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DIFFERENT APPROACHES TO ESTIMATION
OF REACTOR PRESSURE VESSEL MATERIAL EMBRITTLEMENT

The surveillance test data for the nuclear power plant which is under operation in Ukraine have been used to
estimate WWER-1000 reactor pressure vessel (RPV) material embrittlement. The beltline materials (base and weld
metal) were characterized using Charpy impact and fracture toughness test methods. The fracture toughness test data
were analyzed according to the standard ASTM 1921-05. The pre-cracked Charpy specimens were tested to estimate a
shift of reference temperature T, due to neutron irradiation. The maximum shift of reference temperature T, is 84 °C. A
radiation embrittlement rate Ar for the RPV material was estimated using fracture toughness test data. In addition the
Ar factor based on the Charpy curve shift (ATf) has been evaluated. A comparison of the Ar values estimated according
to different approaches has shown there is a good agreement between the radiation shift of Charpy impact and fracture
toughness curves for weld metal with high nickel content (1,88 % wt). Therefore Charpy impact test data can be
successfully applied to estimate the fracture toughness curve shift and therefore embrittlement rate. Furthermore it was
revealed that radiation embrittlement rate for weld metal is higher than predicted by a design relationship. The enhanced
embrittlement is most probably related to simultaneously high nickel and high manganese content in weld metal.

Keywords: WWER-1000 reactor pressure vessel, surveillance specimens, neutron fluence, radiation embrittlement,
fracture toughness.

Introduction due to irradiation. In this study a comparison of the
radiation shift of the Charpy impact and fracture
toughness curves has been made from a view point of

material embrittlement estimation.

In the frame of surveillance program for
WWER-1000 type reactor in Ukraine the Charpy
V-notch impact testing is used as simple and
inexpensive method to estimate the fracture
toughness curve shift due to irradiation and therefore

Materials and test methods

embrittlement rate for the RPV steels. However, the
evidence is needed that Charpy impact test data is
valid to estimate the changes in material fracture
toughness due to irradiation considering that RPV is
subjected to the static loading during the operation.
So according to requirements of surveillance
program the pre-cracked Charpy V-notch (PCVN)
specimens for a direct determination of static
fracture toughness are also used to evaluate an
embrittlement rate of RPV materials.

It is known from the test reactor irradiation
experiment that Charpy impact test data describes well
the changes of material fracture toughness because of
radiation damages [1]. This observation is valid only if
the ductile to brittle transition temperature does not
exceed 100 °C. However there is experimental
evidence [2] that Charpy impact test data can
underestimate a shift of the fracture toughness curve

The studied materials are 15Ch2NMFAA steels
(Cr-Ni-Mo-V steel) and its welds
(Sv-12ChGNMAA, welding compound ®II-16)
which are used for WWER-1000 RPV fabrication.
The chemical composition of RPV belt line
materials is shown in the Table. Materials are low
carbon and low alloyed ferritic steels with ferrite and
bainite metallographic structure. The typical heat
treatment is quenching with high tempering. The
materials are extremely pure with regard to
impurities of copper and phosphorus. At the same
time welds have a high nickel (1,88 % wt.) and
manganese (0,97 % wt.) content that increases their
susceptibility to neutron irradiation in spite of the
low Cu and P content [3, 4]. For base and weld
metal in unirradiated condition the yield strength is
about 560 MPa and 480 MPa respectively.

Chemical composition for base and weld metal (% wt)

Element C Si Mn Cr Ni Mo Cu S P \Y
Base 0,15 0,33 0,48 2,07 1,12 0,53 0,06 0,009 0,007 0,1
metal
Weld 0,06 0,26 0,97 1,80 1,88 0,65 0,02 0,007 0,006 -
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Specimens were irradiated in the standard
surveillance capsules within the neutron (E>
> 0,5 MeV) fluence range of (12,9 =+ 46,5)-10* m™.
Irradiation  temperature was about 300 °C.
Surveillance specimens were being irradiated during
16 fuel cycles (~ 4128 days) by neutron flux of
about 10" m™/s that is usual for WWER-1000 type
reactor irradiation condition. For the analysis
fracture toughness and Charpy impact test data have
been used. The RPV material have been tested at
scientific center “Kurchatov Institute” (Russia) in
the frame of a standard surveillance program for one
NPP unit which is under operation in Ukraine.

The standard Charpy specimens (10 x 10 X 55 mm)
were used for the estimation of impact energy in the
specified temperature range. For this purpose an
impact pendulum machine with 300 Joules capacity
and the environmental chamber were applied to get
the Charpy curves for unirradiated and irradiated
materials. A shift of Charpy curves due to irradiation
(ATp) is defined according to PNAE G-7-002-86
approach (an index temperature for the Charpy curve
depends on the material yield strength).

A three point bend method was applied to test
pre-cracked Charpy specimens and determine the
fracture toughness parameters (in this case K. value,
i.e. elastic-plastic equivalent of a critical stress
intensity factor). Specimens without side grooves
were L-T and L-S oriented for base and weld metal
respectively. For test at low temperatures, liquid
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Fig. 1. Neutron fluence dependence
of Tk and T shift for base metal.
(Charpy impact and fracture toughness test data).

For weld metal the Charpy impact curve shift is
consistent with a T, reference temperature shift
within studied neutron fluence range. The maximum
radiation shift of Charpy impact and fracture
toughness curves is 82 and 84 °C respectively for
irradiated materials. The results indicate that Charpy
impact test data is adequate to describe the changes

nitrogen is used to cool the specimens. A fracture
toughness analysis has been performed according to
the ASTM 1921-05 standard as well as an estimation
of the radiation shift of Master curve (ATj).

A radiation embrittlement rate for base and weld
metal was estimated using the fluence dependencies
of Charpy impact (ATg) and fracture toughness
(ATy) curve shift. The PNAE embrittlement model
ATg = Ap'F" (where F is neutron fluence in the terms
of 102 m™ and a power exponent n = 1/3) was
applied to define a chemistry factor Ar using a
statistical analysis.

Experimental results and discussion

The neutron fluence dependencies of transition
Tx and reference temperature T, shift based on
Charpy impact and fracture toughness test data are
shown in Figs. 1 and 2 for base and weld metal
respectively. For base metal the ATk value obtained
from Charpy impact test is consistent with a T,
reference temperature shift at low neutron fluence.
However some discrepancy between two approaches
is observed at high neutron fluence. This is most
probably related to the relatively high uncertainty in
Ty determination. For this set three of six PCVN
specimens have been tested near lower-shelf
toughness range that increases the uncertainty in T
determination.
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Fig. 2. Neutron fluence dependence
of Tk and T, shift for weld metal.
(Charpy impact and fracture toughness test data).

in material fracture toughness due to the radiation
damages and, therefore, to estimate reliably the
embrittlement rate for this material irradiated up to
neutron fluence ~ 45-10% m™.

For comparison a PNAE G-7-002-86 design
curves for studied materials (a chemistry factor Ar =
=23 °C for base metal and Ay = 20°C for weld
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metal) are shown next to the test data points. The
chemistry factor Ap estimated from a regression
analysis is equal to 11 °C for base metal and do not
exceed the PNAE design value (see Fig. 1). For weld
metal the statistical analysis gives Ar = 24 °C (see
Fig. 2). This results means that weld metal is more
susceptible to radiation damages in comparison to
base metal.

Furthermore the radiation embrittlement rate for
weld metal is higher then predicted by PNAE
G-7-002-86 approach. One of the reason for
enhanced embrittlement can be the simultaneously
high nickel (1,88 % wt.) and manganese (0,97 %
wt.) content in weld metal since it is known these
alloying element play a crucial role in the radiation
embrittlement phenomena in the case of RPV
materials [3, 4]. It should be noted the design Ag
value does not takes into account a chemical
composition of RPV steels that is one of the
shortcomings for PNAE G-7-002-86 approach.

Conclusions

In this study the WWER-1000 RPV material
embrittlement rate has been evaluated using the
surveillance test data for the nuclear power plant
which is under operation in Ukraine. A comparison
of the radiation shift of the Charpy impact and
fracture toughness curves has been made from a
view point of material embrittlement estimation. The
following conclusions can be drawn:

for weld metal with high nickel content the
Charpy impact curve shift is consistent with a T
reference temperature shift up to 84 °C;

Charpy impact test data is adequate to describe
the changes in material fracture toughness due to the
radiation damages and, therefore, to estimate
reliably the embrittlement rate for weld metal with
high nickel content (1,88 % wt) irradiated up to
neutron fluence ~ 45-10°> m;

radiation embrittlement rate for weld metal is
higher then PNAE G-7-002-86 design approach
prediction. One of the reasons for enhanced
embrittlement can be the simultaneously high nickel
and manganese content in weld metal.
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B. M. PeBka, JI. I. Yupko, FO. B. HaiikoBcbkmii, O. B. Tpuryoenko
PI3HI IIAXOAM JO OIIHKN OKPUXYYBAHHS MATEPIAJIIB KOPIIYCIB PEAKTOPIB

Jani 3pa3kiB-cBinkiB as kopirycy peakropa BBEP-1000 mpomucnoBoi AEC, mo excruryatyeTses B YKpaini, Oymu
BHUKOPHCTaHI JUIsl OLIHKM CTYINEHs OKPUX4YyBaHHs MarepiamiB. byno mpoBeneHo aHai3 pe3ynbTariB BUIPOOYBaHb Ha
yJIapHH BUTHH Ta B’SI3KICTh PYHHYBaHHsI ISl MaTepialliB KOPITyCy peakTopa HalpoTH aKTUBHOI 30HU (OCHOBHUH MeTall
Ta MeTal 3BapHOro miBa). Pe3ynbraté BUNpoOyBaHb Ha B’S3KICTh pyHHYBaHHs Oynu 0OpoOJieHI 3riJHO 3 BUMOTaMH
cranaapty ASTM 1921-05. 3pasku lapmi 3 TpimuHoo Oysiu BUIIPoOyBaHi, AjIsi TOTO HI00 OLIIHUTH 3CyB pedepeHcHOT
Temneparypu T, BHacHifmok ompoMiHeHHA. Makcumansauid 3cyB Ty 84 °C. BUKOPHUCTOBYIOUM HaHI IO B’SI3KOCTI
py¥iHyBaHH:, OynH BH3HAaYCHI KOe(IMieHTH pamialifHOTO OKPUXYyBaHHS Ap JJIS AOCHIIKEHUX Matepiami. KpiM Toro,
koedinieHTH Af Oyin oLiHEH] Ha mifcraBi faHuX 1o 3cyBy kpuBoi lllapmi (ATg). [TopiBHAHHS 3HaU€Hb Af, OTPUMAaHUX
3TiHO 3 PI3HUMH MIiAXOJAaMH, I0Ka3ajo, IO ICHYE Y3rOJ/DKEHICTh MK pamiariiiHuMu 3cyBamu kpusoi Illapmi Ta
B’SI3KOCTI pyWHYBaHHs JJIsl METajly 3BapHOrO IiBa 3 miaBuIneHMM BMmictoMm Hikemo (1,88 % wmac.). Otxe, nani 1o
BHIIPOOYBaHHIM HAa YOApHUHA BUTHH MOXYTh OyTH BHKOPHCTaHIi JJISl OWIHKH 3CYBY KPHBOiI B’S3KOCTI pyHHYBaHHS Ta
CTyIeHsI OKpux4dyBaHHA. Kpim Toro, Oyio BUSBIEHO, IO CTYIIHBb PaliallifHOTO OKPUXYyBaHHS 3BAPHOTO IIIBa BUIIE B
MTOPIBHSAHHI 3 MPOEKTHOIO BENWYHHOIO. [1iIBHIIICHEe OKPUXYyBaHHSA, CKOpIIIe 3a Bce, 0OYMOBJICHO OTHOYACHO BHCOKOIO
KOHIIEHTPALIIEIO HIKEI0 Ta MapraHI{io B MeTaJli 11IBa.

Kniouosi cnoea: xopiyc peakropa BBEP-1000, 3pa3ku-cBinku, (IloeHC HEWTPOHIB, pajialliiiHe OKPHUX4YyBaHHS,
B’SI3KICTh PyHHYBaHHSI.
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B. H. PeBka, JI. U. Unpko, 0. B. YaiikoBckuii, A. B. Tpuryoenxo
PA3JIMYHBIE NOAXOAbI K OLIEHKE OXPYITUUBAHUS MATEPHUAJIOB KOPIITYCOB PEAKTOPOB

Jannble oOpa3uoB-cBuzereneil aust koprmyca peakropa BBOP-1000 mpomsbimienHoit ADC, Haxozsmielcss B
9KCIUTyaTallil B YKpawHe, ObUIM HCIIONB30BAHbBI JUIS OLEHKH CTEIICHW OXPYMYMBaHWS MarepuaioB. beul mposeneH
aHAIM3 Pe3yNIbTaTOB HMCIBITAHUA Ha YIOAPHBIM M3rH0 W BS3KOCTHh paspyLICHUs Ul MaTepHAJIOB KOpITyca peakTopa
HalpOTHB AaKTUBHOM 30HBI (OCHOBHOW METall M METaJUI CBapHOro IIBa). Pe3ynbTaTel HMCHBITAaHMHA HA BA3KOCTB
paspymeHust OpUIH 00paboTaHbl corimacHO TpeboBanmsaM cranmapta ASTM 1921-05. O6pasmsr Illapnu ¢ TpemmHOM
OBIIM HCIBITaHBI, YTOOBI OLEHUTH CABUI pedepeHCHON TemmepaTypsl T, BcieacTBue oOMydeHHs. MakcuManbHbBIH
caeur Ty cocraBmsier 84 °C. Hcmonps3ys AaHHBIE MO BS3KOCTH pa3pyIleHHs, OBLUIM OIpenaesieHsl KO3 QHINEHTH
panuanMoHHOTO OXPYITYUBaHUS Af JUIs UcCiIeayeMbIx MaTepuanoB. Kpome Toro, koadduimentsr Ap ObUIH OLEHEHBI Ha
OCHOBaHMHU AaHHBIX N0 caury kpusoi Llapmu (ATg). CpaBHeHHe 3HaYeHUH Ap, MONYy4EHHBIX COTJIACHO Pa3IMYHBIM
HOAXOJaM, MOKa3alo, YTO CYLIECTBYET COIJIACOBAHHOCTh MEXIy paJHallMOHHBIMHU claBuramu kpuod Illapmu u
BS3KOCTH pa3pylIeHUs /sl MeTajula CBapHOTO IIBa C TIIOBBILEHHBIM cojepxanueM Hukens (1,88 % wmac.).
CrenoBarenbHO, JaHHBIE MO MCHBITAHUSM Ha YAApPHBIA N3rMO MOTYT OBITh MCIOJIB30BAHBI JUIS OLICHKU CABHIAa KPUBOH
BS3KOCTH pa3pyLIeHHUs M CTENEeHH oxpymuuBaHusi. Kpome Toro, Obu1o OOHApY)KEHO, YTO CTENEHb PaIMALlMOHHOTO
OXpYITYMBAHMS CBApHOTO IIBAa BBIIIEC MO CPABHEHHUIO C NMPOCKTHOW BenW4MHOH. [IOBBIMICHHOE OXpYyNYMBaHHUE, CKOpEe
BCET0, 00YCIIOBIIEHO OJJHOBPEMEHHO BBHICOKOW KOHIIEHTpAaNMeH HUKENS M MapraHiia B METalIe [IBa.

Kniouesvie cnosa: xopmyc peakropa BBOP-1000, oOpasubl-cBumerenu, (GIOeHC HEHTPOHOB, paaHallMOHHOE
OXpYITYHBaHKE, BASKOCTb Pa3pyILICHUS
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