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Prediction of irradiation embrittlement of Reactor Pressure Vessel (RPV) materials is performed usually in accordance
with relevant codes and standards that are based on large amount of information from surveillance and research programs.
The existing Russian Code (Standard for Strength Calculations of Components and Piping in Nuclear Power Plants
(NPPs) — PNAE G 7-002-86) for the WWER RPYV irradiation embrittlement assessment was approved more than 20 years
ago and based mostly on the experimental data obtained in research reactors with accelerated irradiation. The validation of
the above Code has been made without the surveillance specimen results that were produced in 1980-1990s. Thus, new
analysis of all available data was required for more precise prediction of radiation embrittlement of RPV materials. Based
on the fact that large amount of data from surveillance program as well as some research programs, IAEA International
Database on RPV Materials IDRPVM) has been used for the detailed analysis radiation embrittlement of WWER RPV
materials. Thus, the following activities have been performed within the IAEA Co-ordinated project: Collection of com-
plete WWER-440 surveillance and other similarly important data into the IDRPVM, Analysis of radiation embrittlement
data of WWER-440 RPV materials using IDRPVM database, Evaluation of predictive formulae depending on material
chemical composition, neutron fluence and neutron flux, Development of the guidelines for prediction of radiation embrit-
tlement of operating reactor pressure vessels of WWER-440 including methodology for evaluation of surveillance data of

a specific operating unit.

INTRODUCTION

Prediction of irradiation embrittlement of Reactor Pres-
sure Vessel (RPV) materials is performed usually in accor-
dance with relevant codes and standards that are based on
large amount of information from surveillance and re-
search programs. The existing Russian Code [1] for the
WWER RPV irradiation embrittlement assessment was ap-
proved more than 20 years ago and based mostly on the
experimental data obtained in research reactors with accel-
erated irradiation. Nevertheless, it is still in good use and
generally consistent with new data. The validation of the
above Code has been made without the surveillance speci-
men results that were produced in 1980-1990s.

Up to now a lot of surveillance data have been ob-
tained from operating WWER type reactors. Also some
years ago the IAEA International Database on RPV Ma-
terials (IDRPVM) has been created. A big amount of
RPV irradiation embrittlement data have been obtained
in the framework of national research programmes as
well. Using these data with the surveillance results
could considerably expand the WWER RPV material
database and assist in the RPV integrity assessment.

Reactor pressure vessels for WWER-440 type reactors
were manufacture from the steel of 15SH2MFA(A) grade
which is of Cr-Mo-V type. Such steels are not used in any
other RPVs in other type or reactors, thus there does not
exist any other prediction formulae that could be applied
for WWER-440 materials — their chemical composition is
quite different when compared with usual LWR RPV ma-

Thus, new analysis of all available data were re-
quired for more precise prediction of radiation embrit-
tlement of RPV materials. This analysis was performed
within the IAEA Cvo-ordinated Research Program
(CRP) with these main tasks:

— Collection of complete WWER-440 surveillance
and other similarly important data into the IDRPVM,;

— Analysis of radiation embrittlement data of
WWER-440 RPV materials using IDRPVM database;

— Evaluation of predictive formulae depending on
material chemical composition, neutron fluence and
neutron flux;

— Development of the guidelines for prediction of radi-
ation embrittlement of operating reactor pressure vessels of
WWER-440 including methodology for evaluation of
surveillance data of a specific operating unit.

These IAEA Guidelines were finished in 2004 and
are now in the printing procedure.

1. CURRENT PROCEDURE [1]

The similar procedure is used for the radiation em-
brittlement assessment in Russia, Bulgaria and Ukraine
and is based on Russian Code [1] for the embrittlement
assessment based on the brittle fracture temperature Ty .
Its value should be evaluated experimentally by Charpy
impact testing entirely. However, if it is not applicable,
empirical relations given next have to be used:

Weld metals:

. : Ti=To + AT, (1

terials — ASTM A 533-B or A 508 that are of Ni-Mo-Cr o ENEY: ” »
type without any amount of vanadium. AT=Ag (Fx107) ™ for 107<F<3 x10 2
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Ar=15°C for weld metal Sv-10KhMFT(U) (Tiradiation =

270°C); (3)
=800 (P + 0.07 Cu) for weld metal Sv-10KhMFT
(Tit‘radiation = 270 OC). (4)

Here Ty is the initial value of brittle fracture temper-
ature from Acceptance Tests and ATk is irradiation in-
duced shift in T\, A¢*” is the irradiation embrittlement
factor for irradiation at temperature 270 °C, F is the
neutron fluence in m?, E>0.5 MeV and P, Cu, is the
concentration in mass %. The irradiation embrittlement
factor Ar is irradiation temperature dependent and its
value for irradiation at 250 °C is equal to:

AP =800(P+0.07Cu) + 8. (5)

Base metals: Formulae (1.1-1.2) are used in general
to evaluate the brittle fracture temperature of the
WWER-440/230 reactor pressure vessels. In some cases
these results are being verified by testing of the material
samples, templates, cut directly from the vessel wall.
Subsized Charpy specimens are used for this purpose.
The special procedure has been developed to correlate
results of subsized and standard Charpy testing, and ob-
tained data supporting the procedure. Coefficients Ar for
base metals are given in [1] as:

Ar =18 °C for steel 15Kh2MFA (Tinagiation = 270 °C) ~ (6)
=12 °C for steel 15Kh2MFAA (Tinadiation = 270 °C) @)

Nor in [1] neither in other official document there is
a valid procedure for evaluation of results from the
surveillance specimen programs for WWER reactor
pressure vessels. There is also no recommendation for
the use of such data in reactor pressure vessel integrity
and lifetime assessment.

2. IRRADIATION EMBRITTLEMENT
MODELING

Relatively large Charpy-V surveillance data set for
WWER-440 pressure vessel materials was collected in
the CRP but only limited number of fracture toughness
data. Hence trend curve fitting in this report is based on
ISO Charpy-V data only. The weld data consists of 34
low flux and 87 high flux data points, i.e. of 121 weld
data points altogether, and the base metal data of 24 low
flux and 76 high flux data points, i.e. of 100 base metal
data points altogether.

2.1. PRINCIPLES OF THE TREND CURVE
DERIVATION

Basic physics research has not resulted in justification
of a unique physically based functional forms. The number
of candidate functions, which fulfill the requirements given
above, is naturally large. In the statistical fitting several
combinations of commonly issued functions are applied in
order to have a selection for choice.

The following three basic functions are used in fitting:

The power law function A7 = q0 F"; (8)
The exponential function A 7 = al(1- e e ); (9

The tanh function
P -0,
AT =c10[1/2+ 1/2Dtanh(72)], (10)
c

where AT is the transition temperature shift, F is the
neutron fluence and a, n, ¢, ¢c; and F, are coefficients.
The acceptable values of # in the power law function (1)
are0<n<1.

The power law function never saturates fully and its
derivative at zero fluence is infinite for the realistic val-
ues of n (0< n < 1). The derivate of the exponential
function at zero fluence is "alh" and it saturates fully to
the value of "a" at high fluences. Hence the exponential
function suits well for the characterization of early de-
velopment of embrittlement.

The embrittlement description may include also
threshold values for fluence and impurity contents.

These threshold values can be connected to real
physical phenomena. Threshold fluence can describe the
nucleation fluence, which is needed before a physical
response can be observed. Threshold on chemistry may
be linked to the amount of the chemical element
permanently bound to some structures or to solubility of
the element in the matrix at the operation temperature of
the material.

The data are characterized by the phosphorus and cop-
per contents, neutron fluence and neutron flux. The distri-
bution of these parameters in the database may limit the in-
formation, which can be derived from the data. The mea-
sured data are also compared to the prediction function
(1.4) given in the Russian Code PNAE [1].

The distribution of weld data in the copper-phospho-
rus plane is shown in Fig. 1.
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Fig. 1. Distribution of weld data in the Cu-P plane. Low
flux marks are located on the top of high flux marks, i.e.
open circles in bold include both flux values

Low and high flux data points are identified in the
figure. The measured transition temperature shifts of
weld data are shown as a function of neutron fluence in
Fig. 2.
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Fig. 2. The measured transition temperature shifts
as a function of neutron fluence

The measured weld data compared to the prediction by
formula (1.4) are shown in Fig. 3. The formula (1.4) gives a
relatively good description of the data but at high shifts the
formula predicts on average too high shift values which can
be related to different approach for transition temperature
shifts as it was described in PNAE (47 J and 71 J) and in the
analysed data set (41 J and 47 J).
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Fig. 3. The measured shift versus the shift calculated
from the formula (1.4), weld data

The distribution of base metal data in the copper-
phosphorus plane is shown in Fig. 4, where low and
high flux data points are indicated.
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Fig. 4. Distribution of base metal data in the Cu-P plane.
Low flux marks are located on the top of high flux marks,
i.e. open circles in bold include both flux values

The copper and phosphorus contents are concentrated
approximately around P= 0.013 mass.% and Cu =
0.10 mass.%. The measured transition temperature shifts
of base metal are shown in Fig. 5 as a function of neutron
fluence. The shifts correlate well with neutron fluence.
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Fig. 5. The measured transition temperature
shifts of base metal as a function of neutron fluence

The measured shifts of base metal are compared to
the prediction (1.4) used for weld metal in Fig. 6. For
most of the points the weld prediction formula (1.4) rep-
resents an upper boundary for base metal but there are
points in the range of ATpes = 80 to 140 °C, which ex-
ceed the prediction for weld.
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Fig. 6. The measured base metal shifts versus the shifts
calculated from the formula (1.4) for weld metal

2.2. TREND CURVE FITTING

The following five types of trial functions have been
used in fitting:

Fit-1:0T= (al0 P+ a20Cu)00 " ; (11)
Fit-2:0 T = (al0 P+ a20Cu)10 "+ a300 "3; (12)
Fit-3: AT = q10P10 "'+ a20Cu00 "+ q300 735 (13)
Fit-4:
0T=allPI(1- ¢ ™™yt a20Cul(1- ¢ "™ )+ a300 ™3, (14)
Fit-5:
DT= allF"+ bl[%l— o F/Fa )E+ e10[1/2+ 1/20 tan (" Lo g)]
C
(15)

Fit-1 has the same form as the Russian Code formula
for weld metal.

Fit-2 is a function, where a matrix damage term has
been added to Fit-1.

Fit-3 has separate power law exponents for the phos-
phorus and the copper terms in addition to the matrix
damage term.
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Fit-4 describes the phosphorus and the copper terms
with exponential function for both terms having own ex-
ponent values. In addition, it contains the matrix dam-
age term.

Fit-5 describes the phosphorus term with tanh func-
tion.

2.3. SUMMARY OF THE FITS:

The following conclusions can be made as results of
fitting the candidate functions:

— In weld metal matrix damage term is needed. The addi-
tion of the matrix term reduces the standard deviation
of the fit by approximately 5 °C as compared to Fit-1,
which has the functional form given in the Russian
Code.

— The use of phosphorus threshold level reduces the
scatter of all fits approximately by 0.5 °C. The value
of the derived threshold is P = 0.015 mass.% for
weld and base metals and it is clearly the property of
the analyzed data set.

— The data can be described equally well with differ-
ent types of functions. Standard deviation of all best
fits made to the whole data set is about 18 °C.

— The early development of copper and phosphorus re-
sponse as a function of neutron fluence is fast but it
cannot be determined quantitatively from the data.
Fits were made also to low flux and high flux sub

data sets separately and the analyses is described in the
reference documents. Standard deviation of all data fits
is typically 18 °C. Fits made to low flux data sub sets
are typically 12 °C. Because the number of low flux data
points is relatively low, the derived functions are not so
well defined as the all data fits.

3. GUIDELINES FOR PREDICTION
OF RADIATION EMBRITTLEMENT
OF OPERATING WWER-440 RPVS

This Guideline should be used for assessment of irra-
diation embrittlement of RPV ferritic materials as a result
of degradation during operation. Both approaches, i.e.
transition temperatures based on Charpy impact notch
toughness as well as based on static fracture toughness
tests are to be used in RPV integrity evaluation.

Integrity and lifetime assessment of reactor compo-
nents are based, in principle, on application of fracture
mechanics approach, thus determination of fracture
toughness changes is of the main concern. Thus, two
ways can be applied, depending on the number and type
of specimens either in surveillance specimens or in the
material qualification programme and other experimen-
tal/material validation programmes:

— direct determination of fracture toughness of RPV
materials is required at certain periods during RPV
operation, i.e. with given level of degradation — in
this case, fracture toughness testing is performed and
its temperature dependence is determined directly
using either single- or multi-temperature testing ap-
proaches. Fracture toughness of the degraded materi-

als shall be determined and no initial initial proper-
ties are required;

— indirect determination of the fracture toughness of
RPV material using Charpy V-notch impact test
specimens and correlation formulae between brittle
fracture temperature and temperature dependence of
fracture toughness including their shifts. In this case,
critical temperature of brittleness from Acceptance
Tests, Ty, must be well known, as surveillance
Charpy specimens could serve only for determina-
tion of a shift of the transition temperature

3.1. FRACTURE MECHANICS TEMPERATURES
3.1.1. MASTER CURVE APPROACH

Reference temperature T, is determined from static
fracture toughness tests using a single- or multiple-tem-
perature ,,Master Curve* approach in accordance with
the standard ASTM E 1921-02 and its application is
given in [2, 3]. Then, a chosen lower tolerance bound
(usually 5%) should be applied for determination of
fracture toughness temperature dependence to be used
in integrity/lifetime calculations.

In principle, transition temperature T, is usually de-
termined for the required fluence for the RPV integrity
assessment, i.e. for end-of-life fluence or for extended
life fluence In addition, in special cases during RPV de-
sign or for prediction of RPV behaviour during future
operation, these temperatures could be also evaluated
using similar procedure as for critical temperature of
brittleness, together with shifts of brittle fracture tem-
perature instead of shifts AT,c or separately only for
trend curves of shifts AT,.

Similarly, this temperature could be determined also
for a given time of ageing, i.e. for characterisation of
thermal ageing of materials. The reference temperature,
To, as determined in accordance with the standard
ASTM E 1921-02 shall be increased by a margin, equal
to a standard deviation ¢ (defined below) only for the
tested condition, i.e. either initial or for a given degrada-
tion state. Reference temperature T is defined from ex-
perimentally determined values of static fracture tough-
ness, Kjc, adjusted to the thickness of 25 mm.

Margin 0, is added to cover the uncertainty in T, as-
sociated with using of only a few specimens to establish
To while margin § Ty characterizes the scatter of the
properties of forgings and welds. The total standard de-
viation O of the estimate of T, is given by:

0=(0’+8 Tw’)"”, (16)
where margin 0; is defined as
o, = B / NO'S, OC, (17)

where N = total number of specimens used to establish
the value of T,

B=+18°C.
If the value of § Ty is not available from Qualification

tests of given material, the use of the following fixed val-
ues is suggested:

0 Twmi = 10°C for the base material,
0 Twmz = 16°C for weld metals.
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Thus, reference temperature that will be used in RPV
integrity evaluation, RT,, is defined as:

RTo,=T,+ 0. (18)

In the case when surveillance specimens for
determination of temperature T, were irradiated at a
different neutron fluence as required (i.e. end-of-life or
extended life), an interpolation between results from two
adjacent fluences is permitted. In this case, interpolation
can be performed using power law formula.

3.1.2. BASE CURVE APPROACH

“Base Curve” approach is approved as a national
procedure [4] in Russian Federation. It contains the fol-
lowingparts:

— A new procedure of RPV brittle fracture resistance
calculation;

— A prediction procedure of fracture toughness tem-
perature dependence on the base of testing small
specimens (Prometey Probabilistic Model).

3.2. BRITTLE FRACTURE TEMPERATURE

To determine both the initial and actual temperature de-
pendences of fracture toughness Ky, respectively, the brit-

tle fracture temperature 7'x has to be used. The brittle frac-
ture temperature 7' is usually determined for the fluence
corresponding to the design or extended end of life. The
brittle fracture temperature 7'x as a result of irradiation
embrittlement is given by the following relationship:

Tk =Tk tATE, (3.4)

where T critical temperature of brittleness, [°C], 4 Tr
shift of the brittle fracture temperature due to irradiation, °C.

The values of the brittle fracture temperature Ty was
to be obtained from the Acceptance Tests. If such value is
unknown, then the so-called “guaranteed” value from the
corresponding Technical Requirements or from the Code
for a given material is used. When using “guaranteed” val-
ues of Ty in RPV integrity evaluation, then no tempera-
ture margin should be added as this value is considered to
be enough conservative.

If the experimentally determined values of the initial
brittle fracture temperature Ty from component Accep-
tance Tests are known (based on component Passport) these
should be increased by the temperature margin 0 Ty ; the
margin has to take into account the scatter of the values of
mechanical properties in forgings and welds; § Ty

Value of § Ty is the standard deviation of Ty deter-
mined for the given forgings or weld metal in the frame of
Qualification Tests or in the frame of a set of identical ma-
terials established during production of the component by
the identical technology. If this value is not available the
application of the following values is suggested

0 Twmi = 10°C for the base material,
0 Twmz = 16°C for weld metals.

This margin should be applied to the temperature Tx
determined in accordance with equation (3.4).

3.3. DETERMINATION OF THE EFFECT
OF IRRADIATION EMBRITTLEMENT

3.3.1. THE SHIFT OF THE BRITTLE FRACTURE
TEMPERATURE DUE TO IRRADIATION

First method: Results of tests of the surveillance
program for specimens of the material of the vessel are
available: respectively, also results for other vessels
containing identical materials — for example, identical
heat of the welding wire and flux:

Shift of the brittle fracture temperature is determined
from the formula:

AT = Tis- T, (19)

where Tiris a value of transition temperature for a fluence
F, Ty is a value of transition temperature for initial
conditions (unirradiated).

In both cases, these temperatures are determined from
similar sets of specimens (minimum 12) using similar test
equipment and procedure. The difference in fluence
between specimens of one set should be smaller than +
15 % of the mean value, and the difference in irradiation
temperatures of individual specimens should be within
10 °C. Finally, the mean value of irradiation temperature
should be not higher than + 10 °C above the inner wall
temperature of the reactor pressure vessel.

Obtained experimental values of KV (impact notch
energy) are evaluated using the following equation

KV = A + B tanh [(T-T0)/C], (20)

where A, B, C and TO are constants derived by statistical
evaluation.

It is strongly recommended to set lower shelf energy at
values between 0 and 5 J to avoid incorrect fitting when a
small number of specimens are tested in the lower shelf
energy temperature region. Upper shelf energy should be
fixed to the mean value of ductile fractured specimens.
Shift of the transition temperature is determined for the
criterion or consistent with national procedures

KV=41]. 21)

This procedure results in valid values of ATy only when
the upper shelf energy, derived from the formula (3.6) -
i.e.,, sum of (A+B), - is greater than 68 J. The results of
determinations of the shift in the brittle fracture
temperature obtained at least for three different neutron
fluences are to be evaluated by the least squares method
using the relationship:

ATy = As, (F.1072)", (22)

where F' is the fluence of fast neutrons with the energy
higher than 0.5 MeV, Ar™ and n are empirical constants
obtained by statistical evaluation of surveillance data.

Determination of shifts ATr is to be based on
unirradiated and irradiated test data obtained from the
same type of testing equipment and using the identical
procedures for statistically processed curves. Mean
experimentally determined fluence dependence of AT
in accordance with the equation (3.8) from surveillance
tests is compared with the prediction for a given
chemical composition of the tested material. If the real
shifts are larger by more than 30 °C (approx. 1.5 SD
given in (3.9+3.10)) for end-of-life fluence than
predicted value, analysis of the difference should be
performed and evaluated.

In addition, the mean line from (3.8) should be
vertically shifted upward by the value of § Ty calculated
according to 3.2. If any experimental point exceeds this

BOITPOCHI ATOMHOM HAYKH U TEXHHKU. 2007. Ne 6. 76
Cepua: Ousnka paJualMOHHBIX TIOBPEXKICHUHI U paJuallioHHOE MaTepuanoseaenue (91), c. 72-77.



adjusted trend curve, the curve should be shifted further Ao, in accordance with the standard E 1921-02 should
until it bounds all data. This upper boundary of the shiftsis  be applied for determination of To™,
to be used in assessment of RPV resistance against fast

fracture. It is not allowed to extrapolate shifts of the CONCLUSION
transient temperatures for the fluences higher than double o .. N
of the maximum fluence used for the experiment. New  Guidelines  for  prediction irradiation

embrittlement in reactor pressure vessel materials of
WWER-440 type reactors were prepared within the [AEA
Co-ordinated Research project. These Guidelines are
based on analysis of experimental data from irradiation of
materials of these RPVs collected in the IAEA
International Database on RPV Materials (IDRPVM).

Second method: If there are insufficient number or
no surveillance test results: In such a case, the following
prediction formula can be used for prediction of the
shift in brittle fracture temperature:

Metal Formula sD Nl:lel:.l- These Guidelines contain formulae for prediction
Weld [ a7=[g840p+ s1.30¢u 70 02 SD=22.6 °C |(23) irradiation embrittlement for base and weld metals of
metal* | _g000(1.110 P+ 0.0640 Cuy0 0 °¥ this type of reactors, either based on brittle transition
Base  |AT =837 [ SD=21.7°C | (24) temperature, Ty, or reference temperature of Master
metal* Curve approach, To.

*Formulae are valid for neutron fluences in the range 102 <F <4 x 10* Recommenqation for. the use Of_real experimental
m?2SD = standard deviation data from testing surveillance specimens from these
RPVs was also elaborated and recommended.
Both formulae represent the mean trend line; this

mean value with the margin should be used for RPV REFERENCES
integrity assessment. 1. PNAE-G0002-86 — Standard for strength
3.3.2. DETERMINATION OF THE REFERENCE calculations of components and piping in NPPs, PN
TEMPERATURE T, FOR REQUIRED TIME AE G-7 002-86. M.: «Energoatomizdat», 1989.
OF OPERATION 2. ASTM E 1921-Test Method for Determination of
If this cannot be determined directly by fracture tough- Reference Temperature, T, for Ferritic Steels in the
ness testing, then the following mixed way (i.e. combina- Transition Range, ASTM, West Conshohocken, PA,
tion of static fracture toughness and Charpy V-notch im- (-97 version published in 1998 and -02 version pub-
pact test results) may be conservatively used for determina- lished in 2002)
tion of temperature T, during operation, i.e. 3. IAEA TECDOC xxxx- IAEA Guidelines for Applica-
ToPemtion = Tginital 4+ 1 1 AT, (25) tion of the Master Curve Approach to Reactor Pres-

sure Vessel Integrity. IAEA TECDOC (in print).

vs}/lhere AT; 3151 determ}nedcﬁy the same process as is 4 procedure for determination of residual lifetime of
shown i 3.3.1, 1.e. using Charpy impact specimen test- WWER reactor pressure vessels during operation.

ing and/or prediction using formula (3.8). MRK-SKhR-2000. Sankt Peterburg-Moscow, 2000.
In this case, the same margin than for the scatter of

the material and the margin equal to standard deviation,

NPEACKA3ZAHUE PAJUAIIMOHHOI'O OXPYITYUBAHUS
BHYTPUKOPITY CHbIX MATEPUAJIOB PEAKTOPA BBEP-440

M. Bpymoeckuii, M. Kymxkao JI. /lebapoepuc, @. Kennemom, A. Kpaiixos, M. Bano

Ipenckaszanue pagnalMoOHHOIO OXPYIMYHBAHHSA MATEPUAIOB BHYTPUKOPITYCTHBIX ycTpoicTB (BKY) 00bIMHO BBIMOIHSETCS B COOTBECTBUH C KOJAMHU M CTaHIap-
TaMM, OCHOBAaHHBIMH Ha OOLIMPHOIT HH(OPMALNH, HAKOIIEHHON B XO/I€ MOJIE/IBHBIX M MCCleoBaTenbCkuX nporpamm. CymectBytonmii Poccniicknii Kog (Crangapt
JUTSl BEIYUCIICHHH MIPOYHOCTH U KOMIOHEHTOB M TPYOOIPOBOA0B B aToMHbIX 2nekTpocTaHuusx (ADC) — PNAE G 7-002-86) ai1st OLEHKH paiHalliOHHOTO OXPYITYHBa-
nust BKY peakropoB BBOP xopomo 3apexomenioBan cedst Ha npoTspkeHnH Gonee yem 20 J1eT; OH OCHOBAH Ha KCIIEPUMEHTANIBHBIX JAHHBIX, IIOTYy4YEHHBIX B HCCIIE-
JIOBaTEJIbCKUX PEAKTOPaX ¢ yCKOPEHHBIM 001yueHneM. OLeHka ynoMsHyToro Bbie Kozna Obuta BeimoaHeHa 6e3 pe3yIbTaToB ¢ 00pa3loB-CBHAETENEH, KOTOpble ObLIH
noyyens! B 1980-1990 romax. Takum 00pa3om, HEOOXOMMM HOBBIH aHAIM3 BCEX MMEIOLIMXCS JAHHBIX Uit 00jee TOYHOrO MPOTHO3MPOBAHMS PAaAHALHOHHOTO
oxpymuuBanus Marepuanos BKY. Ha ocnoBanuu Toro ¢axra, 4to GbLIO HCIOIB30BaHO OONBIIOE KOTHYECTBO JAHHBIX C MAKETHBIX H HCCIIEJ0BATENIbCKUX MIPOrPaMM,
MexnayHnapoanas basa manaeix MAI'ATD no marepuanam BKY Obuia mcnonb3oBaHa i mogpoOHOro aHanu3a paananioHHOro oxpymunsanus BKY marepuanos
quis peaktopoB BBOP. Takum 06pasom, B pamkax Koopannarmonnoro npoekra MAI'ATD Gbuti BEIOIHEHO cieayolee: cOOp MOIHBIX AAHHBIX C 00pa3lioB-CBHIC-
teneii BBEP-440 u apyrux nogoOHBIX BaXHBIX TaHHBIX B MexayHapoaHyio 0a3y JaHHBIX; aHAIN3 JaHHBIX MO paJMallMOHHOMY oxpymuuBaHuio BKY marepuanos
BBDP-440 ¢ ucnons3oBaHHEM MEXIyHapOAHON 0a3bl JaHHBIX; OLEHKA (OPMYJIbI IPOTHO3MPOBAHUS B 3aBUCUMOCTH OT XMMHYECKOTO COCTaBa MaTepuaina, (aoeHca
HEUTPOHOB M HEHTPOHHOTO NOTOKA, Pa3pabOTKa OCHOBHBIX MOJOXKEHUH JUIS MPEACKA3aHHs PAAUALMOHHOTO OXPYMYHBAHHS DKCILUTyaTUPYEMbIX BHYTPUKOPITYCHBIX
yerpoiicts BBOP-440, Bkir04ast METOHOIOTHIO JUTSl OLICHKH KOHTPOJIBHBIX JAHHBIX KOHKPETHOM IEHCTBYIOLICH YCTaHOBKH.

MPOTHO3YBAHHSA PAJIALIIMHOIO OKPUXYEHHS BHY TPIIIHbOKOPITY CHUX MATEPIAJIIB
PEAKTOPA BBEP-440

M. bpymoscokuii, M. Kymka, JI. /lebapoepuc, ®. Kennemom, A. Kpaiikos, M. Bano

TIporHo3yBanHs pajialiiiHOro OKPHXYCHHs MaTepialliB BHYTpIillIHbO KoprycHuX mnpuctpoiB (BKII) 3a3Budvaii BHKOHYETHCS Yy BiJIIOBIIHOCTI 3 KOJaMH Ta
CTaHJapTaMH, 3aCHOBAaHMMH Ha YHCJICHHIN iHdOopMarii, o Oyia Hakonu4yeHa Ha 6a3i MOJIENBHHX Ta AOCTIIHUIBKHX 1porpaM. Icuyrounii Pociiicskuit Kox (Crangapt
JUIi OOYHMCICHHS MIIHOCTI KOMIIOHEHTIB i TpyGonpoBoiB B atoMuux enekrpocranuisx (AEC)-PNAE G 7 —002-86) s ouinku pajianiiinoro oxpuxdents BKIT
peakropiB BBEP 3apexomenyBaB ceGe Ha mpoTssi Oibi, Hixk 20 poKiB; BiH 3aCHOBaH Ha CKCIPUMCHTAIIBHHUX J[@HUX, OTPUMAHUX B JOCIIHUIBKAX PEaKTopax 3
MpHCKOpeHUM ornpomiHeHHsM. Ouinka Buiie 3raganoro Kona Gyna BukoHana 0e3 pe3yibTaTiB i3 3paskiB-CBiAKiB, siki Oyiu orpumani y 1980-1990 pokax. Takum
YHUHOM, HEOOXiIHO TIPOBECTH HOBHIT aHAIIi3 yCiX HAsBHUX JaHUX Ul GBI TOYHOrO MPOTHO3YBAaHHS pajialiiiHoro okpux4enHs marepianis BKII. Ha mixcrasi Toro
axry, 1o GyJI0 BUKOPUCTAHO BEIMKY KiJbKICTh JaHWX 3 MAKCTHUX Ta JOCHIIHHIBKUX nporpam, Mixnapoana 6asa nanux MAT'ATE no marepianam BKII 6ina
BUKOPUCTAHA JUIs JOKJIAIHOrO aHamisy papiauiiinoro oxpuxuenus BKII matepianiB s peakropie BBEP. Takum unHOM, B Mexax KoopamHaiiifHOro mnpoexry
MATATE 6yno BUKOHAHO HacTynHe: 30MpaHHS MOBHHX JAHHX i3 3pa3kiB-cBiikiB BBEP-440 Ta iHmmMX mopiGHMX Ba)<JIMBHX JaHHX B MiXHapoaHy Ga3y JaHHX,
aHami3 JaHuX 1o pafiauifiHomy okpuxuennio BKII marepianis BBEP-440 3 BHKOpUCTAaHHAM MiKIHApOIHOI Ga3d NaHMX, OLiHKAa (GOPMyIH MpPOrHO3YBaHHS B
3aJIOKHOCTI Bil XIMIYHOTO cKiiagy marepiainy, (UiroeHca HEHTPOHIB Ta HEUTPOHHOIO MOTOKY, PO3POOKAa OCHOBHHX MOJIOXKEHB JUIs MPOTHO3YBAHHS paiauiiiHoro
OKPUXYCHHS EKCIUTYaTyeMUX BHYTPIIIHBO KOprycHHX npuctpoisB BBEP-440, BKIIOYHO 3 METOHOJIOTIEI0 Ul OLIHKM KOHTPOJBHUX J@HMX KOHKPETHOI Iifo4oi
YCTaHOBKH.

77 BOITPOChI ATOMHOM HAYKHU U TEXHUKH. 2007. Ne 6.
Cepua: Ousnka paauallMOHHBIX OBPEXICHUH U paJualiioHHOe MaTepuanoseaeHue (91), c. 72-77.
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