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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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Fig.2: 
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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). 


