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INTRODUCTION

�IRRADIATION EMBRITTLEMENT IS THE MOST 
PRONOUNCED AGEING MECHANISM PRACTICALLY 
IN ALL RPVs INCLUDING WWER

�IRRADIATION EMBRITTLEMENT MECHANISM IS 
PRACTICALLY THE DETERMINING DAMAGE 
MECHANISM FOR RPV SAFETY, INTEGRITY AND 
LIFETIME

�IRRADIATION EMBRITTLEMENT PLAYS AN 
IMPORTANT ROLE FOR VVER RPVs BECAUSE OF 
THEIR VERY LARGE NEUTRON FLUENCES
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F (En � 0.5 MeV)
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INTRODUCTION

IN PRINCIPLE, ALL SURVEILLANCE SPECIMEN PROGRAMMES 
SHOULD, WITH MAXIMUM POSSIBLE RELIABILITY, TO 
MONITOR CHANGES IN RPV MATERIALS PROPERTIES IN 
DEPENDENCE OF OPERATION TIME.
DIFFERENT TYPES OF REACTORS USED DIFFERENT 
DESIGNS AND SCHEMES OF SURVEILLANCE SPECIMEN 
PROGRAMMES BUT ALL MUST FULFIL THE 
REQUIREMENTS.

RESULTS FROM SURVEILLANCE PROGRAMMES ARE 
ANALYSED AND SUMMARIZED INTO SO-CALLED 
„IRRADIATION EMBRITTLEMENT TREND CURVES“ THAT 
ARE USED FOR RPV INTEGRITY EVALUATION AS WELL AS 
LIFETIME PREDICTION
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OBJECTIVES FOR VVER

��EmbrittlementEmbrittlement trend trend curvescurves are are importantimportant forfor::
–– WWERWWER--440/V440/V--230 230 RPVsRPVs withoutwithout surveillancesurveillance

specimen specimen programmesprogrammes
–– WWERWWER--440/V440/V--213 213 RPVsRPVs forfor potentialpotential lifelife

extensionextension
–– WWERWWER--1000/V1000/V--320 320 RPVsRPVs withwith Standard Standard 

surveillancesurveillance programmesprogrammes forfor comparisoncomparison/ / 
validationvalidation ofof resultsresults andand lifelife approvalapproval/ / 
determinationdetermination
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Generation 1 Generation 2

VVER - 440/230 VVER - 440/213 VVER - 1000

Up to 0,22%Up to 0,22%Up to 0,22% < 0,08%

Up to 0,048%Up to 0,048%Up to 0,048% Up to 0,027%Up to 0,027%UtUp to 0,027%Up to 0,027% < 0,012%

< 0,3% 1,2 - 1,9%1,2 - 1,9%1,2 - 1,9%

Up to 0,22%Up to 0,22%Up to 0,22%

< 0,3%

0,1 - 0,35% 0,1 - 0,35%
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15Kh2MFA, 15Kh2MFAA, Sv 10KhMFT
15Kh2NMFA, 15Kh2NMFAA, Sv 10Kh2N2MFA
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15Kh2MFA, 15Kh2MFAA, Sv 10KhMFT
15Kh2NMFA, 15Kh2NMFAA, Sv 10Kh2N2MFA

End of the designation:
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WWER-440 RPVs

�V-230 types are reactors without any surveillance
programme

�RPVs have limited possibility for sampling during
operation, before and after annealing and re-
embrittlement

�These RPVs possess only limited information on 
real chemical composition of weld metals (P, Cu) 
and initial transition temperature (Tk0)
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WWER-440 RPVs

� Normative predictive formula from „Standards for strength calculation
of components and piping in NPPs“ – PNAEG 7-002-86 gives the
following predictive formulae:

�TF = AF ( F . 10-22 )1/3

Tirr = 270 °C
WHERE �TF = TRANSITION TEMPERATURE SHIFT, °C

AF     = RADIATION EMBRITTLEMENT COEFFICIENT, °C
F     = NEUTRON FLUENCES WITH En>0.5 MeV, m-2

VALUE OF AF IS DEFINED AS:
AF = 18 °C for BM 15Kh2MFA

= 12 °C for BM 15Kh2MFAA
= 800(P+0.07 Cu) °C for WM 15Kh2MFA
= 15 °C for WM 15Kh2MFAA
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WWER-440 RPVs

�These formulae were based only on results from
irradiation in experimental testing reactors where
lead factor was by several orders (>20 - 100) higher
than required by standards, i.e. between 1 and 3 
(5) and it was supposed that they represent an
upper boundary of all experimental results

�Thus, it was recommended to open an IAEA Co-
ordinated research programme to correct such 
formulae on the basis of results from surveillance
specimens, only
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WWER-440 RPVs

IAEA CRP-6 “Evaluation of Radiation Damage of
WWER 440/V-213 Reactor Pressure Vessels using
Database on RPV Materials”

was opened to evaluate all possible data from VVER-
440/V-213 type units and to propose a reliable
predictive formula for irradiation embrittlement
based on surveillance data 

�Data were collected from all operated V-213 type 
RPVs – Russia, Ukraine, Finland, Hungary, 
Slovakia, Czech Republic

�Together from 15 units
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IAEA CRP-6

�Problems in creation of the database:
- Correct irradiation temperature
(only diamond type temperature monitors were used in 
Standard surveillance programmes, thus direct temperature
measurements with the use of thermocouples was realised
in Loviisa, Bohunice and Kola NPPs with positive results)

- Correct/comparable determination of neutron 
fluence on specimens
- Determination of transition temperature shifts
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IAEA CRP-6
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IAEA CRP-6

DETERMINATION OF TRANSITION TEMPERATURE 
SHIFTS

- DIFFERENT APPROACHES –
- PNAEG (DEPENDENCE ON YIELD STRENGTH) vs. 

ASTM (41 J = 50 J.cm-2)
- USE OF ASTM APPROACH GIVES SMALLER 

SCATTER OF DATA
- ASTM APPROACH APPLIED FOR IAEA 

PREDICTION FORMULAE 
- DIFFERENT SIZES OF SPECIMENS, i.e.

- STANDARD SIZE (10X10 mm) vs. SUBSIZE 
(5X5 or 3X4 mm)
- SMALLER SHIFTS FOR SUBSIZE 

SPECIMENS
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CORRELATION BETWEEN APPROACHES
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CORRELATION WITH SMALL SPECIMENS

�� OPEN ISSUEOPEN ISSUE

Fig.8.13. Correlation - T41J-T5x5
y = 1,1046x - 52,122

R2 = 0,6728

-120

-80

-40

0

40

80

120

-20 0 20 40 60 80 100 120 140

T41J, °C

T5
x5

, °
C

T5x5
sigma=+20°C
sigma=-20°C
sigma=+40°C
sigma=-40°C
T5x5=T41J-50°C
Lineární (T5x5)

KOROLEV, NUCL.ENGN.DESIGN, KOROLEV, NUCL.ENGN.DESIGN, 
20002000

Fig.8.14. Correlation - T41J-T3x4
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WWERWWER--440440
PREDICTION OF EMBRITTLEMENTPREDICTION OF EMBRITTLEMENT

••IAEA CRP IAEA CRP ““EvaluationEvaluation ofof RadiationRadiation DamageDamage
ofof WWER 440/VWWER 440/V--213 213 ReactorReactor PressurePressure

VesselsVessels usingusing DatabaseDatabase on RPV on RPV MaterialsMaterials””

NewNew developmentsdevelopments in IAE KI on in IAE KI on reducedreduced
databasedatabase (?)(?)

Metal Formula SD 

Weld metal* 
� � 29.03.51884 ������� CuPT  

= 29.0)064.011.1(800 ������ CuP  
SD=22.6 oC 

Base metal* �T = 8.37* F0.43 SD = 21.7 °C 
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WWER-440
PREDICTION OF EMBRITTLEMENT

� VALID FOR LEAD FACTORS:
- FULL CORE :

� 12-13 (BM) AND 16-18 (WM)
- REDUCED CORE :
� 3-4 (BM) AND 5-6 (WM)

– FLUX RATE STILL UNSOLVED,
WITHIN SURVEILLANCE PROGRAMMES PROBABLY 
WITHOUT ANY PRONOUNCED EFFECT

- FLUX RATE EFFECT COULD BE SOLVED BY 
SUPPLEMENTARY SURVEILLANCE PROGRAMMES IN 
POSITIONS WITH LOW LEAD FACTOR (CZECH 
REPUBLIC, SLOVAKIA)

- RESULTS FROM SURVEILLANCE SPECIMEN 
PROGRAMMES CAN BE DIRECTLY USED (e.g. MASTER 
CURVE)



26.11.2009 23

WWER-440/V-230
PREDICTION OF RE-EMBRITTLEMENT

�MOST OF WWER-440/V-230 RPVs WERE 
ANNEALED, 

�MOST OF THEM ARE NOW SHUT DOWN OR JUST 
BEFORE SHUT DOWN

�OPERATED ANNEALED RPVs WILL BE ONLY 
OUTSIDE EU

�SPECIAL CASE : LOVIISA / V-213 BUT RPV  OF 
V-230 TYPE AND QUALITY

�AND ALSO: ROVNO-1/ V-213 BUT RPV  OF V-230 
TYPE AND QUALITY

�RE-EMBRITTLEMENT WELL CONSERVATIVELY 
DESCRIBED BY „LATERAL SHIFT“ MODEL
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SAMPLES CUT OUT FROM OPERATED VVER RPVS

WWER-440/V-230 WITHOUT CLADDING
TAKING OUT SURFACE SAMPLES

- 1st stage - testing for chemical composition and
initial properties and primary radiation
embrittlement

- 2nd stage - testing for re-embrittlement rate
- 3rd stage - irradiation of annealed specimens in 

experimental reactor for re-
embrittlement prediction

WWER-440/V-230 – DECOMMISSIONED 
REACTORS

CUT OUT TREPANS
NVAES-2, NORD 1, 2, 3, 4 ?
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SAMPLES CUT OUT FROM OPERATED 
WWER RPVS

� OPEN ISSUES:
SAMPLES:
- ONLY SURFACE SAMPLES, NO INFORMATION ABOUT 

PROPERTIES THROUGH THICKNESS
- MOSTLY UNKNOWN INITIAL PROPERTIES
- CORRELATION BETWEEN STANDARD CHARPY AND 

SUBSIZE SPECIMENS – ABSOLUTE VALUES
- INFORMATION ABOUT CURRENT STATE, NO SHIFT
- FRACTURE TOUGHNESS TESTS – MASTER CURVE (?) 

TREPANS FROM DECOMMISSIONED RPVs:
- MOSTLY UNKNOWN INITIAL PROPERTIES
- INFORMATION ABOUT CURRENT STATE, NO SHIFT
- FOUND SOME NONHOMOGENEITY IN CHEMICAL 

COMPOSITION (DISTRIBUTION OF Cu AND P)
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SAMPLE 1 - IN 2 3 4 5 - OUT

P, mass % 0,044 0,0102 0,095 0,0111 0,028

Cu,mass % 0,40 0,20 0,184 0,192 0,31
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WWER-1000
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Generation 1 Generation 2

VVER - 440/230 VVER - 440/213 VVER - 1000

Up to 0,22%Up to 0,22%Up to 0,22% < 0,08%

Up to 0,048%Up to 0,048%Up to 0,048% Up to 0,027%Up to 0,027%UtUp to 0,027%Up to 0,027% < 0,012%

< 0,3% 1,2 - 1,9%1,2 - 1,9%1,2 - 1,9%

Up to 0,22%Up to 0,22%Up to 0,22%

< 0,3%

0,1 - 0,35% 0,1 - 0,35%
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WWER-1000

� „Standards for strength calculation of components and
piping in NPPs“ – PNAEG 7-002-86

AF = 23 C for steel 15Kh2NMFAA
(Tirradiation = 290°C)
= 20 C   for weld metal Sv-12Kh2N2MAA with 
nickel content lower than 1.5 mass %
(Tirradiation = 290°C) ; 

� weld metals with nickel content larger than 1.5 mass % must be evaluated 
separately (Qualification Program was performed with welds containing less
than 1.5 mass % Ni, content of Ni was changed later during manufacturing)

� PROBLEM: THESE COEFFICIENTS WERE OBTAINED FROM IRRADIATION IN 
EXPERIMENTAL REACTORS, i.e. WITH HIGH LEAD FACTOR AND LOW NICKEL
CONTENT (!)

� NO ENOUGH FULLY RELIABLE SURVEILLANCE DATA EXIST (ESPECIALLY FOR 
HIGH FLEUNCES) TILL NOW
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NORMATIV TREND CURVE IS NOT NORMATIV TREND CURVE IS NOT 
CONSERVATIVE EVEN WITH LIMITEDCONSERVATIVE EVEN WITH LIMITED

Ni < 1.3%Ni < 1.3% IN WELD METALSIN WELD METALS

(STROMBAKH, 10th (STROMBAKH, 10th 
CONFERENCE CONFERENCE 

PROMETEY, 2008)PROMETEY, 2008)
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Database of surveillance results contains more than 200 
points from 17 RPVs

Weld � 4 Tested (withdrawn) sets
Unit Start

P, % Cu, % Ni, % 1 2 3 4 5 6

���.���-1 85 0.009 0.03 1.88 + + +

���.���-2 87 0.009 0.05 1.59 + + +

���.���-3 87 0.007 0.05 1.57 + + +

���.���-4 93 0.007 0.04 1.61 +

	��.���-1 84 0.010 0.04 1.76 + + +

	��.���-2 85 0.008 0.02 1.59 + + +

�����-5 80 0.014 0.04 1.21 + + + (+)


��.���-1 84 0.005 0.03 1.10 + (+)


��.���-2 85 0.009 0.04 1.12 + + +


��.���-3 86 0.008 0.03 1.55 + + +


��.���-4 87 0.009 0.06 1.70 + + +


��.���-5 89 0.009 0.08 1.60 + + +

��.���-3 86 0.008 0.03 1.64 + + + +

	���-1 88 0.006 0.02 1.88 + + + + +

�����-1 82 0.007 0.04 1.70 + + +

�����-2 85 0.007 0.05 1.74 + +

�����-3 89 0.005 0.06 1.72 + +

(STROMBAKH, 10th CONFERENCE PROMETEY, 2008)(STROMBAKH, 10th CONFERENCE PROMETEY, 2008)
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LOW CONTENTS OF P AND LOW CONTENTS OF P AND CuCu IN WELD METALSIN WELD METALS
–– LOW EFFECT ON EMBRITTLEMENT TREND CURVESLOW EFFECT ON EMBRITTLEMENT TREND CURVES
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Two groups of Ni content

MOSTLY HIGH CONTENT OF Ni IN WELD METALS MOSTLY HIGH CONTENT OF Ni IN WELD METALS 
-- STRONG EFFECT ON TREND CURVESSTRONG EFFECT ON TREND CURVES
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EFFECT OF NICKEL EFFECT OF NICKEL 
ALONEALONE

Accelerated irradiation of VVERAccelerated irradiation of VVER--1000 RPV weld 1000 RPV weld 
materialsmaterials
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Accelerated irradiation of VVERAccelerated irradiation of VVER--1000 RPV weld materials1000 RPV weld materials

��Linear dependence on Ni Linear dependence on Ni 
content (Ni>1.3%)content (Ni>1.3%)

AmaevAmaev A.D.,  A.D.,  ErakErak D.YuD.Yu., ., 
KryukovKryukov A.M. A.M. ““Radiation Radiation 
EmbrittlementEmbrittlement of WWERof WWER--1000 1000 
Pressure Vessel Materials.Pressure Vessel Materials.”” ––
Irradiation Irradiation EmbrittlementEmbrittlement and and 
Mitigation. Proceedings of the Mitigation. Proceedings of the 
IAEA Specialists Meeting, IAEA Specialists Meeting, 
Madrid, 1999Madrid, 1999
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Research programs RRC KI (LF>20) & Research programs RRC KI (LF>20) & PrometeyPrometey (LF>100)(LF>100)
for high Ni weldsfor high Ni welds

Welds with
1.59 – 1.8% Ni
In experimental

programmes

�Tk= 1.43*Ni*F0,9
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IrradiationIrradiation ofof weldweld metalsmetals withwith highhigh nickelnickel contentcontent atat oneone
irradiationirradiation timetime show show closeclose to to linearlinear trend dependence trend dependence 

radiationradiation embrittlementembrittlement on neutron on neutron fluencefluence

(ERAK, 10th 
CONFERENCE 

PROMETEY, 2008)
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ALTERNATIVE SOLUTION 
of previous results

y = 7,1097x0,6622
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EmbrittlementEmbrittlement trend curvestrend curves

••SynergisticSynergistic effecteffect ofof Ni Ni -- MnMn
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SynergisticSynergistic effecteffect ofof Ni Ni -- MnMn

CriticalCritical contentcontent ofof MnMn isis closeclose to 0.85 to 0.85 massmass %%
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� This steel is susceptible also to thermal ageing:

THERMAL AGEING

�WHILE IN PNAEG NO EFFECT OF THERMAL AGEING 
IS GIVEN (UP TO 100,000 h), i.e.

� TT = 0 °C
IN REALITY IT IS NECESSARY TO TAKE THIS 
EFFECT INTO ACCOUNT
(PROBLEM: 
– TEMPERATURE OF THERMAL SURVEILLANCE 
SPECIMENS IS HIGHER – by approx. 20 °C – THAN 
IRRADIATED SURVEILLANCE SPECIMENS !
- TEMPERATURE OF IRRADIATED SURVEILLANCE 
SPECIMENS IS HIGHER - by approx. 10 °C –THAN 
RPV IN BELTLINE REGION
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QUALIFICATION PROGRAMME of steel

Thermal ageing of 15Kh2NMFA-
base metal and weldments 

at 350 °C
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AdditionalAdditional problemproblem –– thermalthermal ageingageing effecteffect in WWERin WWER--1000 RPV 1000 RPV 
materialsmaterials isis much much higherhigher thanthan givengiven in in thethe Standard Standard andand isis
closeclose to to ~~4040°�°� eveneven forfor holding holding timetime 120120--130130,000 ,000 hourshours

Yu. Nikolaev “Radiation Embrittlement of Cr-Ni-Mo and Cr-Mo 
RPV steels”, Journal of ASTM International, Vol4 #8, paper ID 

JAI 100695

RelationRelation ofof thethe type type ��TkTk= A*f1(Ni,Mn= A*f1(Ni,Mn,,Si)*FSi)*Fnn obtainedobtained fromfrom
testingtesting surveillancesurveillance specimensspecimens cannotcannot bebe appliedapplied bothboth to to 

acceleratedaccelerated andand surveillancesurveillance specimen test specimen test resultsresults
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� Comparison of irradiation in surveillance position
and in experimental test reactor shows to a 
potential effect of irradiation time – i.e. thermal
ageing
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Good agreement 
between research (	) 

and SS (   ) results 
(without thermal part)

Welds with
1.7 – 1.8% Ni

�
PROBABLY NO FLUX 
RATE EFFECT, ONLY 

EFFECT OF THERMAL 
AGEING !
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WWERWWER--1000 1000 –– WELD METALSWELD METALS

Using of dependence as
(ERAK, 10th CONFERENCE PROMETEY, 2008)

�Tk= A*f1(Ni,Mn)*F0,9+ f2(t)

can give better fitting than

�TTF = 33.5 Ni1.35 Mn0.7 (0.64 – Si) F

(Yu.NIKOLAEV, COVERS,BUDAPEST, 2007)
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Thermal agingThermal aging ((��TTtt)) of VVERof VVER--1000 weld metal. 1000 weld metal. 
Extracted thermal partsExtracted thermal parts in comparison with in comparison with SS resultsSS results
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ExtractionExtraction ofof thermalthermal ageingageing effecteffect shouldshould havehave to to bebe
appliedapplied alsoalso forfor test test resultsresults fromfrom base base metalsmetals

Surveillance irradiated
specimens

Surveiilance thermal ageing
specimens
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shouldshould havehave to to bebe evaluatedevaluated fromfrom databasedatabase ofof experimentalexperimental resultsresults

CONCLUSIONSCONCLUSIONS
PreliminaryPreliminary analysisanalysis showsshows thatthat such such approachapproach (i.e. (i.e. 
takingtaking intointo accountaccount effecteffect ofof thermalthermal asgeingasgeing) ) allowsallows
correctcorrect descriptiondescription ofof WWERWWER--1000 RPV 1000 RPV materialsmaterials
behaviourbehaviour atat differentdifferent fluxflux ratesrates andand differentdifferent
irradiationirradiation timestimes –– relationrelation ofof thethe typetype

�Tk= A*f1(Ni,Mn,…)*F0,9+ f2(t)

ThisThis databasedatabase shouldshould havehave to to bebe extendedextended andand
resultsresults ((includingincluding neutron neutron fluencefluence) ) validatedvalidated
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FULLY OPEN 
QUESTION

Ni = 1.70 %
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EmbrittlementEmbrittlement trend curvestrend curves
OPEN ISSUES:OPEN ISSUES:
WWERWWER--440:440:
-- TREND CURVES WITH SUFFICIENT TREND CURVES WITH SUFFICIENT 
RELIABILITYRELIABILITY EXISTEXIST
WWERWWER--1000:1000:
--NOT SUFFICIENTLY LARGE DATABASENOT SUFFICIENTLY LARGE DATABASE
--PROBLEMS WITH STANDARD SURVEILLANCE PROBLEMS WITH STANDARD SURVEILLANCE 
PROGRAMME TESTING, DATA EVALUATION, PROGRAMME TESTING, DATA EVALUATION, spectralspectral
energyenergy effecteffect
--SYNERGISTIC EFFECT OF THERMAL AGEINGSYNERGISTIC EFFECT OF THERMAL AGEING
--SYNERGISTIC EFFECT OF Ni, SYNERGISTIC EFFECT OF Ni, MnMn, Si, , Si, etcetc.(?) .(?) --
--FEW DATA FOR EOL FLUENCE AND PLEXFEW DATA FOR EOL FLUENCE AND PLEX
--„„LATE BLOOMING EFFECTLATE BLOOMING EFFECT““ forfor highhigh F, F, highhigh Ni Ni 
((thresholdsthresholds)) -- ??
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VVER-1000/V-320 STANDARD PROGRAMME
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VVER-1000/V-320 STANDARD PROGRAMME
VARIATION IN NEUTRON FIELD IN ONE LEVEL 

COULD BE UP TO 180 – 200 %
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INTEGRATED SURVEILLANCE PROGRAMME
FOR VVER-1000/V-320

� LOCATED IN TEMELIN NPP
� SURVEILLANCE MATERIALS FROM

MATERIALS IRRADIATED IN ETE:
UKRAINE:

ROVNO – 3
ROVNO – 4
KHMELNITSKY – 3
ZAPOROZHYE – 6

RUSSIA
KALININ – 3

BULGARIA
BELENE - 1
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STROMBAKH STROMBAKH -- 10th CONFERENCE PROMETEY, 2008: 
Analysis of results show that embrittlement of welds with Ni <

1.3% 1.3% isis lowerlower thanthan in base metal (in base metal (greengreen); ); weldswelds withwith NiNi >> 1.7% 1.7% 
((redred) ) cancan limit limit itsits design design lifetimelifetime –– thethe onlyonly possiblepossible wayway forfor PLEX PLEX 

assuranceassurance isis annealingannealing ofof thethe RPVRPV

Ni Ni contentcontent in in weldweld �� 44 PLEXPLEX

TO ASSURE DESIGN LIFETIME AND PLEXTO ASSURE DESIGN LIFETIME AND PLEX--
ANNEALINGANNEALING??

1.701.70 -- 1.881.88
Monitoring Monitoring ofof radiationradiation damagedamage andand loadingloading forfor

assuranceassurance ofof design design lifetimelifetime andand ANNEALING  ANNEALING  forfor PLEXPLEX

1.571.57 -- 1.641.64
Monitoring Monitoring ofof radiationradiation damagedamage andand loadingloading forfor
assuranceassurance ofof design design lifetimelifetime andand SupplementarySupplementary

materialmaterial qualificationqualification forfor PLEXPLEX

1.101.10 -- 1.211.21 Design Design lifetimelifetime isis assuredassured
PLEX PLEX basedbased on on SupplementarySupplementary materialmaterial qualificationqualification
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OPEN ISSUE:OPEN ISSUE:

The only way for PLEX of RPVs with the most embrittled welds
seems to be ANNEALING. This could be connected with additional
problems, as recovery of properties in these materials of WWER-1000 
RPVs will be PROBABLY reached at higher temperatures than in the
case of WWER-440 RPV materials
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ANOTHER PRINCIPAL ANOTHER PRINCIPAL OPEN ISSUES:OPEN ISSUES:

•• ALL THESE TREND CURVES ARE BASED ALL THESE TREND CURVES ARE BASED 
ON CHARPY NOTCH IMPACT TESTSON CHARPY NOTCH IMPACT TESTS

•• HOW THESE TRENDS WILL BE HOW THESE TRENDS WILL BE 
MODIFIED FOR STATIC FRACTURE MODIFIED FOR STATIC FRACTURE 
TOUGHNESS TRANSITION TOUGHNESS TRANSITION 
TEMPERATURES, i.e. T0 TEMPERATURES, i.e. T0 etcetc.?.?

•• ONLY LIMITED NUMBER OF ONLY LIMITED NUMBER OF 
CORRELATIONS EXISTS. e.g.CORRELATIONS EXISTS. e.g.
–– ��T0 T0 �� 1,05 1,05 ��TkTk



26.11.2009 62

CORRELATION   CORRELATION   ��TkTk –– ��T0T0

�� ((BrumovskyBrumovsky 1997) the higher is 1997) the higher is 
transition temperature shift, the transition temperature shift, the 
higher is the difference between higher is the difference between 
static and dynamic transition static and dynamic transition 
temperature shift.temperature shift.
–– These differences can be These differences can be 

neglected up to VVERneglected up to VVER--440 440 
EOL design neutron EOL design neutron fluencefluence

�� Other authors also reported Other authors also reported 
much higher fracture toughness much higher fracture toughness 
shift than shift than CharpyCharpy shifts, shifts, 
–– Differences in flux between Differences in flux between 

CharpyCharpy specimens and specimens and 
fracture toughness fracture toughness 
specimens (specimens (OzsvaldOzsvald 1999) 1999) 

–– PrePre--cracking procedures cracking procedures 
((AhlstrandAhlstrand 1993).1993).

Brumovsky 1997
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CORRELATION   CORRELATION   ��TkTk –– ��T0T0
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CONCLUSION

�PREDICTIVE FORMULAE FOR VVER-440 RPV
MATERIALS FIT WELL WITH SURVEILLANCE 
SPECIMEN RESULTS

�SURVEILLANCE SPECIMEN PROGRAMMES 
(MAINLY SUPPLEMENTARY ONES) WELL 
MONITOR RPV MATERIAL CHANGES

�THERE IS A HIGH EXPERIENCE WITH RPV 
RECOVERY ANNEALING (13 UNITS)
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CONCLUSION

� PREDICTIVE FORMULAE FOR VVER-1000 RPV MATERIALS 
ARE STILL IN PROGRESS

� STANDARD SURVEILLANCE SPECIMEN PROGRAMMES CAN 
GIVE ONLY LIMITED INFORMATION EVEN AFTER 
COMPLICATED RE-EVALUATION

� HIGH FLUENCE RESULTS WILL BE OBTAINED ONLY BY 
MODIFICATION OF THE PROGRAMME INSERTING NEW 
CAPSULES

� ONLY MODIFIED SURVEILLANCE PROGRAMMES (SKODA, 
OKB) CAN WELL MONITOR RPV MATERIAL CHANGES AND 
CAN GIVE RELIABLE INFORMATION
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Thank you for your attention

www.ujv.cz


