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Buxopucrannsa merony Master Curve 1l CTATHCTUYHOI NMePeOUiHKU
AaHUX BHUNPOOYBaHb 3Pa3KiB-CBIAKIB [/ KOPHNYCIiB peakTopiB
BBEP-1000
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Iacruryr spepuux pociijpkenb HAH Ykpainn, Kuis, Ykpaina

Jlani eunpobysanv Ha 6 A3KiCMb DYUHY8AHHA 3PA3KI6-CEIOKI6 KOPNYCHUX Mamepianieé peaxmopis
BBEP-1000 AEC Vkpainu 6yno nepeoyinero 3a oonomozorw memody Master Curve. [lokazano, wjo
eKcnepumMeHmanbia memMnepamypHa 3anedcHicmb napamempie 6 ’sA3Kkocmi pYUHYSaHHsA i pO3KUO
suauenv K;. Ona mamepianie y HeonpomiHeHOMY cmaHi ma nicis ONPOMIHEHHs (hroeHcom

41, 2-10% Heﬁmp/fwz (E> 0,5 MeB) oo6pe y3eo0acyrombcs 3 popmoio Master Curve, 5- i 95%-numu

odosipuumu mexcamu. Ananiz oanux onsa kopnycy peaxmopa onoka Ne 1 Xmenvnuyvkoi AEC ceiouumn,
Wo npu 8UKOPUCMAHHI HOpMamueHoz2o nioxody ITHAE I'-7-002-86 cymmego Hedooyinoemvcs 6uU3Ha-
Yena 6 ’A3KiCmb PYUHY6AHHA 36apHO20 wea 6 neonpominenomy cmani. Temnepamypy T, wo eusna-
uena 3a memooom Master Curve, nopisniosanu 3 Kpumuynolo memnepamypor kpuxkocmi Ty, Ona
Kopnycnux mamepianié y neonpominenomy cmani. Ycmanoeneno, wo memnepamypa T, 3nauno
nudcya 3a Ty . Okpim mozo, pisnuysa y snavennax Ty i Ty, ons mamepianie cymmesa. Ilo6yoosano
Kopenayitiny 3anedicricmv 01 memnepamyp Thg ;, W0 6UHAUEH] 3G pe3ylbmamamu 6unpobysans
cmanoapmuux spaskie Lllapni, ma T, ompumanux npu eunpodyeannax spaskie Lllapni 3 mpiwunoro
Ha 8 a3Kicmb pyuHysanus. AHaniz noxasas, wo pezyivmamu eunpodyeans 3paskie Lllapni 3 mpiuu-
HOIO GMOMU MOJICYMb 0a8amil HeKOHCePEamueHy oYinKy 6 sI3Kocmi pyUHYBaHHA MAmepianié Kopnycie
peaxmopie BBEP-1000.

Knrouosi cnosa: peakrop BBEP-1000, xopmycHi cTaii, 3pa3Ku-CBIIKH, KPUTHIHA
TeMmreparypa Kpuxkocti, 3pasku lllapmi, B’s3kicTh pyHHYBaHHs, MeToz Master
Curve.

Introduction. An estimation of reactor pressure vessel (RPV) steel fracture
toughness is based on the Charpy impact test data according to a normative method
adopted in Ukraine [1]. The normative approach estimates fracture toughness in the
indirect way. An application of the Master curve methodology allows one to
determine directly the RPV materials fracture toughness. According to Wallin’s
investigations [2], the normative approach results in the highly conservative
fracture toughness estimation for Western RPV steels. Furthermore, an analysis of
the ASME database has shown that application of Master curve method improves
essentially the material fracture toughness estimation [3].
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However, for comprehensive use of the Master Curve method, several scientific
and technical issues should be solved. One of them is precise determination of
fracture toughness parameters when testing such small specimens as precracked
Charpy V-notch (PCVN) ones. This is a critical issue since PCVN specimens are
inserted into the surveillance capsules for Ukrainian nuclear power plants (NPP).

The aim of present work was to re-evaluate the surveillance fracture toughness
test data for Ukrainian NPPs using the Master curve method and compare the
normative (PNAE G-7-002-86) with new statistical approaches in viewpoint of
material fracture toughness characterization.

Material and Specimens. The WWER-1000 type RPV steels (15Cr2NiMoVAA
grade) and their welds are included in the current analysis. The content of key
alloying elements and detrimental impurities in RPV materials is presented in
Table 1. These materials are extremely pure with regard to copper and phosphorus.
At the same time welds have high nickel and manganese content which increases
their susceptibility to neutron irradiation in spite of low Cu and P contents. Weld
metal for the Khmelnitsky NPP unit 1 (KhNPP-1) has the highest Ni and Mn
content.

re 1KeeylAlloying Elements and Detrimental Impurities Content in RPV Materials
Unit Chemical element, wt.%
Ni ‘ Mn ‘ Cu ‘ P Ni Mn ‘ Cu ‘ P
Base metal Weld metal
KhNPP-1 1.12 0.48 0.06 0.007 1.88 0.97 0.02 0.006

SUNPP-1 1.17 0.46 0.05 0.008 1.70 0.94 0.04 0.007

SUNPP-2 1.19 0.44 0.12 0.016 1.74 0.93 0.05 0.012
SUNPP-3 1.12 0.35 0.05 0.008 1.72 0.74 0.06 0.005
ZaNPP-1 1.20 0.48 0.08 0.007 1.10 0.78 0.03 0.005
ZaNPP-3 1.10 0.43 0.05 0.007 1.55 0.67 0.05 0.007

The experimental data used for the analysis were obtained from surveillance
tests for six Ukrainian RPVs: KhNPP-1, three units of South-Ukrainian (SUNPP-1,
SUNPP-2, and SUNPP-3) and two units of Zaporizhzhya nuclear power plant
(ZaNPP-1 and ZaNPP-3).

The fracture toughness data obtained from precracked Charpy specimen tests
were used for the statistical re-evaluation. The Charpy impact test data were used to
determine temperature indices corresponding to the absorbed energy level of 28 J
[4].

Surveillance specimens were irradiated by flux of about 101 n/(m2 -s) that
is usual for WWER-1000 type reactor irradiation condition. The fast neutron
(E> 0.5 MeV) fluence for specimens was 4.2 to 412-10%* n/m?. Irradiation

temperature is about 300°C. Thermal ageing time was 3813 effective days for
thermally aged specimens.
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Statistical Re-Evaluation Procedure. The available fracture toughness data
were analyzed and a censoring procedure according to the ASTM E 1921-97
standard deformation criterion [4] was applied for invalid K ;. values. Then results
for 0.4T specimen thickness were converted to their 1T equivalents using a
thickness correction ratio:

1/4
Byar ) )

K jeaty = Kmin T (K je0.41) = Kmin )( By

where K is the lower bound fracture toughness, which for ferritic steel is equal

min
to 20 MPa - m"?
After thickness correction the reference temperatures, 7j,, were calculated

using a maximum likelihood method and solving numerically the equation [5]:

i 9, exp[0.01%(T; — T;)] E(1(‘,(,,—20) exp[0.01XT; = Tp)] _
=11+ 77exp[0.01XT; = Ty)] &4 {11+ 77exp[0.01AT; — Ty)]}> 2)

where 0; =1 when K ;. value is valid and 6, =0 when K ;. value does not meet
the ASTM E 1921 standard deformation criterion with A = 30. Finally, the Master
curves, 5 and 95% tolerance bounds for materials were obtained.

Fracture Toughness Test Results for the SUNPP-1. Surveillance test data
for SUNPP-1 were re-evaluated using the Master curve approach. In this analysis,
three irradiated sets and one thermally aged set are considered. Surveillance
specimens from the 1st and 2nd withdrawals were tested at the Russian Research
Centre Kurchatov Institute. Testing of surveillance specimens from the 3rd
withdrawal was performed at the Institute for Nuclear Research of the National
Academy of Sciences of Ukraine. The results of re-evaluation are shown in Figs. 1
and 2, where the fracture toughness data are presented in normalized temperature
coordinates. The Master curves, 5 and 95% tolerance bounds for materials are
drawn together with the experimental K ;. values. As seen, the temperature
dependencies of fracture toughness parameters and the statistical scatter of K ;.
values for WWER-1000 RPV steels are in a good agreement with the Master curve
and 95% tolerance bounds.

The Comparison of Normative and Master Curve Approaches. In carlier
investigations [6], it was found that the radiation embrittlement rate of KhNPP-1
RPV weld metal is higher than the design one. The main reason is the high Ni and
Mn content in the material. It means this weld may limit the RPV design life or
prevent the NPP service life extension. On the other hand, it is known that the
normative approach estimates very conservatively the western RPV steel fracture
toughness in some cases [3], and the application of the Master curve methodology
allows us to improve the estimation of unirradiated RPV material fracture toughness.

Taking into account the above-mentioned issues we have compared the
normative PNAE G-7-002-86 and statistical Master curve approach in viewpoint of
the fracture toughness assessment for KhNPP-1 weld metal. At first, the normative
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K. curve was indexed by the critical brittleness temperature, Ty, obtained from
Charpy impact tests only. The design K. curve for WWER-1000 type RPV welds
has a form [Ky.]3 =35+53exp[0.0217(T — Tx()]. Temperature Ty, was
determined by the manufacturer of the pressure vessel at the time of RPV material
certification.

500
® unirradiated
400k O irradiated: " , Kic(0.95)
F=(4.2-41.2)10" n/m Master
N A termally aged: 7 /curve
£ 300[ ~ /
F 300 3813 eff. days /« K1c(0.05)
£ ,
E 200 +
X" 100 [
=
ol : : ' '
-100 -50 0 50 100
(T-To), °C

Fig. 1. Master curve for base metal (SUNPP-1).
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= : /
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Fig. 2. Master curve for weld metal (SUNPP-1).

After the statistical re-evaluation a 5% Master curve tolerance bound that has
a form K ;.9 os) =25.4+37.8exp[0.019(T — T;))] and the reference temperature, 7},
were obtained. A margin was added to cover the uncertainty in 7|, that is
associated with the use of a small number of specimens to determine temperature
T, . Both curves were compared with the thickness-corrected K ;. values based on
the precracked Charpy specimens test data. It is noteworthy that the 5% Master
curve tolerance bound and design K. curve have almost the same shape.

The results of comparison are shown in Fig. 3. As seen, the normative
approach underestimates essentially the measured fracture toughness in comparison
with the Master curve. A shift between curves is about 50°C. Obviously the use of
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highly conservative data for the RPV integrity assessment may result in unnecessary
limitations of the operational conditions and service life of the reactor pressure
vessel. In this case, an application of the Master curve and temperature 7
calculated from fracture mechanics test data allows one to solve this problem.

600

O based on PCVN specimens data
500F T,=-95C

Ty =-20°C
400 F

300 |

K,.(1T), MPa-m"?

-100 -50 0 50
Temperature, °C

Fig. 3. Comparison of 5% Master curve tolerance bound (solid line) with normative K. curve
(dashed line) in regard to the measured fracture toughness parameters.

The Comparison of Measured Values of Ty, and T,. The Ty, and T

values are used as temperature indices for the fracture toughness curves. In other
words, these temperatures locate a K. curve on the temperature axis. In order to
understand to what extent these temperatures correspond to each other, a comparison
of measured values of Ty, and 7, was made. Figures 4 and 5 demonstrate the
result of the comparison. We can see that temperature 7, is much lower than Ty
in the most cases. Furthermore, a difference between 7, and Ty values varies
essentially from one material to another.

SuNPP-1

SuNPP-2

ZaNPP-1

KhNPP-1

SuNPP-3

ZaNPP-3

(Two-To). °C

Fig. 4. Comparison of Ty, and 7|, temperatures for the unirradiated base metal.

Obviously a conservatism level defined according to the normative approach
also varies considerably from one material to another. Therefore the temperature
Ty 1is not appropriate as an indexing parameter for the K. curve. Unlike the
normative approach, the Master curve method allows one to establish the same
conservatism level for different RPV materials.

ISSN 0556-171X. IIpobaemvr npounocmu, 2010, Ne 6 109



V. M. Revka, E. U. Grynik, and L. I. Chyrko

ZaNPP-3
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Fig. 5. Comparison of Ty, and 7, temperatures for the unirradiated weld metal.

The Correlation between 7,5, and 7, Temperatures. According to

Wallin’s results [7], the correlation for RPV steels between T,g; and 7|, values
has the form 7, = T,g; —18°C (standard deviation is 15°C). The temperature Thg;
is the transition temperature corresponding to Charpy impact energy of 28 J. The
fracture toughness data used to determine the correlation were based on the 25 mm
thickness specimen testing.

At present work we have analyzed a relationship between T,g; temperatures
defined from the Charpy energy curves and 7, values calculated from the
precracked Charpy specimen tests. Both the unirradiated and irradiated up to

fluence ~ 41-10% n/m? specimens were chosen for the analysis. The correlation

obtained is presented in Fig. 6. Results of the analysis have shown that such a
correlation has the form T, = 7,4; — 40°C (standard deviation is 20°C). It means
that 7, values based on precracked Charpy specimen test data tend to be
nonconservative, in comparison with 7, values obtained from larger standard
fracture mechanics specimens (bias is about 20°C). Certainly this is indirect
evidence. In further investigations it would be necessary to perform fracture
mechanics tests of specimens of different sizes and geometry and to estimate in the
direct way a bias for 7, related to the use of PCVN specimen data for the
WWER-1000 RPV steel fracture toughness characterization.

50
O unirradiated
® irradiated up to ~ 41-10% n/m’
£ 04 —T,=T,,-40C (SD=20°C)
m
c
£
£ 0]
@
Q.
(2]
=
o -100
a
|_°
-150 |
T

-1 :’:')O -1 I00 —5;0 0 50
T,s, (Charpy specimens), °C

Fig. 6. Correlation between temperatures T,g; and Tj,.
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The fact that PCVN specimen test data may underestimate actual material
fracture toughness can be explained by the constraint (crack-front triaxiality) loss
effect. Based on the stochastic simulation it was found [8] that if constraint loss
occurs at PCVN specimen testing the derived 7, has a lower value than that
determined for a data set of fracture toughness values measured under full
constraint conditions (small-scale yielding conditions). Thus, the 7, shift due to
constraint loss occurs in only one direction (reducing the 7,, temperature). For a
relatively tough and moderate strain-hardening materials the decrease in 7;, due to
constraint loss effect may amount to 20°C when the E 1921 deformation limit M
is equal to 30 [8].

Conclusions. The surveillance fracture toughness test data for WWER-1000
reactor pressure vessel materials from Ukrainian NPPs were re-evaluated using the
Master curve methodology. The fracture toughness data were obtained from
precracked Charpy specimens testing. Moreover, the Master curve approach was
compared to a normative PNAE G-7-002-86 method, in viewpoint of adequate
estimation of RPV steel fracture toughness. Results of analysis allow us to make
the following conclusions.

1. The Master curve, 5 and 95% tolerance bounds describe adequately the
temperature dependence of fracture toughness parameters and the statistical scatter
of K ;. values for WWER-1000 RPV steels both in unirradiated condition and
after irradiation up to neutron fluence 41- 10?? n/m? (E>0.5 MeV).

2. The normative approach estimates highly conservatively the unirradiated
weld metal fracture toughness for Khmelnitsky NPP unit 1, in comparison with the
Master curve method. A shift between the design K. curve and 5% Master curve
tolerance bound is about 50°C. The application of the initial critical brittleness
temperature, Ty, to the assessment of reactor pressure vessel integrity may
unnecessarily limit the operational conditions and service life of the Khmelnitsky
NPP.

3. Precracked Charpy specimen test data may result in the nonconservative
estimation of fracture toughness for WWER-1000 type RPV materials (bias is
about 20°C). This conclusion has been made in the indirect way. Therefore it is
necessary to perform the additional tests of specimens with different geometry and
directly estimate a bias for 7, related to the use of PCVN specimen data for the
RPV steel fracture toughness characterization.

Pe3zome

JlaHHBIC MCTIBITAHUI Ha BS3KOCTH Pa3pylICHUs 00pa3loB-CBHACTEICH KOPIYCHBIX
MatepuaioB peaktopoB BBOP-1000 ADC VYkpauns! ObUTH TEPEOIICHEHBI C HCIOIb-
3oBanueM Mmeroaa Master Curve. IlokazaHo, 4TO 3KCHEpUMEHTANIbHAS TEMIIEPATYP-
Hasl 3aBUCUMOCTb I1apaMeTPOB BA3KOCTH pa3pylleHus U pazdpoc 3HaueHuil K,
JUIL MaTE€pPUaJIOB B HEOOJIYYEHHOM COCTOSIHUM U IOCJe OOIydeHHs (DIFOCHCOM
41,2-10% HeﬁTp/Mz (E>0,5 MsB) xopomo cornacytorcst ¢ ¢opmoi Master

Curve, 5- 1 95%-HBIMH TOBEPUTECIBHBIMU TPaHUIIAMHU. AHAIN3 JAHHBIX TSI KOP-
myca peakropa 61oka Ne 1 XwmenpHuikoii ADC CBUAETENBCTBYET, YTO TIPU HCITOIb-
30BaHuM HopmatuBHoro mnoaxona ITHAD I'-7-002-86 cymiecTBeHHO HENOOLEHNBA-
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eTCsl U3MEPEHHAsl BSA3KOCTb Pa3pyLICHUs CBAPHOIO IIBA B HEOOIYyYEHHOM COCTOS-
Huu. Temneparypy I1j), ompeleneHHy0 corinacHo Meroxy Master Curve, cpaBHU-
BaJIM ¢ KPUTUYECKON TEMIIEPATYPOH XPYIKOCTH Tx (o U KOPITyCHBIX MaTCpUAIIOB B
HEOOJIydEHHOM COCTOSIHMH. Y CTaHOBIIEHO, YTO Temieparypa 7, HaMHOIO HHXKe
Tk - Kpome Toro, paznuune B 3Hauenus1x 7y u Ty A1 MAaTepPUAJIOB CYIIECTBEHHO
pasHoe. IlocTpoeHa KOpPpEISALMOHHAS 3aBUCHMOCTH IJsl TeMmmeparyp I,g;, OIpe-
JEJICHHbIX II0 pe3yjbTaTaM HCIBITAaHUI cTaHnapTHeIx oOpasuos Ilapmm, u 7,
HOJIYYSHHBIX TP UCIBITaHUSX 00pa3uos Llapnu ¢ TpemuHoi Ha BA3KOCTh paspy-
nIeHus. AHalU3 MoKa3al, 4To pe3ysbTaThl UCIbITaHUi 0Opasuos Illapnu ¢ ycra-
JIOCTHOM TPEUIMHON MOTryT J1aBaTh HEKOHCEPBATHUBHYIO OLEHKY BSI3KOCTH paspy-
LIEHUsI MaTepHuaiIoB KopiycoB peaktopoB BBOP-1000.
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