











Strain ageing effect is shown in the greater degree at low cycle fatigue. Experimental results
for weld metal (MAW electrode 48N-6) are presented in Figure 11-4 at two values of strain
amplitude (shaded area). Here is given the dashed line. It is calculation results using Coffin-

Langer equation on standard tensile properties of this weld metal.

Fig. 11-4. Temperature dependence of strain ageing effect at various value of €, for
weld metal produced by MAW (electrode 48N-6)
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12. RADIATION DAMAGE

As shown above, the radiation embrittlement has a dominating influence on the
degradation of pressure vessel material (base metal and weld) properties. In estimations of

RPV brittle fracture resistance Tk to the EOL the DBTT shift due to neutron irradiation ATk

has the maximum value. It is defined on the formula

ATy =Ar (F,/F)"?,

where Aris the coefficient of irradiation embrittlement; F, - neutron fluence with E=0.5 MeV,
neutr/m*; F,=10* neutr/m>. The formula is true for the equipment at 10**<F,<3x10**
neutr/m”.

The coefficient of radiation embrittlement depends on irradiation temperature, material
alloying composition, content of harmful impurities (P and Cu). According in Russian Code
[4] the Ar values are defined from the correlation's AF=800(P+0.07Cu) at the irradiation
temperature 270°C, Ap=800(P+0.07Cu)+8 at the irradiation temperature 250°C, where P and
Cu - the content of phosphorus and copper in percent.

As was mentioned above, the service life of WWER-440 reactors is determined by
brittle fracture, and is limited by a circumferential weld. The DBTT of this weld equals to
150-200°C after 10-15 years of operation, thus making a further operation of reactor
impossible because of a danger of pressure vessel brittle fracture.

As this operation time is remarkably less than the design service life (30-40 years),
special measures were necessary, especially the annealing of this circumferential weld. This
procedure was successfully carried out on 15 reactors in Russia, Armenia, Bulgaria and
Slovak Republic.

Since in the middle of nineties several Russian organizations have been performing the
work on the program of the validity of a possibility to extend lifetime of WWER-440/230
RPV units 3 and 4 Novo-Voronezh NPP and units 1 and 2 Kola NPP. According to this
program the samples were cut out from the wall inner surface metal in the region of the
maximum fluence attack on core zone shell and in the region of circumferential weld. Sub-
sized Charpy specimens having dimensions of 3x4x27 and 5x5x27.5 mm were made from
samples and tested on impact strength. This permitted to determine DBTT of base metal and
weld metal after a prolonged operation. In the conduction of works the main attention was
paid to material brittle fracture resistance to the end of designed service life and also after
supplementary 10 and 15 years of operation. Taking into account that these RPV were

subjected to intermediate recovering annealing, the assessment of radiation embrittlement
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kinetics of materials with consideration for this procedure was also carried out. The program
also provides the use of alternative approaches to metal brittle fracture resistance assessment,
based directly on fracture toughness tests of specimens having small dimensions (5x10x27.5
mm), fabricated from samples after their prolonged operation. These investigations are still
going on and the final conclusion has not yet been drawn. The preliminary results show that
these pressure vessels can be under operation above the designed service life and their brittle

fracture resistance will be provided.
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Fig. 12-10. Dependence of shift ATk from fluence for 15Cr2MoVA and SA-533 steel at
temperature 290 °C.
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Fig. 12-11. Dose dependence of transition temperature shift of 15X2M®A steel and it’s welds
with different value of chemical factor (K=(P+0,07Cu)).
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IRRADIATION EMBRITTLEMENT OF 15Cr3Mol1V STEEL IN
XI‘EPENDENCE AT IRRADIATION TEMPERATURE 270+5°C
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Fig.3. Irradiation temperature effect on irradiation embrittlement coefficient Ar of
Cr-Mo-V steel with various content of harmful impurities.

O — P=0.026%, Sb<0.001%, Sn<0.03%,;
® — P=0.005%, Sb<0.02, Sn<0.003%;

0 — P=0.005%, Sb<0.001%, Sn<0.003%;
V — P=0.005%, Sb<0.001, Sn<0.03%.
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Practically all surveillance data from standard surveillance programmes of WWER-
440/V-213 type reactors were summarized in the IAEA database. These data were analyzed to
construct trend curves for irradiation embrittlement — fluence dependence of transition

temperature shifts determined by Charpy impact tests. The following formulae were obtained:

Metal Formula SD Number

AT =[884+ P+51.3+ Cu]+ ®°*

Weld metal* 020
=800#(1.11% P+ 0.064# Cu)* P~

SD=226°C (8.14)

Base metal®* | AT=837*F0.43 SD=21.7°C (8.25)

-2

. - n pr
* Formulae are valid for neutron fluences in the range 10 <F <4 x 10" m
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