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PaguaumoHHOe 0XpynyMBaHMe KOPMyCHOM cTann peakTopa BBOP-440,
HaxoAALenca nog Harpyskom

3. Y. I'puHuka M. N. Ynpkoa K. C. 'ynbuyka B. A. Ctpuxano6 /1. C.
HoBorpypgckuii6, A. bannectepocs, J1. Ae6ap6epucr, ®. CeBUHUT

aHayuHbIl LeHTp “UHCTUTYT sigepHbIX nccnegoaHnin” HAH YkpanHbl, Knes, YKpanHa
6 HCTUTYT npobnem npoyHocT um. . C. MucapeHko HAH YkpanHbl, Kues, YKpanHa
B “Tecnatom S.A.”, Magpua, VcnaHus

I SHepreTMyecknini MHCTUTYT, MeTeH, HuaepnaHapl

MpuBeaeHbI pesynbTaTbl ONpefeneH st 3TaloHHOM TemnepaTypel [0 M nocTpoeHa ‘Master
curve” Ha OCHOBE 3KCMEPVMEHTOB, BbIMOMHEHHbIX 4/ CTa/M Mapky 15X2M®A (0CHOBHO MeTas1
Kopryca peakTopa Turna BB3P-440) B Tpex COCTOSHMSX: HEOB/yUYeHHOM, OO/lyUYeHHOM W
06/y4eHHOM 0, Harpyskoid. MokasaHo, YTO MexaHWYecKasi Harpyska, MMWTUVPYIOLLAS [aB/eHvie
TErVIoHOCUTESISl, YCKOPAET pagvialMOHHOE OXpyrnuuBaHue, MpUYeM BKIaL ee CPasHUM C BK/Ia[oM
HEeATPOHHOMO 06/TyYeHVIS.

KntoueBble crnoBa: HEMTPOHHOE 06/1y4YeHWe, pagnalMOHHOE OXpynyuBaHue, KOp-
nycHasa ctanb, “Master curve”, MmexaHnyeckasa Harpyska, gasfieHue TenjoHocuUTens.

Introduction. At the time being, the radiation embrittlement of the reactor
vessel materials is evaluated by the results of the Charpy-type surveillance
specimens or fatigue pre-cracked compact tension specimens. The surveillance
specimens are irradiated in the hermetically closed container assemblies without
stress. The reactor vessel material is actually subjected to the pressure of the
coolant.
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For determining the effect of mechanical load under irradiation on the
embrittlement rate of the reactor vessel materials two container assemblies were
irradiated in commercial unit. They were completed with the specimens cut of
four various grades of steel, having been utilized for manufacturing reactor
pressure vessels in the former Soviet Union. Three kinds of specimens were
prepared of each type of steel, namely:

- static tensile specimens;

- Charpy-V type impact specimens;

- T-L-oriented stressed and unstressed compact tension specimens.

The specimens of each steel were located in three layers. There were 2
tensile, 2 Charpy-V and 4 CT (2 stressed and 2 unstressed) specimens in every
layer of each assembly. Thus, each assembly was completed with six stressed and
six unstressed 1/2T compact tension specimens manufactured of each type of
vessel steel.

Irradiation was performed on such a level of the reactor core that within one
year of irradiation to accumulate the dose comparable with that accumulated by
the reactor core in the center of the active zone during the design service life (40
years).

The primary material property, determining its susceptibility to spalling, is
the ability of the material to resist the propagation of a crack. For reactor steels
the ductile-brittle transition temperature shift in the irradiated state has to be
defined as compared to the unirradiated one, therefore the application of large-
size surveillance specimens is unacceptable.

Employing the Master Curve approach for ferritic steels enables to obtain
credible values of the critical stress-intensity factor K jc in the wide temperature
range testing small-size specimens [1]. According to the recent standardizing
documents, Master Curve is constructed on the basis of the results of testing
small-size specimens at a single temperature such that steady growth of a crack
before the beginning of the fracture is practically precluded. This allows to
simplify considerably the procedure of defining j -integral and use experimental
basic approach of nonlinear fracture mechanics.

The paper presents the results of determining the reference temperature TO
and constructing a Master Curve proceeding from the experiments, carried out for
the steel 15Cr2MoVA (base metal of WWER-440 reactor vessel metal) in
irradiated, unirradiated, and irradiated stressed states.

M aterial and Specimens. Chemical composition of the investigated steel is
presented in Table 1. 1/2T CT specimens were studied. Fatigue cracks (a0) on
them were initiated in line with the requirements of the State Standard 25.506-85

2]

Table 1
Chemical Composition of 15Cr2MoVA Steel

C Si Mn Ni Cr S P Cu \Y/ Mo
0.14 0.2 0.36 0.11 20 0.012  0.007 0.09 0.2 0.6

The vessel metal of an operating WWER-type reactor is under the pressure
of the coolant. In WWER-1000 it equals 16 MPa, that results in the stress of the
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vessel metal of about 173 MPa. For imitating such stresses mechanical load was
created on CT specimens by means of the loading screw and metallic bellows.
Stressed specimens were assembled into two chains, linked with two bellows,
next to unstressed specimens, enabling the correct comparison of the data for both
groups of specimens.

The design of the assemblies allowed water of the primary circuit to wash
the specimens, so their irradiation temperature was equal to the temperature of the
coolant, i.e., ~290cC.

Fast neutron fluences (E > 0.5 MeV) accumulated by the studied specimens
in experimental assemblies are calculated by the Kurchatov Institute in the
framework of the Project TACIS PCP-IV [3] and are illustrated in Table 2.

Table Czalculated Fluences Defined for Middle Areas of Each Assembly Layer
Steel grade Layer number Neutron fluence (E> 0.5 MeV), n/cm2
Assembly No. 1 Assembly No. 2
Base metal 7 9.15 019 9.24 1019
15CrzMoVA 8 1041020 10510
9 1.16-1020 117020

Methods of Testing. Static tensile testing was conducted in accordance with
the State Standard 1497-73 [4]. Remote-controlled tensile-testing machine
installed in the “hot” chamber was applied as experimental equipment. The error
of the breaking stress determining was £25 MPa. The active grip moved with the
speed of 1 mm/min. Tests were performed at room temperature and at 3500C.
Keeping temperature was with the accuracy #20C. The maximum error of
determining strength characteristics is 5% and that of plasticity - 2%. The results
of static tensile tests are shown in Table 3.

Table 3
Radiation-Induced Changes of Mechanical Characteristics of Base Metal 15Cr2MoVA
Averaged over Specimens of Both Assemblies

Test, @C Rpo.2, . A> % Z,%
I\F/)IPa S 0K
e}
20 33 24 170 73 77
601 670 51 2.2 a4
Change, % 80 51 -70 -70 -43
350 316 387 123 36 80
449 506 50 25 43
Change, % 42 3l -59 -31 -46

Note. Over the line are given results for unirradiated specimens and under the line - for irradiated
specimens.

Fracture toughness tests were carried out in line with ASTM Standard
1921-97 [1] on the testing electromechanically-driven machine Instron-8500 with
the critical load 100 kN. The machine is remote-controlled and it is installed in
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the “hot” chamber of the Institute for Nuclear Research of the National Academy
of Sciences of Ukraine in the framework of the program TACIS PCP-1V. The
procedure of measuring temperature, load and crack opening satisfied the
requirements [1] that provided determination of the above characteristics with
high accuracy and obtaining reliable P —V diagrams.

Since crack opening was measured on the front surface of a specimen,
according to p. 7.1 [1] the correction for displacement of the loaded line was
applied by multiplying the measured values by 0.73.

Fracture toughness testing temperature was found as

T=T28J+C, (1)

where C = —28°C for 1/2T specimens [1]. The temperature T28j was defined by
the results of Charpy impact testing (10X10X55 mm) on the pendulum hammer
KMD-30D with impact accumulated energy 300 J in the temperature range
(—80°C)-(+ 100°C) in line with the standard [5] (Fig. 1). The processing of impact
toughness data (Eab) was conducted according to [6] by means of the
approximation function of hyperbolic tangent, the equation of which looks like

where Eab is the absorbed energy (J), A is the average value of Eab between
the maximum (Emax) and minimum (Emin) values, B = (Emax —Emin)/2, Tk0 is
the temperature corresponding to the value A, and C is the empiric constant.
Parameters A, B, C,and Tk0 are defined by the processing of the experimental
points by the methods of least squares.

Ductile-brittle transition temperature for unirradiated specimens (Tk0) is
—62°C and for irradiated ones it is TkF = —7°C.

1— |— —i— r—i—r 11 ) 11 1T Mewlenl

-100 -50 0 100

Test temperature (°C)
Fig. 1 The temperature dependence of absorbed energy of base metal 15Cr2MoVA.
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From the data of Fig. 1 the fracture toughness test temperature =

:T353/0m2 for unirradiated specimens was —62°C and for irradiated ones it was

—11.5°C. Thus, according to the standard [1] and on the basis of Eq. (1) fracture
toughness tests have to be performed at the temperature T = —90°C and
T = —40°C for unirradiated and irradiated specimens, respectively.

Obtained Results. As a result of testing seven unirradiated specimens at
—90°C P —V diagrams, characteristic for cleavage cracking, have been got. By
the results of processing these diagrams the values of /-integral were defined as
the sum of elastic and plastic components. The values of the stress intensity factor
(K Jc) were calculated from the j ¢ values obtained for each individual specimen.
The values of Jc and Kjc for unirradiated specimens of steel 15Cr2MoVA are
illustrated in Table 4.

P —V diagram and the fracture surface in first irradiated specimen at the
testing temperature Ttest = —40°C testify the considerable stable growth of a
crack. The value of Kjc for this specimen is equal to 129.95 MPaVm (Table 4).

According to the recommendations of CSRIEM “Prometei” on the assessment of
fracture toughness in WWER-440, WWER-1000 reactor vessel materials, the
testing temperature was lowered by 20°C, but at Ttest = —60°C the stable crack
growth was also more intensive. At Ttest = —80°C cleavage cracking took place in
the irradiated specimens. Therefore all the rest irradiated (stressed and unstressed)
specimens were tested at Ttest = —80°C. The results of testing all the specimens
are shown in Table 4. None of the Kjc values should be qualified as all the
values do not exceed K jc(limit) value for the above testing temperature.

M aster Curve Approach Application. Master Curve approach is used for
construction temperature dependence of fracture toughness on the basis of test
results of limited quantity of specimens [7, 8]. The position of the curve Kjc(T)
on the temperature coordinate is established from experimental determination of
the temperature TO at which the median value Kjc(med) for 1T specimens is
100 MPaVm. Ferritic steels are known to be very heterogeneous due to the
orientation of individual grains as well as to heterogeneities of the grain
boundaries. Carbides and different non-metallic inclusions on the grain
boundaries may be nucleus of microcracks. Their random location relative to the
crack front in the material conditions the large spread in values of fracture
toughness testing small-size specimens.

As it is shown by Weibull [9] the curve shape for ferritic steels with yield
strength from 275 to 825 MPa is determined by the index ofthe exponential curve
b =4 and Kmin = 20 MPaVm. These data are received on the basis of the statistic
analysis of a huge number of experimental data, obtained by various researchers
all over the world on the specimens of different sizes.

According to the requirements [1], whose adequacy has been confirmed in
[10], the values obtained on specimens of size 0.5T were recalculated into the
values equivalent to those obtained on specimens of size 1T by the formula

®)
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Results of Fracture Toughness Testing of Base Metal 15Cr2MoVA

Table 4
No. State w ©°
1 Unirradiated -90
2 -90
3 -90
4 -90
5 -90
6 -90
7 -90
1 Irradiated -80
2 unstressed -80
3 -80
4 -80
5 -80
6 -80
7 -80
8 -80
9 -80
10 -80
11 -40
12 -60
1 Irradiated -80
2 stressed -80
3 -80
4 -80
5 -80
6 -80
7 -80
8 -80
9 -80
10 -80
1 -80
12 -80

KX@2T),  KX@H Ko, Kxme)r @ <
MPaVm MPaVm MPaVm  MPaVm

and then we calculated the scale parameter

Ko =

7157 68.42 85.58 79.83 - 721
85.53 75.11
93.65 81.94
98.09 85.67
98.93 86.38
106.12 92.44
107.09 93.24
67.24 59.73 81.98 76.56 - 585
67.92 60.30
73.98 64.81
80.02 70.47
86.28 71.84
98.42 85.95
103.83 88.92
101.95 90.50
104.93 91.43
106.48 92.73
129.95 112.46
144.78 124.94
5151 46.50 68.60 64.35 - 425
55.17 49.58
56.45 50.66
58.30 5221
67.64 60.07
68.15 60.50
69.26 61.42
82.22 72.33
82.24 72.34
86.94 76.30
91.83 80.41
94.55 82.70
N V4
(KJe(1T)) + 20, @
N - 0.3068

i=1
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15Cr2MoVA unirradiated Master Curve for unirradiated 15Cr2MoVA sleel
\Y)
|
a
2 3 4
KX(i)- Km Test temperature (@C)
a
15Cr2MoVA irradiated
\V)
|
0
£
M KJ(i) - Kniri
b
15Cr2MoVA irradiated under stress Master Curve lor irradiated under stress
15Cr2MoVA steel
0 1 2 3 4 5 6 7
In[KX(i) - Kmin] Test temperature (00
C

Fig. 2. Weibull’s plots and Master Curves for three states of specimens: unirradiated (a), irradiated
without stress (b) and irradiated under mechanical load (c): (1, 3) tolerance bounds 95% and 5%,
respectively; (2) Master Curves.

and the mean value of the sample:

K M med) = (K0 - 20)[In2]4 + 20. (5)

The magnitude of the reference temperature (70) was determined using the
following expression:

t -T - 1 i (Kjc(med)
0 test 0.019 n, 70 Q
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The values of the parameters calculated according to formulas (3)-(5) for three
states of steel 15Kh2MFA are listed in Table 4. Master Curves (Fig. 2) were
constructed by the equation [1]:

Kjc(med) = 30+ 70exp[0.019(r- r0)]. @)

For visual representation of the results of testing, Weibull’s model was used
according to which the probability of fracture is evaluated by the formula

Pf =1- exp{-[(Kjc - Kmin)/(K0- Kmin) f }, (8)

where Kmin = 20 MPaVm and b = 4

Figure 2 demonstrates that the data of KJc lie within £5% confidence
interval of Master Curve approach.

Mean-square deviations TO estimated according to [1] are equal £7°C for
unirradiated specimens and + 6°C for irradiated ones in both states.

Figure 3 illustrates Master Curves for three states of steel 15Cr2MoVA:
unirradiated (1), after irradiation unloaded (2), and irradiated loaded (3).
Reference temperature TO for irradiated unstressed specimens exceeds its value
for unirradiated specimens. Total effect of neutron irradiation and stress results in
the increase of the reference temperature in this case by 30°C.

Test temperature (°C)

Fig. 3. Master Curves for three states of specimens: (7) unirradiated, (2) irradiated, and (3) irradiated
under mechanical load.

Conclusions. The effect of neutron irradiation on radiation embrittlement of
Ni-free vessel steel 15Cr2MoVA is studied in two states: under mechanical load
and without it.

The effect of stressed state due to mechanical load, imitating the pressure of
the coolant, on the ductile-brittle transition temperature of the fatigue pre-cracked
specimens of steel is discovered. The above effect is revealed in the reference
temperature TO for stressed irradiated specimens being higher than for irradiated
unstressed ones. The effect of the stressed state caused by mechanical load,
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imitating the pressure of the coolant, on the ductile-brittle transition temperature
is qualitatively comparable with the effect of neutron irradiation. From the
physical point of view, this phenomenon is conditioned by the higher rate of the
formation of radiation defects due to the total effects of neutron irradiation and
stress.

Pesrome

HaBefeHO pe3ynbTaTW BU3HAYeHHs eTafoOHHOT Temnepatypu [0 Ta nobyfoBaHO

“Master curve” Ha OCHOBI eKCNepuMeHTIB, NPOBeAeHNX ANs cTani Mapku 15X2MOA
(ocHOBHUI MeTan Kopnycy peaktopa Tuny BBEP-440) B HEONpOMiHEHOMY, OMNpoO-
MiHEHOMY /i ONPOMiIHEHOMY Nif HaBaHTaXXeHHAM CTaHi. [1oKa3aHoO, W0 MexaHiuyHe
HaBaHTa)XEHHS, fKe IMiTye TWCK TenjoHOCif, MNpUCKOploe pafgialifiHe OKpux-
YeHHA, NpW LUbOMY MNOro BHECOK MOXHa MOPIBHATU 3 BHECKOM HENTPOHHOro
ONPOMIHEHHA.

10.

ASTM Standard E 1921-97. Standard Test Method for Determination of
Reference Temperature To for Ferritic Steels in the Transition Range,
Annual Book of ASTM Standards, Vol. 03.01 (1998).

All-Union State Standard 25.506-85. Strength Analysis and Tests. Methods
for Mechanical Testing of Metals. Determination of Crack Resistance
(Fracture Toughness) Characteristics in Static Loading [in Russian],
Gosstandart USSR, Moscow (1985).

Report on the Irradiation Conditions, NPP/PCP-4-IRLA(99)-D1 [in Russian],
Unit 5, Novovoronezh (1999).

All-Union State Standard 1497-73 (ST SEV 471-77). Metals. Methods of
Tensile Testing [in Russian], 1zd. Standartov, Moscow (1983).

All-Union State Standard 9454-78 (ST SEV 472-77, ST SEV 473-77). Metals.
A Method of Testing for Impact Bending at Low, Room, and Elevated
Tempeatures [in Russian], lzd. Standartov, Moscow (1982).

. Standards for Strength Analysis of PNAE G-7-002-86 Nuclear Power Plant

Equipment and Pipelines [in Russian], Energoatomizdat, Moscow (1989).

Steinstra D. I. A., Stochastic Micromechanical Modeling of Cleavage
Fracture in the Ductile-Brittle Transition Region, MM6013-90-11, Ph.D.
Thesis, Texas A&M University, College Station (1990).

. Wallin K., “A simple theoretical Charpy V —K Ic correlation for irradiation

embrittlement,” in: ASME Pressure Vessels and Piping Conference,
Innovative Approaches to Irradiation Damage and Fracture Analysis, PVP,
Vol. 170, ASME, New York (1989).

Wallin K., “The scatter in Klc results,” Eng. Fract. Mech., 19, No. 6,
1085-1093 (1984).

Ballesteros A., Strizhalo V. A., Grinik E. U., et al., “Determination of
reference temperature TO for steel JRQ in an unirradiated state and
construction of a Master Curve,” Probl. Prochn., No. 1, 41-51 (2002).

Received 05. 04. 2002

ISSN 0556-171X. Mpo6nemu npoyHocTu, 2003, No 1 47



