + + - - " -

3 R-transilion of nozzle IV + + + + _ + + 
DT - -»- - + - + + 
US - - + + - - -

4 Nozzle weld to sleeve IV ^ + + + - + + 
DT - + - + - + + 
RG - + - + - + + 
US - - + + - - -

5 Tighting surface of flange f TV - + - + - + + 
DT - + - + - + + 

6 Thread seal- TV , + . + . + + 
DT - + - + - + + 
US - + - + - + + 

7 Wall fhictaosr IV . - . + . . . 
in tempi, pov:. DT - - - -t- - - -

US - - - + - - -
CK nVIBTUOOL CK RVI F/IUOOL 

I 107.04.00.00 140/1000 107.04.00 440/1000 
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Tabled. Continued 

Inspection zone lest Unit 1 Unit 2 Unit 3 Unit 4 

b.a. a.a. b.a. a.a. b.a. a.a 

Year 1993 1992 
1 Welds 1-7 TV 

US 
+ 
+ + 

2 R-transition of nozzle TV 
DT 
US 

+ 
+ 
+ 

+ 
+ 
+ 

3 Nozzle weld to sleeve IV 
DT 
US 
RG 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

4 Fixing of the shalt IV 
DT 

+ 
+ 

-

5 Flow separator IV 
DT 

+ 
+ -

6 Austenitic cladding TV . + 
in welds 1-7 zone US - -t-

manip.RVISlTOOl manip .RVISITOOL 
440/1000 440/1000 

Information about Manipulator RVISITUOOL 440/1000 : Central mast, installed on the RPV 
flange. Sencibility in dependence of the defects depth position and 50% DAC : 

- Oo sensor - 9 to 18 mm2 
- 45o sensor - 5 to 14 mm2 
- 60o sensor - 6 to 16,5 mm2 
- double angle sensor - 45 arid 70o - a method (or calculation is missing. 
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1 - INTRODUCTION 

VESSEL Integrity (which is a part of primary circuit integrity) is a major WANO 
concern for WER 440. 

It is reminded that the two items, vessel embrittlement and LBB, were the first 2 of 
the 12 items of the WANO programme on VVER 440.230 issued by mid 1991 and 
partly implemented with CEC funding (only 6 months and only for KOZLODUY 
unit 2). 

The WANO concern is related tc: 

1. The status of the programmes developed with CEC funding PHARE and TACIS 
since 1991 which are split between countries and do not cover all the units of 
the same model. Furthermore, for each country they remain partial and are 
sometimes interrupted (e.g.: Bulgaria). 

2. The technical aspect of the problem 

- It is the major technical topic because it cannot be compensated by operating 
measures. It determines the plant lifetime and the interest of investments for 
modernisation. 

- The concern is, of course, linked with the design of the confinement. The 
vessel embrittlement and, more generally, the primary circuit integrity need 
increased attention for the W E R plants 320 to 230, including 213. 

- The status of the technical knowledge of the problem seems to be partial and 
sometimes not coherent. 

2 - STATUS AND CONTENT OF THE PROGRAMMES 

2.1 The so called "WANO 6 months programme" for KOZLODUY in Bulgaria -
PHARE funding. 

This programme implemented by SIEMENS/GYDROPRESS in 1992 provided 
the embrittlement status of the most irradiated weld of the vessel of unit 2 
before and after annealing. 

It demonstrates the efficiency of the annealing and also the under estimation 
by about 50 °C of the transition temperature according to the existing 
correlations. 

* 
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A first extension of that programme from March 93 to September 94 is in 
progress for the measurement of re-embrittlement by irradiation in ROVNO of 
samples left over after annealing from the same vessel. 

A second extension related mainly to unit 1 remains under discussion until the 
end of 1992. The possibility of limiting it to the performance of a weld 
assembly representation of the Phosphore content is considered. 

The coherence of such an approach with the one of TACIS 91 forecasting 
sampling on all Russian 440 units is not evident. 

The expertise of vessels 3 and 4 is not yet considered. 

2.2 TACIS programme 

As we know, this programme is mainly related to KOLA 1 - 2 and 
NOVOVORONEJ 3 - 4. 

TACIS 91 is in the very early phase of implementation. 

Despite the request made by WANO in July 1992, this programme was not 
extended to the Bulgarian and the Slovakian needs for W E R 230. 

2.3 Technical scope of the programme 

The programmes are presently focussed on the most irradiated weld of 
uncladded vessels and more precisely on the follow-up of the transition 
temperature. The determination of annealing efficiency and the embrittlement 
rate before and after annealing are included in the programmes. 

3 • WANO RECOMMENDATIONS 

3.1 Programmes structure 

- The vessel embrittlement topic would be considered with priority and 
consequently privileged for funding. 

- WANO recommends programmes covering all units with the same type of 
vessel, i.e: 

. Uncladded W E R 440 vessels 

. Cladded W E R 440 vessels 

I 
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With respect to the present progranunes parcelling out, WANO feel the need 
to develop the exchange of information between their members and specific 
technical meetings are already planned. 

3.2 Technical content 

WANO recommend a comprehensive safety approach to the problem. 

3.2.1 Material caracterisation 

It is possible that the most irradiated weld is the weakest part of the vessel, but 
a substantiation is necessary. In particular, it should be shown that the 
embrittlement status of the welds just above and below the core which are not 
annealed should not reach an unacceptable level before the annealed weld. 

The programme for material caracterisation comprises in fact two parts: 

- The determination as accurate as possible of the margin against of non 
ductile rupture of the vessel (1). 

- The determination of correlations for embrittlement progress (with 
irradiation, heat, P and C contents,...) which supposes research and 
development programmes. 

The restoration process of the metal properties should be optimized (for 
example, reduction of heating duration). 

3.2.2. The design aspect should be completed bv studies of transient effects: 
overpressure, thermal shocks,... 

The measures to restore the material properties or to limit the embrittlement 
evolution should be studied and specified. It is notably the case of: 

- The introduction of dumy assemblies in the core. 
- The heating of injection water. 

3.2.3 The operating aspects should also be considered: In-Service Inspection 
(ISI), surveillance programme with samples in the vessels,... 

(1) The case of cladded vessels for which no representative welds samples exist is 
a major concern. 

X 
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The improvements related to the surveillance programme specified by the 
designer should allow the embrittlement follow-up of the vessel all along its 
lifetime (whatever is the core loading strategy or the load factor). 

The ISI should be comprehensive and include, if necessary, the inspection of 
under cladding in critical zones. The Ultra Sonic indications should be 
recorded in order to allow their follow-up. (see "Users group paper of March 
94) even if their size remains under the critical limits. 

WANO appreciate the support provided by the I. A.E. A. about the present meeting on a 
so importa. ^ topic and hope that such a meeting will facilitate the funding of the huge 
work to be oone. 

\ 



2AJ 
International Workshop 

on 
WWER-440 Reactor Pressure Vessel Embrittlement and Annealing 

ZavaznA Poruba, Slovak Republic 
29- 31 March 1994 

ANNEALING OPTION OF LOVIISA UNIT-1 

MATH VALO*. RALF AHLSTRAND", and PENTTI RAJAMAKI** 

* VTT (Technical Research Centre of Finland) Manufacturing Technology, 
P.O. Box 17042, FIN-02044 VTT, Finland 

•• IVO International Oy, FIN-01019 WO, Finland 

ABSTRACT. Irradiation embrittlement of the pressure vessel was found to be higher than 
expected in the Loviisa units after a few years of operation. The adaptive measures taken 
by the utility and the implemented new research programmes to support the annealing 
option are described. Most of the measures available to reduce the neutron dose to the 
pressure vessel and to soften transients in thermal shock have been taken. The amount of 
surveillance material, especially weld, is limited and techniques to utilize it effectively in 
annealing and reirradiation studies are described. The utility is prepared to anneal Unit-1 
ra 1996. 

THE PLANTS 

In Loviisa there are two identical PWR 440 MW units. The plants are considered to 
represent 213 type reactors but with respect to the pressure vessel impurity contents and 
hence the vessel material embrittlement they are equal to the older 230 type versions. 
Typical impurity contents for base metal are Cu 0.13 %, P 0.010 %, and for weld Cu 
0.17 % and P 0.031 %. The impurity contents in Loviisa-2 are somewhat lower than in 
Loviisa-1. 

MATERIAL DATABASE 

Surveillance programme 

The Loviisa plants were the first WER-440 units with surveillance specimens. Hence no 
WER-440 surveillance database was available at the beginning of the operation. Material 
properties used in safety analyses are all based on the plant specific surveillance test 
results. The number of surveillance specimens included in the surveillance programmes are 
given in Table 1. 
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Table 1. Number of surveillance specimens for one Loviisa unit and for one material (base, 
weld or HAZ). 

I Type of specimen Unirradiated Thermal 
aging 

Irradiated Total 1 

Charpy-V 36 24 72 132 I 

Precracked Charpy 30 12 72 124 | 

Tensile 12 12 36 60 | 

Total, one material 316 1 
Total, ah materials 948 | 

Charpy-V specimens were tested with an instrumented hammer. Precracked Charpy-size 
specimens were used mainly for measuring static K J c values. Two approaches have been 
used for defining K J C transition curves for the irradiated material condition, namely K J c 

values measured directly with irradiated specimens, and the reference curve approach with 
a reference curve shifted by the Charpy transition temperature shift 

Charpy-V and tensile specimens are loaded in a constant fluence rate irradiation position 
but the precracked specimens are in a gradient position where the fluence rate changes by 
a factor of ten. 

All the original surveillance specimens have been" tested except some HAZ specimens 
which are left for reserve. 

First fesylts 

The first surveillance capsule withdrawn from Loviisa-1 after one year of irradiation 
revealed that the embrittlement rate of the weld was approximately two times faster than 
expected. It was immediately decided that dummy elements will be installed in the core in 
order to reduce neutron fluence to the pressure vessel wall. Core reduction could be 
implemented in Loviisa-1 for the fourth and in Loviisa-2 for the second reactor cycle. Later 
on the units have also adapted a low leakage fuel loading pattern. The electric output of 
the units was not affected by these changes. 

Irradiation history of surveillance specimens 

Due to the core reduction the irradiation history of surveillance specimens and of the 
reactor wall became complicated. The irradiation history of the specimens is given in 
Table 2. 

When the excessive embrittlement came evident, Loviisa unit-2 was starting its commercial 
operation. In order to avoid the high fluence rate irradiation during the first reactor period 
in unit 2, Lo-2 surveillance capsules 3 - 6 were installed in the reduced core vessels only, 
number 3 in Loviisa-1 and 4 • 6 in Loviisa-2 after the first operational year. During the first 
three irradiation years in full core, Loviisa-1 surveillance specimens got excessive neutron 
fluence values as compared to end of life pressure vessel fluence. 
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Table 2. Irradiation history of surveillance specimens in Loviisa units 1 and 2. 

Capsule Cycles Irradiation time Fluence 
1019 

Fluence 
rate 
10" 

Fluence 
101 9 

Fluence 
rate 
10" 

Capsule Cycles 

FC 
[FPDJ 

RC 
(FPDJ 

CVN cviv | 

Lll 1 285 4.5 20 03 - 4.1 15 -20 

L12 1-3 925 16 20 1.0 - 14 15 -20 

L13 1-3 925 16 20 1.0 - 14 15 -20 

L14 1-3 
4 - 9 

925 
1759 

16 
5.6 

20 
4 

1.0 -14 
05 - 4.9 

15 -20 
0 3 - 3 

L15 1-3 925 16 20 1.0-14 15 -20 

L16 1-3 
3 - 4 

925 
277 

16 
0.8 

20 
3 

1.0 - 14 
0.05 - 0.7 

4 5 - 2 0 
0 2 - 3 

L21 1 
2 - 7 

294 
1783 

4.6 
4.9 

20 
3 

03 - 4.1 
0.4 - 4.4 

1-16 
0 2 - 3 

L22 1 294 4.6 20 03 - 4.1 1-16 

| L 2 3 4 - 8 1427 3.9 3 03 - 3 5 0 2 - 3 

|L24 2 - 7 1783 4.1 3 03 - 3.7 0.2-3 

|L25 2 - 4 855 2.1 3 0.2 - 2.0 0 3 - 3 

|L26 2 - 5 1158 3.0 3 03 - 2.6 0 3 - 3 

FPD - Reactor full power days FC - Full core RC - Reduced core 
Fluence parameters in units n/cm2, E > 1 MeV 
CVN - Charpy-V notch specimen 
CVN-c - Precracked Charpy-size specimen 

The lead factor for surveillance specimen irradiation is high in Loviisa units. Fluence rate 
ratio at surveillance capsule position compared to pressure vessel inner wall is about 8, 
about 12 compared to 1/4 wall thickness, and about 40 compared to pressure vessel outer 
wall. These factors remain nearly unchanged in core reduction. 
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The high lead factors, the gradient irradiation position of the precracked surveillance 
specimens and the short high fluence rate irradiation followed by a long low fluence rate 
irradiation accentuate the need for a better understanding of irradiation embrittlement 
mechanisms and their dependence on irradiation parameters. Surveillance test results [1] 
do not reveal a fluence rate dependence of material properties but on the. other hand, the 
parameter range has been limited and the core reduction leads to correlated fluence and 
fluence rate values. 

APPLIED MITIGATION METHODS 

Core reduction is the main measure to prevent the pressure vessel from excessive 
embrittlement. The fuel elements which were replaced by dummies are shown in Figure 1. 
Figure 2 shows the neutron fluence values as a function of time upon the critical 
circumferential weld seam which lies somewhat below the core centre level [2]. The figure 
shows that approximately after 10 years of operation circumferential direction 3 will take 
the lead from the direction 1. 

Inoer cor* Outer core 
ISO cm 

155.5 cm 
177 cm 

Figure 1. 60-degree symmetry section of the core showing with dummy elements and 
surveillance location. 
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Figure 2. Neutron fluence in the main peak directions. Direction 1 is the surveillance 
capsule direction, the new critical direction 3 will be about 10 degrees in Fig. 1. 

Simultaneously with and after the core reduction, many measures were implemented in 
order to reduce the risk for pressure vessel brittle fracture in accident situations [3]. The 
measured reduce thermal stresses in a pressurized thermal shock (FTS) or the frequency 
of PTS events. These measures include 

increase of the water temperature in the emergency core cooling (ECC) 
accumulators from 60 °C to 100 °C 

increase of the water temperature in the ECC-tanks to 60 °C 

decrease of the high pressure safety injection flow 

decrease of the head of the high pressure injection pumps to avoid potential 
opening of the pressure safety valves in some PTS-transients 

increase of pressurizer relief valve capacity to avoid potential opening of the 
safety valve in some PTS-transients 

introduction of a signal from high primary system pressure to stop the high 
head pumps connected to the primary circuit 

modification of protection signals associated with occurrence of steam line 
break. 
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STRUCTURAL SAFETY ANALYSES 

Deterministic accident analysis is considered decisive by the Authority but probabilistic 
analysis using OCA-P has also been performed and used as supporting information. 

Crack size and orientation 

Beltline zones of the reactor vessels have undergone 100 % NDT testing with advanced 
technique every 8 years. No flaws or cracks have been detected. The detection limit for a 
crack given by the company (SWRI) is 5 x 10 mm with more than 90 % probability. A 
safety factor of 3 was chosen and a postulated elliptic crack of IS mm x 30 mm was used 
in the analyses. 

Because the vessel has only circumferential weld seams, only horizontal cracks were 
postulated in the weld. In the base metal also vertical cracks were taken into account. 

Stresses 

The stresses were chosen as realistic as possible. In addition to mechanical and thermal 
stresses residual stresses of the main weld seam and of the cladding were included in the 
analyses. Residual stresses were derived from a simulation of stress relief heat treatments 
(675 °C) and the pressure test (70 °C, 195 bar). Accordingly cladding is considered to be 
stress free at 230 °C and to have 300 MPa tensile stress at 20 °C. 

Material data 

Direct measurement of the elastic-plastic K J c for the irradiated weld gave almost the same 
brittle fracture transition curve as the reference curve + ARTNDT defined by the Charpy-
V shift 

Analysed accidents 

The following classes of accidents were analysed: 

1 Large LOCA without pressure 

2 Intermediate LOCA with pressure load 

3 Pressurizing of a cold pressure vessel. Consequently the pressure vessel is not 
allowed to be in a pressure tight condition at temperatures below 60 °C 

4 Thermal shock on the out surface of the pressure vessel 

The last case was also combined with the two first cases. 

All the estimated accidents are severe. Large LOCA has the lowest safety factor as 
concerns brittle fracture initiation but in this case the crack will arrest in the vessel wall. 
In all cases weld is the critical position for the crack but vertical base metal cracks need 
also careful consideration because pressure load in vertical cracks is appr. double compared 
to horizontal cracks. 



'h'Zl 

Conclusions 

The current licence for the pressure vessel is valid until the summer outage 1996 and holds 
a requirement to improve pressure vessel properties by this date. The company will be 
prepared to perform annealing during this outage. According to the current W E R 
annealing procedure only the weld seam and its surrounding will be annealed. Base metal 
in the centre of the core is not remedied in the annealing and it might become a critical 
material later on. Multiple annealings of weld could be required in plant life extension. 

PREPARATION FOR THE ANNEALING OPTION 

Since the first surveillance results it was cle v that pressure vessel embrittlement is a key 
question for the power plant. The implemented new research programmes focused on 
consistent and improved neutron dose estimations and on creation of annealing and re-
embrittlement material databases. It was also clear that even if the original surveillance 
programmes were extensive, the availability of surveillance material with proper irradiation 
parameters (dose and dose rate) is limited. All the new material data should be measured 
with reconstituted specimens. 

Since the weld material used in the original surveillance programs is not made of the same 
melt as the core region weld, the use of the tailored material for continued surveillance 
programmes is acceptable and under consideration by the utility. 

Neutrpn dose estimations 

Immediately after the installation of dummies the neutron fluence distribution on the vessel 
inner and outer surface was experimentally measured and compared to calculated fluence 
values. Altogether 23 material samples were ground from the vessel inner surface and 
about 15 samples from the outer surface in horizontal and vertical lines. On the outer 
surface, dosimetry wires were spanned in horizontal and vertical lines. The consistency with 
fluence calculations and measurements is good [4]. 

The neutron dose estimates for irradiated surveillance specimens have been performed 
during many years with different assumptions. A revised neutron dose estimation was 
calculated for all surveillance specimens using revised and better validated neutron spectra, 
a standard nuclear data estimation procedure and taking into account changes in the axial 
flux during the operation cycle [5]. The revised dose values might contain correlated 
systematic errors and constant bias factors, but because surveillance specimens are used for 
material data these errors are assumed to be less important. 

Specimen reconstitutipn 

All material data on annealing and re-embrittlement behaviour should be produced with 
reconstitution technique by using broken specimen halves. Our reconstitution technique 
consists of a rapid arc welding procedure and a subsequent specimen finish with an electric 
discharge machine as described in [6], The temperature transient in the irradiated material 
is reduced to a minimum by using a short weld pulse (70 ms), low weld energy (1.2 kJ) and 
copper cooling clamps around the active material. Within about 3 mm from the weld 
surface the irradiation temperature of the material is exceeded due to welding and hence 
this material is in danger to be annealed. 
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The amount of weld material available for new specimens is further limited by the 
transverse orientation of the weld specimens as shown in Figure 3. Weld specimens coded 
with I and E have been used only for new precracked specimens due to limited amount of 
weld in the specimens. The HAZ specimens are a good source of relevant weld material 
because the length of the weld is about 27 mm. 

M E fl r 

HITSI 

Figure 3. Weld specimens in the weld seam. 

Until now only one new Charpy-V specimen has been made from a broken specimen half 
in order to reproduce reliably the upper shelf values. Two new Charpy-size precracked 
specimens are made from one broken specimen half as shown in Figure 4. 

H-*H 27.5 
Y 

Figure 4. Crack positions in a reconstituted precracked specimen, 1) original V-notch or 
crack, 2) crack position of the first reconstituted specimen, 3) crack position of the second 
reconstituted specimen. 

Irradiation studies with Loviisa materials 

Because annealing is an urgent task for the plant, the correct annealing parameters, i.e. 
temperature and time should be defined quickly. However, a good recovery behaviour is 
not sufficient but also knowledge about re-embrittlement rate and about possible 
interdependencies between the annealing parameters and re-embrittlement sensitivity is 
needed. 
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Since the amount of irradiated material is limited the research programmes should be 
carefully balanced. Charpy-V and precracked Charpy-size specimens are used when data 
planned to be used for licensing is produced. The effect of annealing parameter variations 
are studied with subsize Charpy specimens. Subsize Charpy specimens utilize the material 
very effectively as shown in Figure 5. Twelve homogeneous subsize Charpy specimens can 
be made from one broken ISO Charpy specimen. It is also easy to reconstitute new 
specimens from the broken subsize specimens resulting to 36 subsize specimen tests from 
one broken ISO Charpy specimen provided that the original material is homogeneous. 

On the other hand, correlations are "always approximative. Subsize specimen may give 
comparatively reliable Charpy-V information but hardly fracture toughness information. 
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Figure 5. Preparation of subsize Charpy specimens from an ISO Charpy specimen. If 
reconstitution is applied, 36 test values with subsize specimens can be produced with one 
broken ISO Charpy-V specimen. 

Specimens were always reconstituted after the annealing heat treatment or reirradiation in 
order to avoid uncertainties in the response of the reconstitution weld to these operations 
and to save irradiation space. 

The number of specimens in the implemented annealing and reirradiation studies are given 
in Table 3. Some of the specimens are still under reirradiation. 
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Table 3. Number of specimens in the implemented research programmes. Data in the 
unirradiated, irradiated, irradiated-annealed and irradiated-annealed-reirradiated conditions 
is available or will be available in near future. Annealing time 100 h except when stated. 

Material, 

annealing condition 

Specimens | Material, 

annealing condition Size Type Number | 

Lo-1 base, 
high dose 
450 °C 
475 °C 
500 °C 
low dose 
450 °C 

3x4 
3x4 
3x4 

3x4 

mini 
mini 
mini 

mini 

9 
12 
12 

6 

Lo-2 base 
475 °C 
475 °C 
450 °C 
475 °C 
500 °C 

10x10 
10x10 
3x4 
3x4 
3x4 

COD 
Ch-V 
mini 
mini 
mini 

12 
12 
12 
12 
12 

Lo-1 weld, 
high dose 
450 °C 
475 °C 
500 °C 

3x4 
3x4 
3x4 

mini 
mini 
mini 

12 
12 
12 

Lo-2 weld 
400 °C / 168 h 
450 °C / 168 h 
475 °C 
400 °C / 168 h 
450 °C / 168 h 
475 °C 
475 °C 

10x10 
10x10 
10x10 
10x10 
10x10 
10x10 
3x4 

COD 
COD 
COD 
Ch-V 
Ch-V 
Ch-V 
mini 

12 
12 
12 
12 
12 
12 
12 

Size - Specimen cross-section 
Mini - Subsize Charpy-V specimen 
COD - Precracked Charpy-size specimen for K J c measurement 

Supporting research programmes 

Due to the high surveillance lead factor and the reduction of the core the role of fluence 
rate in embrittlement is an essential issue for WER-440 units. This problem is studied in 
a Russian-Finnish joint programme. The programme is described in Table 4. The 
specimens have been irradiated but have not yet been tested. 
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Table 4. The Russian-Finnish Fluence rate programme. 

Material Two weld materials 
Two base metal materials 

Specimen types Charpy-V 
Precracked Charpy 
RCT or CT-OST 

1 Fluence rates Reduced core, Loviisa-2 
Full core, KOLA 
Material test reactor, WER-M 

1 Target fluences* l.Qx, 25x, 4.Gx and 7.0xl01 9 n/cm2, E > 1 MeV 

* Approximate values 

Finland participated in the IAEA Co-ordinated Research Programme on "Optimization of 
Reactor Pressure Vessel Surveillance Programmes and Their Analyses", Phase 3. These 
specimens were irradiated in the surveillance positions of Loviisa reactors simultaneously 
with Loviisa material and hence they serve as correlation monitor for Loviisa surveillance. 
The total number of irradiated specimens made from JRQ, FFA and JFL materials is given 
in Table 5. 

Table 5. Total number of IAEA CRP-3 specimens irradiated in Loviisa. 

Specimen type Number | 

CVN 54 

CVNoc 93 

RCT 56 

Tensile 18 

Other main Furnish studies which support Loviisa plants are the following: 

Characterization of a large trepan from Novovoronesh-1 by 297 reconstituted 
Charpy-size specimens. 

Characterization of the cladding of the Novovoronesh trepan. 

Study of small trepans taken from Greifswald NPP 1 and 2 before and after 
annealing by using subsize Charpy-V specimens. 

Characterization of Loviisa-1 base metal trepan samples taken from vessel 
outer wall. Subsize Charpy-V specimens were used. 



lit 
Surveillance for vessel annealing antj PT RX 

The annealed material is not the same as the original unirradiated material and hence 
reirradiation surveillance specimens should be installed in the reactor. However, the 
irradiation parameters in the surveillance position are stable, and the annealed specimens 
can be installed in the reactor also before annealing. In Loviisa new capsules with annealed 
material will be installed during the next few revisions. These capsules are considered also 
as PLEX surveillance because multiple annealings should not be excluded. 

Loviisa weld material is running out and hence plans exist to manufacture tailored 
material for Loviisa weld. 

In a longer run when plant life continuation or extension is near to expire, it is important 
to choose one generic plant among WER-40 units which provides plenty of material for 
experimental verification of the evaluated safety margins. Greifswald plants or any other 
closed WER-440 could serve this function. 

Conclusions 

The Loviisa plants have extensive surveillance programmes and they have had time to be 
prepared for a possible annealing. The research programmes which have been implemented 
will provide sufficient data on annealing and reirradiation behaviour for licensing the 
approaching annealing operation. In the long term the database is narrow and more 
material surveillance with 'ong low fluence rate irradiations and multiple annealing and 
reirradiation cycles is needed. 

REFERENCES 

1 M. Valo, B. Bars and R. Ahlstrand, Irradiation Embrittlement of Some 
15Kh2MFA Pressure Vessel Steels Under Varying Neutron Fluence Rates, 
Working Material, Irradiation Embrittlement and Optimization of Annealing, 
Proceedings of a Specialists Meeting organized by the International Atomic 
Energy Agency and held in Paris, 20 - 23 September 1993, IWG-LMNPP 
93/03, Vienna 1993, pp. 109 -126. 

2 R. Ahlstrand, M. Valo, Experience of Irradiation Embrittlement in the Loviisa 
Reactor Pressure Vessels, 16th MPA-Seminar, Oct. 4 - 5, 1990. 

3 R. Ahlstrand, Flux Reduction and Other Mitigation Measures for RPVS, 
NEA/CSNI Workshop on the Safety Assessment of Reactor Pressure Vessels, 
8th -9th October 1990, Espoo, Finland. 

4 LB. Bars, T.O. Serin, and F. Wasastjerna, Experimental and Theoretical 
Neutron Flux Estimations at the Surveillance Chain, at the Pressure Vessel 
Inner Surface and in the Cavity of a WER-440 PWR, Reactor Dosimetry: 
Methods, Applications, and Standardization, ASTM STP 1001, Harry Farrar 
IV and E.P. Iippincott, Eds., American Society for Testing and Materials, 
Philadelphia, 1989, pp. 121 -129. 



5 LB. Bars and T. SenSn, Revision of Neutron Dosimetry for the Loviisa WER-
440 Reactors: Principles and Applications, Reactor Dosimetry ASTM STP 
1228, Harry Farrar IV, E. Parvin Lippincott, John G. Williams and David W. 
Vehar, Eds., American Society for Testing and Materials, Philadelphia, 1994. 

6 M. Valo, R. Ahlstrand, Application of Reconstitution Welding Technique for 
Studying Base Metal of Novovoronesh Unit-1 Trepan Sample. Symposium on 
Small Specimen Test Technique and Their Application to Nuclear Reactor 
Vessel Thermal Annealing and Plant Life Extension. ASTM STP 1204, Ed. 
American Society for Testing and Materials, Philadelphia, 1993, pp. 440 - 456. 



SUMMARIES, 

CONCLUSIONS 

AND 

RECOMMENDATIONS 



3>U\ 

Summary of Session I: "Material Aspects" 

Mr. Lipar presented the paper "Reactor Pressure Vessel Embrittlement and 
Annealing from the Slovak Nuclear Regulatory Authority point of View": 

the base information on main weaknesses of Bohunice V-l RPVs, types 
of RPV ISI, reasons for Unit 1 RPV annealing; 

the information about main events (milestones) concerned with RPV 
embrittlement and annealing; 

content of the decisions issued by Nuclear Regulatory Authority 
concerned with RPV integrity, embrittlement and annealing. 

Mr. Kryukov presented the paper "Investigation of the Templates Cut out of 
Operating RPV's before and after Annealing". The investigation of templates cut out 
of Novovoronezh Units 2, 3, 4 and Kozloduy Unit 2 shows the good agreement 
between experimental and calculated values of Tk shift after irradiation and 
annealing. The recovery of Tk due to annealing is at least 80%. Correlation between 
the subsize and standard Charpy specimens was established. 

The established relations based on surveillance samples can be used to 
determine the degree of radiation embrittlement and the effect of annealing of 
specific RPV. This is particularly important for clad vessels to avoid the need for 
sampling. 

Mr. Brumovsky presented "Material Properties of Bohunice 1 and 2 RPVs 
Material before and after Annealing". Initial material properties were chosen from 
conservative ones from data provided by the manufacturer. Wide experimental 
programme on irradiation and annealing of "Quasi-archive" materials (up to 2 cycles 
I+A), Tailored" weld metal (up to 3 cycles I + A) was performed in a host V-213 type 
reactor as well as in experimental reactor. 

Main results were: 

annealing efficiency is quite high (more than about 90%) and residual 
transition temperature shifts were lower than 30°C; 

re-embrittlement rate was found to be of the lateral (horizontal) shift 
variety; 

no-difference between A + RI behaviour of Charpy impact and static 
fracture toughness transition temperatures was found. 

Mr. Duchac presented the pa, r "Present Status of Bohunice 1 and 2 NPP 
Units": 

based on the Nuclear Regulatory Authority of Slovak Republic activities 
dealing with the backfitting of the WWER 440/V 230 units, Bohunice 
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NPP V-l has become leading plant with respect to safety improvement 
among others 230's; 

implementation of all backfitting measures is planned to be carried out 
within plant outages in 1995-1997 years. 

Mr. Cvitanovic presented the paper "Boat Sampling". In order to assure 
reactor vessel material specimens for reliable safety assessment and for residual 
lifetime assessment a boat sampling from belt line region and weld No. 4 at the 
Kozloduy NPP, Unit 2 has been performed. Based on gained experience the essential 
boat sampling activities were described: 

on-site boat sampling process optimization and qualification; 
boat sampling of base material and weld material 
problems accompanied with reactor vessel dimension varieties 
video system implementation 
stability of reactor vessel ISI tool as well as other parameters of the 
importance to this process. 

Mr. Ahlstrand presented the paper "Evaluation of Material properties of the 
RPV of Greifswald NPP Unit 2 before and after Annealing": 

the temperature profiles along the vessel height probably predict too 
high annealing temperatures at the middle core location; 

the use of subsize specimens is an excellent tool for determining the 
transition temperature of RPV samples; 

some improvements especially concerning the correlation need to be 
realized; 

the neutron fluence of the samples has not yet been determined due to 
lack of operation statistics; 

the base metal in the core region of the RPV of Unit 2 is in excellent 
condition for further operation. 

Mr. Kohopaa presented "Evaluation of the Radiation Damage of the Reactor 
Pressure Vessel at Loviisa 1 Using Samples Taken from the Outer Surface". 

Based on the experimental results, the following conclusions were drawn: 

the base material used in the Loviisa 1 surveillance programme 
represents the actual pressure vessel base material in the core region 
well; 

the neutron fluence of the pressure vessel outer surface and the 
radiation induced transition temperature shift of the base material can 
be accurately predicted using currently available estimates based on the 



results of the surveillance programme; 

the operation life of the Loviisa 1 RPV is not limited by irradiation 
embrittlement of the base material. 

Main Conclusion: 

Materia] aspects of irradiation embrittlement recovery are very wew known for 
the RPVs WWER 440/230, as well as optimal annealing conditions. Some further 
effort is required in the evaluation of re-embrittlement trends. 

The paper "Radiation Embrittlement and Validation of Temperature and Time 
of WWER-440/230 Reactor Pressure Vessel Annealing" was presented by Mr. A. 
Kryukov. 

The following problems were addressed: 

Higher IE of the weld with high levels of P and Cu. 

Lack of surveillance program. 

Lack of precise data for P and Cu content. 

The aim is to: 

Mitigate the IE by thermoannealing. 

Take into account the influence of factors effecting recovery. 

Estimate degree and rate of embrittlement. 

The paper 'Testing of Irradiated and Annealed 15Kh2MFA Materials" was 
presented by Mr. F. Gillemot. 

A set of surveillance samples made from 15Kh2MFA material had been 
studied in the laboratory of AEKI. Miniature notched tensile specimens were cut 
from some remnants of irradiated and broken surveillance charpy remnants. The 
Absorbed Specific Fracture Energy (ASFE) was measured on the specimens. 

A cutting machine and testing technique were elaborated for the 
measurements. The second part of the Charpy remnants was annealed at 460 and 
490°C for 6-8 hours. The specimens were tested similarly and the results compared. 

Mr. Nikolaev presented "Annealing Recovery of the Radiation Damage of 
WWER-440 Vessel Materials". Material problems of RPV annealing were discussed: 

fundamental aspects; 

heat treatment basis; 
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re-embrittlement predictions; 
validation (hardness, subsize specimens) 
initial properties (old WWER-440 only) 

cladding metal properties. 



Summary of Session II: "Annealing Techniques" 

Mr. Dragunov presented the paper "Practical Experience of Annealing to 
Extend Reactor Vessel Lifetime". It was shown that the technology of annealing was 
developed and implemented, 12~RPVs have been annealed. Duration of annealing 
operation is about 20 days, annealing technology is adapted to NPPs with different 
structures of cavity volume equipment and to NPPs with different structures of RPV. 
Large amounts of information on measurement of temperature in RPV and in 
structures, surrounding RPV was accumulated. Large scope of tests of materials cut 
out from vessels, making of database by test results allows the substantiation of the 
the degree of recovery of the properties of irradiated metal of the cladded vessels 
without assembly - disassembly and transportation of annealing facility. Experience of 
performance of 12 annealings of reactor vessels demonstrate the reliability of the 
equipment and technology. 

Mr. Brynda presented "Participation of the SKODA, Nuclear Machinery Plzen, 
Ltd. at Recovery Annealing of the RPVs Reactor WWER 440 V-l Bohunice NPP": 

presented history of annealing procedure development for RPV 
material type V-230 WWER 440 reactor; 

design, fabrication, technical data and possibilities of annealing 
equipment; 

the apparatus for hardness measurement and sampling was developed 
and manufactured by SKODA Plzen for determination of chemical 
composition of real weld No.4 in the beltline RPV zone. 

Mr. Brumovsky presented "Mentation Testing of RPV Overlay Cladding before 
and after RPV Annealing": 

A method was used to determine hardness, yield strength, ultimate 
tensile strength and uniform elongation of cladding during ISI of RPV. 

Results received are: 

in good agreement with fluence distribution in RPV; 
degradation effect was found (in agreement with irradiation 
tests); 
positive effect of annealing to restore initial properties of 
cladding. 

Mr. Ahlstrand presented "Proposal on a Comprehensive Surveillance 
Programme for Supporting RPV Operation after Annealing". The aim is to start a 
"Round Robin" programme for utilities involved and other interested organizations 
and institutes, the proposal includes manufacturing of a representative weldseam with 
a well established Cu and P content and Tk 0. The proposal would include all together 
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3 steps of irradiations with annealing in between, the proposal would probably need 
support from different organizations (AMES, IAEA, WANO, etc.). The preliminary 
proposal has been sent to representatives of these organizations. 

Mr. Kupca presented "Chemical Composition Determination of Bohunice 1 
and 2 RPVs and Hardness Measurements of RPVs Material": 

the base information about the sampling and hardness measurement of 
the RPVs base and weld metals around the critical weld No.4; 

conclusions from the dosimetry measurement, chemical composition 
analysis, hardness measurement and annealing procedure efficiency 
evaluations; 

as the main goal of the annealing procedure, realization was achieved 
the recovery of RPVs material properties between 95-100%. 

Mr. Repka presented "Management of the Bohunice RPVs Annealing 
Procedure". The following steps were described in detail: 

the preparation measures 
the annealing procedure realization schedule 
safety management. 

Finally, the programmes of annealing of both RPVs including the dosimetry 
measurements were discussed and evaluated. 

Main Conclusions 

More data is needed to establish the effects of high phosphorus on 
embrittlement, annealing and re-embrittlement. Very little data exists at levels in the 
range of 0.04 to 0.05 resulting in a concern that predictions are based primarily on 
extrapolating data on materials with lower values. 

Mr. Ahlstrand, IVO International Ltd., proposed a cooperative comprehensive 
surveillance programme for post annealing reactor operations including three etaps 
irradiation with intermediate anneals. 

A report, not on the agenda, was presented by Mr. Brumovsky on the effects 
of irradiation and annealing on RPV stainless steel overlay cladding. Degradation 
measured was as expected from irradiation tests. Annealing resulted in restoring 
initial properties. 
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Summary of Session III: "PTS Analysis. Scenario and Integrity Assessment" 

Mr. Boucau presented "A Powerful Methodology for Reactor Vessel PTS 
Analysis". A methodology that couples probabilistic risk assessment techniques in 
combination with traditional deterministic methods, can be used to address reactor 
vessel integrity in an integrated manner.-This allows a quantification of the vessel 
failure risk and the identification of the dominating transient sequences. This 
approach is quite efficient for selecting the modifications in vessel and plant system 
design that can reduce the PTS risk better. 

Messrs Boucau, Recinella and Swamy presented "Three Dimensional 
Pressurized Thermal Shock analysis of a Typical Reactor Vessel". Data from various 
experiments indicate localized cool-down during loop flow stagnation events with 
simultaneous cold safety injection. Analytical results of a small break LOCA with a 
3D thermal hydraulic code confirm a strong thermal stratification in the reactor 
pressure vessel (RPV) down-comer and cold leg. 

This leads to an azimuthal and axial distribution of the RPV metal 
temperatures and stresses. Furthermore due to neutron flux (fluence) azimuthal and 
axiol distribution, some distribution exists for Tk or RT N D T . Since fracture instability 
is determined by both, the stress intensity factor K, (stress, flaw) and the fracture 
toughness K I C (Tk, RT N D T , temp.), it is obvious that the determination of the most 
critical location requires a full 3D analysis as presented here. 

Mr. Bazso presented "Analysis of the NPP V-l Primary Circuit Fast Cool-
down". The results of thermal-hydraulic calculations of the NPP V-l primary circuit 
fast cool-down during small leakage through openings of diameter 20, 32 and 50 mm 
as well as analyses of cool-down following the steam pipeline break at nominal and 
zero reactor power are given in this paper. Loading conditions resulting from 
transients with specific scenario can be used as boundary conditions for vessel 
integrity assessment. The most severe conditions have been observed for the case 
with break size of 20mm in the cold leg of primary circuit. 

Messrs Brumovsky and Cepcek presented "Integrity Assessment of RPVs Unit 
1 and 2 of NPP Bohunice". The paper showed results from residual lifetime integrity 
assessment before and after annealing. 

Mr. Cepcek presented results of "Reactor Pressure Vessels ISI". A large scope 
of inspection of reactor pressure vessels, Bohunice 1 and 2 has been performed 
before and after the annealing. The main objective of this decision was to find out 
the explanation of eventually defects detected after the annealing. The ISI results 
showed no negative influence of the annealing process to the RPVs integrity. 

It was concluded that annealings were successful. To improve reliability of an 
assessment, harmonization of the Soviet code used with PWR approach is 
recommended. The following activities are of the highest importance: 

to create and collect necessary material data (RT N D 1 , K IA); 
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to compare both approaches - initiation and arrest; 

to compare NDE testing and qualification procedures. 

Mr. D. Yerak presented "Experience of Reactor Pressure Vessel Annealing in 
Novovoronezh NPP". First "dry" annealing of the reactor pressure vessel was 
performed in 1987 in Unit 3, put into operation in 1971, of Novovoronezh NPP (NV 
NPP). 

There were works performed on the following points: 

the reactor pressure vessel non-destructive inspection (before and after 
the process); 

non-destructive inspection of the rate of metal mechanical properties 
restoration; 

actual quantity definition for phosphoric and cupreous impurities in 
metal of weld; 

thermal monitoring of the reactor pressure vessel and the reactor 
internals when annealing. 

Positive results of the first annealing allowed to perform its industrial 
implementation. 

The paper "Experiences in RPV Heat Treatments" was presented by Mr. P. 
Veron. The experience in RPV manufacturing heat treatments (600°C) and try to 
extrapolate its significancy into annealings at lower temperatures (425-475°C) was 
reviewed. As compared with manufacturing heat treatments, the lower temperatures 
of annealing for the recovery of irradiation embrittlement together with the absence 
of geometrical discontinuities at the RPV core allows to rule out the possibility of 
cracking phenomena like those observed in past RPV manufacturing. 

Ms. Kamenova presented "WWER 440/230 Reactor Pressure Vessel Neutron 
Induced Embrittlement Assessment of Kozloduy NPP". An overview of activities for 
mitigation of the rate of IE, restoring the mechanical properties and restricting the 
possibility for thermal shock performed in NPP Kozloduy is made. The new data and 
the available one describing the present status of RPV metal are classified and 
discussed. The Tk f trend curves are calculated using the design and the calculated 
fluence and conservative or lateral re-embrittlement. 

WANO point of view on "Vessel Integrity of WWER 440" was presented by 
Mr, Crochon, vessel integrity (which is a part of primary circuit integrity) is a major 
concern for WANO. With respect to the international programmes, WANO 
recommends coherent programmes covering all units with the same type of vessel i.e. 
unclad vessel, and clad vessels. 
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Concerning the technical aspect of the problem, WANO recommends a 

comprehensive safety approach enabling a confident determination of plant residual 
lifetime. 

Mr. M. Valo presented "Annealing Option of Loviisa Unit-1". Irradiation 
embrittlement of the pressure vessel was found to be higher than expected in the 
Loviisa units after a few years of operation. The adaptive measures taken by the 
utility and the implemented new research programmes to support the annealing 
option are described. The measures undertaken to reduce the neutron dose to the 
pressure vessel and to soften transients in thermal shock have been described. The 
amount of surveillance material, especially weld, is limited and techniques to utilize it 
effectively in annealing and re-irradiation studies are described. The utility is 
prepared to anneal Unit-1 in 1996. 

Main Conclusions 

Two pressure vessels of the Bohunice NPP have been successfully annealed, 
the reactor pressure vessel (RPV) of unit 1 can be operated without any restrictions 
up to the design lifetime and the RPV of unit 2 till 2002. It is necessary to cut off 
solid specimens from the outer surface of the vessel to establish the chemical 
composition. 

It showed that the requirements of the applied ISI Guide calling for a 100% 
inspection every 4 years are acceptable and well beyond current international practice 
for inspection. ISI results showed no negative influence of the annealing process to 
the RPVs integrity. 

The result showed that measures of small re-construction V-1 have 
considerably increased resistance of V-1 units against simple failure, especially on the 
side of feedwater. Quantity of supplied cold water will not cause temperature waves 
at the RPV inlet. Filling the cold water from ECCS leads to the unfavourable effect 
of low coolant temperature on the RPV wall during loss of coolant. 

temperature waves with amplitude more than 100°C at the RPV inlet 
nozzles; 

creation of the cold tongues on the reactor core support cylinder; 

long-term primary circuit cool-down with the possibility of non
conformance with the permissible values of pressure and temperature; 

Calculational results of flow rates/temperatures and pressures in the primary 
circuit can be used as boundary conditions for evaluation of unfavourable effects of 
cold water on the RPV. 
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Integrity from the WANO Point of View 

11:30 Annealing as an Option for Plant Life Extension for LOVIISA M. Valo 
Unit 1 

Technical Review Chairman - D. Goodison 
Scientific Secretary - R. Havel 

11:50 Scope of Working Groups: A - Baseline Information 
B - Embrittlement 
C - Annealing and Re-embrittlement 
D - Integrity and Residual Lifetime Assessment 

12:00 LUNCH BREAK 

13:30 Working Groups: Discussion 

18:30 Adjourn 

Thursday 31 March 

08:30 Working Groups: Preparation of Report 

12:00 LUNCH BREAK 

13:30 Presentation of Working Groups Reports Discussion 

15:40 COFFEE BREAK 

16:00 Discussion of Meeting Conclusions 

18:00 Adjourn 
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Appendix 2 

INTERNATIONAL WORKSHOP ON 

WWER 440 REACTOR PRESSURE VESSEL 

EMBRITTLEMENT AND ANNEALING 

ZAVAZNA PORUBA, SLOVAK REPUBLIC 

29-31 MARCH 1994 
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INTERNATIONAL WORKSHOP 
on 

WWER-440 Reactor Pressure Vessel 
Embrittlement and Annealing 
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Bulgaria 
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2568 Rez 
Czech Republic 



Mr. Jifi Brynda 
Skoda Nuclear Engineering Plzen 
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31606 Plzen 
Czech Republic 
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Skoda Nuclear Engineering Plzen 
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31606 Plzen 
Czech Republic 

Mr. Karel Pochman 
Dukovany NPP 
Czech Republic 

Mr. Jaroslav Hulin 
Dukovany NPP 
Czech Republic 

Mr. Petr Novosad 
NRI 
2568 Rez 
Czech Republic 
Mr. Jan Sibra 
RTN Plzen 
Czech Republic 

Mr. Ralf Ahlstrand 
IVO International Ltd 
010 19 Ivo 
Finland 

Mr. Heikki Jokineva 
Imatran Voima Oy 
Loviisa NPS 
07900 Loviisa 
Finland 

Mr. Jyrki Kohopaa" 
IVO International Ltd 
010 19 Ivo 
Finland 
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Mr. Reijo Peiii 
VTT Manufactoring Technology 
P.O.Box 1704 
FIN-02044 VTT 
Finland 

Mr. Matti Valo 
VTT Manufacturing Technolgy 
P.O.B. 17042 
FIN-02044 VTT 
Finland 

Mr. Jean-Piere Crochon 
EDF - Engineering Division 
Lyon Centre 
35 rue Louis Geurin BP 1212 
6%11 Villeurbanne Cedex 
France 

Mr. Dominique Miannay 
Institute de Protection Desurete Nucleaire 
60-68, Avenue du General Leclerc 
Boite Postale no 6 
92265 Fontenay aux Roses CEDEX 
France 

Mr. Claude Rieg 
EDF - Engineering Division 
Lyon Centre 
35 rue Louise Guerins BP 1212 
F-69611 Villeurbanne" CEDEX 
France 

Mr. Christof Leitz 
Siemens AG, KWU NT 13 
POB 3220 
D-91050 Erlangen 
Germany 

Mr. Ferenc Gillemot 
Atomic Energy Research Institute 
H-1525 Budapest 114 POB 49 
Hungary 
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Mr. Ferenc Oszvald 
Paks NPP 
H-7031 Paks, POB 71 
Hungary 

Mr. Gabor Uri 
Atomic Energy Research Institute 
POB 49 
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Mr. Juri Dragunov 
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Russia 
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Russia 

Mr. Alexander Kryukov 
123282 Kurchatov Sq. 1 
Moscow 
Russia 

Mr. Sergey Morozov 
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Russia 

Mr. Vladimir Nikolaev 
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193167 St. Petersburg 
Russia 

Mr. Valerij Rybin 
Crism "Prometey" 
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Russia 

Mr. L. Sapojnikov 
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Russia 
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Russia 
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Nuclear Power Plant Research Institute 
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