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POSSIBILITY OF A LIFE-TIME EXTENSION
FOR WWER-1000 REACTOR PRESSURE VESSELS BEYOND
THE DESIGN PERIOD

M.I. TI'onsx, B.M. Peexa, JLI. Yupxo, O.B. Tpueybenro, FO.B. Yaiikoscokuii. MoKIMBICTb NOJOBKEHHS mepioay 0Oe3me4yHoOl
exkciutyaranii kopnycis peaktopis BBEP-1000 B nonaanpoexkrHuii Tepmin. [1010BXeHHS MPOSKTHOTO TEPMiHY EKCILTyaTallii KopIyciB
peakTopiB AifouMx B YKpaiHi aTOMHHX eNeKTpocTaHUiil 3 peakropamu tuimy BBEP-1000 € akTyanpHuM NUTaHHAM cboropeHHs. s
MOJOBXKEHHSI TEPMiHY EKCIUTyaTauii B MOHAJ NMPOSKTHUH Hepiof HeoOXiTHO OLIHMTH MEXaHiuHiI BIACTHBOCTI 1 KPHUTHUYHY TEMIIEPaTypy
KpuxkocTi Tx MaTepiany KOpIyCy peakTopa, a TAKOX BHKOHATH PO3PAaXyHKH Ha OIIp KPHUXKOMY pyitHyBaHHs. [l KOHTPOIIO 3a 3MiHaMHU
MEXaHIYHUX BJIACTHBOCTEH BUKOPHCTOBYIOTBCS PE3yJbTaTH BUIPOOYBaHb 3pa3KiB-CBIKIB, SKi BUTOTOBJICHI 3 TOrO 3K METally, IO i KOPITyC
peakropa. Ha choropHinmHiii 1eHb OTpHMaHi JO30Bi 3al€KHOCTI TeMIepaTypu Tx MeTaly 3BapHUX HIBIB y Jiama3oHi (IIOCHCIB MIBUAKHX
(E>0,5MeB) neiitponis (F), mo BiamoBifaTs TepMiHy eKCILTyaralii Kopiycy peakropa 6inbie 40 pokis. B po6oti mpoBeneHO aHami3
JaHUX 3pa3KiB-CBIIKiB s KopiyciB peakropiB BBEP-1000, 3BapHi IIBH SKHX MAOTh MiABULICHUI BMICT HIKEIO Ta MapraHIIO i CXHJIbHI 10
3HAYHOTO paJialifHOro OKPUXYyBaHHS. 3Pa3sKH-CBIAKK ONPOMiHEHi B Jiama3oHi (IIOSHCIB, MaKCHMalbHE 3HAUCHHS SKOTO IIEPEBHUIILYE
npoexTHUi (moeHe HeiiTporis 57-10% M. AHani3 M0Ka3aB, 0 eKCEPUMEHTAIBHI 3aleKHOCTI TeMnepaTypy Ty Bij QoeHCY HEHTpOHiB
JUIS 3BapHUX IIBIB y3rOMKYIOThCS 3 MPOCKTHOK MOJAEILII0 OKPUXUYBAHHS 3 MIOKA3HUKOM CTyneHs 1/3. Pe3ynbTaTi NOpiBHAHHSA KPUTHYHOT

TEMIIepaTypH KPUXKOCTI 3 MAaKCHMAIbHO JOIYCTHMHM 3HAYEHHsM T, CBiI4aTh NPO MOXNJIMBICTH IIOJOBXKCHHS TEpMiHy OesmedHol
ekcIutyaranii kopmycis peakropiB BBEP-1000 B moHaanpoexTHuiA nepioz.
Kniouogi cnosa: GioeHc MBUAKUX HEHTPOHIB, 3pa3KU-CBIKH, [IOHAITPOSKTHUH TEPMiH eKCILTyaTaLlii, KopIlyc peakropa

M. Holiak, V. Revka, L. Chyrko, O. Trygubenko, Yu. Chaikovsky. Possibility of a life-time extension for WWER-1000 reactor
pressure vessels beyond the design period. At present a life-time extension for WWER-1000 reactor pressure vessels is an actual issue in
Ukraine. For a decision about the life-time extension it is needed to assess mechanical properties and the critical brittleness temperature Tk
for the RPV materials as well as to perform the brittle strength calculations. The surveillance test data for the reactor pressure vessel in ques-
tion are used for an estimation of changes in the mechanical properties. For today dose dependences of the temperature Tk for weld metal in
the fluence range of fast (E > 0.5 MeV) neutrons, corresponding to the RPV lifetime more than 40 years, have been obtained. This paper
analyzes the surveillance test data for the WWER-1000 reactor pressure vessels, whose welds have a high content of nickel and manganese
and are prone to considerable radiation embrittlement. The surveillance specimens have been irradiated within the fluence range, the maxi-
mum value of which exceeds the design fluence 57-10% m. The analysis has shown that the experimental dependences of the temperature
Tk on the neutron fluence for welds are consistent with the design embrittlement model with the exponent of 1/3. The results of comparison

between the critical brittleness temperature and the maximum allowable value T} indicate a possibility of the life-time extension for

WWER-1000 reactor pressure vessels beyond the design period.
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Introduction

There are currently 13 WWER-1000 reactors operating in Ukraine, of which only five have not
completed their design safe life-time of 30 years. The design life-time of the WWER-1000 reactor
vessel (RPV) is 40 years. For the metal of the five reactor vessels, when the unit reached its 30-year
operating life-time, calculations were made for brittle fracture resistance and the design life-time was
confirmed. Since the results of testing of metal specimens samples of some RPV have obtained values
of critical brittleness temperatures at beyond design fluence of fast (E > 0.5 MeV) neutrons, the ques-
tion arises about the substantiation of the possibility of operation of reactor vessels in the beyond de-
sign period.
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Analysis of published data and problem definition

Radiation embrittlement of vessel steel is a major factor that limits the nuclear reactor life-time.
The main mechanism of embrittlement is to prevent the movement of dislocations by defective struc-
tures that develop in the volume of material due to irradiation. Two classes of nanostructured fractions
are considered to be the main contributors to the development of embrittlement. First, they are clusters
of soluble atoms, such as Cu, Ni, and Mn, so-called precipitates, and secondly, matrix damage, which
are interpreted as point-defect clusters [1].

For the first class of fractions, Cu-enriched (CRP) and Mn-Ni (MNP) enriched precipitates. The
formation of the latter, which may not contain Cu, is supported at high concentrations of Ni, Mn and
Si. In this case, MNP without Cu are detected only at sufficiently high neutron fluence.

It is thought that precipitates enriched in Mn and Ni will grow to larger volumes after birth. On
this basis, they are often referred to as late blooming phases (LBP) [2]. First of all, it concerns welds
with high content of nickel and manganese, irradiated to high fluences, in which the effect of acceler-
ated brittlement (so-called late blooming effect).

The purpose and objectives of the study

Regulatory model ITHAE-T'-7-002-86 [3] does not provide the acceleration of radiation embrit-
tlement at high fluence of fast (E > 0.5 MeV) neutrons.

To test the possibility of using the regulatory model, it is necessary to analyze the experimental
dose dependences of the critical temperature of the brittleness of the RPV metal irradiated to beyond
design fluence of fast neutrons. The results obtained will reveal the limits of safe operation of the reac-
tor vessel, the material of which is characterized by high content of nickel and manganese.

The program of specimens

The main source of information on changes in the material properties of the reactor vessel under
NPP operating conditions is the specimens program. The latter are made of the same metal as the reac-
tor vessel in which they are irradiated. The test results of the samples in the initial state (control sam-
ples) are compared with the results of tests of samples withdrawn from the reactor after irradiation.

Container assemblies of specimens of the first three sets are bunk. The upper tier is irradiated by
a flow of fast (E > 0.5 MeV) neutrons close to the flux to the wall opposite the active zone. The neu-
tron flux to the lower tier is approximately twice as powerful (Fig. 1).

The state of metal of the upper tier specimen characterizes the current state of the reactor vessel
wall, the lower tier specimen serves to predict the metal state of the reactor vessel wall. Predictive data
for higher neutron fluence are obtained using the technology of reconstruction of the lower halves of the

specimens of the lower tier. Reconstruction of the specimens from
500~ - the half of the subjects tested for shock and three-point bending of
the samples is also used to obtain homogeneously irradiated groups
of samples, the tests of which provide the representative data.
450+ According to the design documentation for 40 years of opera-
tion, the wall of the reactor vessel under welding will accumulate
fast neutron fluence of ~57-10%? neutron/m®. In practice, due to the
4007 formation of a core with reduced neutron leakage, the power of
their flow to the wall is reduced to about 1-10% neutron/m? per fuel
campaign. Thus, there is a potential possibility of extending the
3507 reactor vessel's life for more than 40 years, but this statement needs
to be substantiated.
A prerequisite for safe operation of WWER-1000 is to main-
N E+10 300Er10 5o0E+1o @i the temperature reserve of the viscosity of the material of reac-
Fluence, sm? tor vessel. The safety of operation of the WWER-1000 vessel is
. o ensured only if the critical brittleness temperature Tk is lower than
Fig. 1. The distribution of neutron

fluences by the height of the the maximum permissible critical brittleness temperature T, in all
container assembly operating modes. The latter is obtained as a result of calculations to

nof]

Distance from the top of the core, mm
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resist brittle fracture, taking into account not only normal operating conditions, but also different sce-
narios of emergencies.

In order to evaluate the possibility of safe operation of the reactor vessel in the beyond design pe-
riod, the results of testing of Sharpee-type test specimens for weld metal with high nickel and manga-
nese content were analyzed.

Test methodology

Testing of the specimens is carried out in the specialized laboratory of the Nuclear Research In-
stitute of the National Academy of Sciences of Ukraine, which is equipped with security cameras with
remotely controlled equipment, which regularly undergoes metrological verification.

For the tests, reconstructed from the lower half of the specimens, which were formed after the
impact test or the three-point bend, were used. The reconstruction involves welding half of the end
extensions (the so-called shanks) to the ends, with subsequent notching on the corresponding surface
of the sample.

Shock bending tests of reconstructed Sharpie specimens (10x10x55 mm) shall be carried out in
accordance with the requirements of DSTU EN 10045-1:2006. The test uses a KMD-30D pendulum
with remote control, which is installed in a protective, so-called "hot" chamber. Before testing, the
samples are kept at a predetermined temperature for 20 minutes in an integrated temperature chamber
that ensures uniform cooling or heating of the sample. Temperature stability is +2 °C. The test temper-
ature is chosen so that most of the samples are tested at temperatures corresponding to the criterion
levels of toughness in the transition area and the upper shelf of the Charpy curve.

For each sample, the toughness, the transverse extension on the face opposite the incision, and
the type of fracture characterized by the fraction of the viscous component in the fracture of the sam-
ple are determined.

The temperature dependences of the toughness are approximated by the function of hyperbolic

tangent of this form [3]:
KCV = (EMH tanh(T —To D : (1)
2 C

where KCV - impact strength (specific fracture work), USE — the viscosity value on the upper shelf of
the KCV temperature dependence, T — test temperature; T, — the temperature corresponding to the value

of impact strength % ; C — parameter characterizing the slope of the KCV temperature dependence.

Upper shelf impact toughness is defined as the average value for samples with completely vis-
cous fracture. The parameters Ty and C are determined by the least squares method for the case of non-
linear dependence.

The graphs obtained are the initial information for determining the critical brittleness temperature
Tke according to the requirements of PNAE G-7-002-86 norms. The shift of the critical brittleness
temperature AT is determined by the following formula:

AT =Tk = Tk, (2)
where ATg > 0, Te —temperature of brittleness of material after irradiation, 7y, — the temperature of the
brittleness of the material in the original state, obtained for irradiated (prior to radiation).

The critical temperature of the metal brittleness Ty of the reactor vessel is determined by the for-
mula:

Tk =Tio + ATF, 3)
where Ty, — the value of the initial critical brittleness temperature specified in the passport for the re-
actor vessel for this type of metal (weld metal or base metal).

The normative dose dependence of the critical temperature shift of brittleness according to PNAE
G -7-002-86 is described by the following equation:

ATE = Ae (F110%)"3, 4)
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where F — fast neutron fluence, Ar is the radiative coefficient of radiation, which is found by the meth-
od of least squares. To ensure the necessary conservatism, a 95 % confidence limit is calculated, which
is calculated in accordance with the requirements of NAEK standart 087:2015 [4]:

T (95%) =T, + AT, + M, (5)

where Ty, — the critical temperature of brittleness in the initial state of the material, determined at the
factory and shown in the passport to the reactor vessel, M is a temperature margin that takes into ac-
count 95 % confidence in the uncertainty of the estimate ATy due to material heterogeneity and irra-
diation conditions; M — equals twice the standard deviation for the generalized dependence ATg(F) for
all reactor vessels of Ukraine's NPPs and is 11 °C.

Influence of neutron irradiation on metal embrittlement

The results of investigations of the weld metal specimens of the reactor vessel, which have a high
content of nickel and manganese, are used in the work. The Table shows the chemical composition of
the metal of the samples of analyzed reactor vessels.

Chemical composition of test materials (% by weight)

Unit~ C Mn P S Si Ni Cr Mo Cu
Al 006 | 0.67 | 0.008 | 0.008 | 0.32 1.55 1.77 0.59 0.03
A2 006 | 065 | 0.009 | 0.014 | 033 1.70 1.77 0.59 0.06
A3 007 | 0.86 [ 0.009 | 0.010 | 0.27 1.60 1.86 0.67 0.08
A4 006 | 0.74 | 0.005 | 0.005 | 0.30 1.72 1.88 0.62 0.06
A5 0.09 1.0 0.007 | 0.01 0.25 1.77 1.74 0.65 0.05
A6 006 | 093 | 0.006 | 0.007 | 0.26 1.88 1.80 0.65 0.02

Fig. 2 presents a comparison of the dependences of the critical brittleness temperature with the maxi-
mum allowable value calculated as a result of the calculations of the brittle fracture resistance for each of
the metals analyzed. Dependencies T, (F) are used with 95 % confidence in proper conservatism.

As can be seen from Fig. 2, only one metal sufficiently sensitive to irradiation, namely the A3
unit (0.86 wt. % Mn, 1.6 wt. % Ni) (Fig. 2 c). The irradiation embrittlement coefficient for this metal
is 27 C. This may be due to the copper content of 0.08 wt. % and phosphorus (0.009 wt. %). It is these
elements, and most of all phosphorus, that affect the rate of embrittlement under irradiation at 290 °C.

The reactor vessel of the A6 unit, which contains the highest amount of phosphorus (0.88 % by
weight) along with high manganese content (0.93 % by weight), demonstrates the possibility of pro-
longing the safe life-time at least prior to the accumulation of the fast neutron fluence by reactor vessel
wall at least 60.10%* neutron/m? at the level of seam Ne 3.

After the phosphorus atoms are exhausted by settling them at the boundaries of grains and sub-
grains, the formation and growth of precipitates based on Mn-Ni-Si enriched with copper begins,
which is a kind of catalyst for this process [5]. Because the concentration of these elements is low,
precipitate emerge and grow very slowly [6, 7]. Therefore, it is unnoticed long at the macroscopic lev-
el. And the dependence of T on fast neutron fluence continues to be well described by F® law. Thus,
welded metal reactor vessels with high nickel and manganese content have limited ability to be operat-
ed during the project beyond the design period. Other analyzed weld metals that characterize the state
of the vessel exhibit much lower radiation embrittlement ratios, which, from the point of view of frag-
ile strength, make it possible to extend the safe operation of the reactor vessel beyond the design peri-
od even up to 80 years.

“ Al - A6 — Ukraininan NPP units Legends
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Fig.2. Comparison of the dose dependences of the critical brittleness temperature with the maximum
allowable value T2 : unit 41(a); unit 42 (b); unit A3(c); unit A4 (d); unit A5 (e); unit 46 (f)

Conclusions

An analysis of the results obtained for the metal of the six reactor vessels showed that if the reac-
tor vessel wall accumulates fast (E > 0.5 MeV) neutron fluence greater than 57x57x10% neutron/m?,
there is no change in the shift of the critical brittleness temperature from the neutron fluence of at least
95 % of confidence limit. This confirms the conclusion about the absence in the metal of WWER reac-
tor noticeable rapid embrittlement under irradiation upto fast neutron fluence ~80x10% neutrons/m?.

Thus, the obtained results indicate the possibility of operating the reactor vessels in the beyond
design period. The life-time extension will be carefully calculated for each reactor vessel separately.
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