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Peziome. UscienBana e xkmmaBara CbCTaBHAINA HA JIOMA HA Pa-
JIMOAKTUBHU 00pa3iy, u3paboTeHn OT peakTopHa cromana. O6-
pasnure ca U3NMUTAHW HA TPUTOYKOBO yaapHO orbaHe — [Ilaprm
u3nuTBane. HanrpaBeHo e cpaBHeHME MEXK LY €KCIIEPUMEHTAJIHO I10-
JIyUYEHUTEe Pe3yJITaTh 328 CTONHOCTTA Ha YKUJIaBATa ChCTABSAIIA HA
JIOM& C KOPECIIOHIUPAIIUTEe UM U3YKMCJIEHA CTOWHOCTH Ype3 mapa-
MEeTDH, OIIPEJIEJIeHN OT JAuarpaMmara ,cuia—tpemecrsane’. Mzcien-
BAaHU Ca €JINH KOMILIEKT B HEOOJI'BIEHO CHhCTOSHIE U IBA KOMILICK-
Ta 00bUeHn OOpA3Ny MPU [B€ PA3JMYHA HUBA HA HEYTPOHHUS
diryeHc. YCTaHOBEHO € JI00pO ChOTBETCTBUE MEXKJIy €KCIIepPUMeH-
TaJIHO OIpeeJIEeHUTe CTOMHOCTH Ha YKUJIABATA CbCTABSIN U TE3H,
[TOJIy Y€HU 10 U3YUCTUTEHUSI METOJT, KOETO IIPABU U JIBATA METOJIA
aJIEKBATHU [P OTIPEJIEJITHE Ha KPUTHIHATA TeMIEpaTypa.

Karwuosu dymu: Mlapnu usnursane, pa3pylleHa MOBbPXHOCT Ha
obpaaeria, KUjaBa CbCTaBSINA Ha JIOMa, KDUTHIHA TEMIEPaTypa.

1. YBO/JI,

Enunr or mapamerpure, Upe3 KONTO ce Ompejie/isi CTEIeHTa HA HEYTPOHHO
MHIyIUPAHOTO OKPEXKOCTABAaHE Ha KOPILyCUTE Ha €HEPIruiiHA PEaKTOPHU € TeM-
mepaTypara, Mph KOsSITO MPOIEHTHATA YacT Ha JKUJIAaBaTa ChCTaBIIIA Ha JIOMA
nocrura 50% [1]. Ta ce oupeesst ekciepumenTaano, upes dpakrorpadcko us-
MepBaHe Ha IJIONITa Ha KPEXKO paspylieHaTa IeHTpasna 3oHa Ha jgoma (KP),
KOSITO MMa TPUOJIN3UTETHO TPABOBbIbIIHA POpMa, U € J00pe pasaIuvdnmMa, mopa-
i 6IsickaBa, ¢u IOBBPXHOCT, ¢hue. 1. A m C ca cpennnre pasMepn Ha KPEXKO
paspyienara 3ona. 2Kuasara dact na jsoma (2KP) npezcrasisiBa pasinkara
MEXKJIy TIs/IaTa MOBbPXHOCT HA JIOMa ¥ IIJIONITa HA KPEXKO paspyIeHaTa JacT.
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KP

®@ur. 1. MakpomopdoJiorusi Ha JIOM,
paspylieH B npexoHaTa 30Ha Ha [1lap-
1 KpUBaTa
Fig. 1. Macro-morphology of shear
fracture surface in the transition area
of Charpy curve
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[esira Ha HacTOAIIATA CTATHS € /1A CE N3CJIEBA IPUIIOKUMOCTTa Ha JIa/IeHUS
B |2, 3, 4, 5| uzuncauTeseH METOJ 3a OUpEJe/IsHE HA YKUIABOCTTa HA JIOMA
Ha paJimoakTuBHU oOpasiu. [Ipu To3u Meros ce m3nosssar napamerpu Ha Cv-
JrarpaMaTa ,, CujIa—IIpeMecTBaHe", Moy eHa IPU yIapHO TPUTOYKOBO OI'bBaHe
ua [Tlapru mpobHu Tej1a.

2. EKCIIEPUMEHTAJIHA YACT

Crammaprau [Hlapnu-ipobun Tea or peakropha cromana 15X2HM®DAA
B HEODJIBIEHO ChCTOSHUE U CJies 0DJIbaBaHe, NPH JIBe Pa3/IMYHU HUBA Ha He-
yTpounus jyeHc maba. 1, ca U3NMUTAHU HA TPUTOUKOBO YIAPHO OI'bBaHE IIPU
Pa3INIHNI TEeMIEPATYPH.

TABLE 1
Heyrponen diryenc Bbpxy obpasiure
/1 12
[n/cm?] [n/cm?|
6,0E18 19,7E18

Upes kosimdecTBeH aHam3 Ha (HpakTorpadCKu M300PaXKEHUsI, MOJIyIeHN
BBLPXY JIOMa Ha paspylleHuTe MpoOHU Tesia, Ca OMpeJe/eHr eKCITePUMEHTAT-
HUTE CTOWHOCTH Ha KHUJaBaTa cheTapsia Ha joma B% = ((S — K) /S)* 100,
K'bJIeTO S e TIIoITa Ha JIoMa Ha paspyiierus: obpaserr, K — mommTa Ha KPEXKO
paspyiieHaTa 30Ha.

ZKunasara cberasamnia ma goma SF A% na paspymenure Ilapnu obpasunm e
ONpe/iesIeHa ChIIO TaKa M Upe3 CTOHOCTUTE Ha XapaKTePUCTUIHUTE CHIH Fg, —
JIMHAMPYHA TPAHUIA Ha [TpOBJIadane, Fy, — MaKCUMaJIHa CUJjia Ha HATOBApBaHe,
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F, — cuta 3a nHUIIUUpaHe Ha KpexXKa MyKHaTWHA U F, — cuja IIpu coupaHe Ha
yKHATUHATA, [TOJYyYEHN OT JMarpamaTa ,,Cujaa—IIpeMecTBaHe , PerucTpupaHa
npu [Mapru usnurBane Ha npobHoTO TsI10 [6, 7, 8, 9]. CrojinocTTa Ha CuIaTa
F;, ipu KoATO ce MHUIMUPA KUJIaBa IIyKHATHHA, Ce OIpeesis mo (opMysiaTa:

E:ng"‘(l_k)(Fm_ng)v (1)

KbaeTo k e mpubansuresso ~ 0,5.
3a nzunciasBane Ha SF A% e usnonssana cienHara 3aBACAMOCT:

Fu_Fa

SEA% = L= o — )

x 100. (2)

3. PE3VJITATHU

Ha ¢pueypa 2 ca cpaBHeHU TeMIIEpATYPHATE 3aBUCUMOCTH HA YKUJIABATA ChC-
TaBsIIa Ha JIOMa, OllpeJieieHa eKCIIePUMEHTATHO Ipe3 (ppakTorpadCcKu u3Mep-
Banust B% u nosydenure croitnocrn SF A% 10cpescTBOM NPEIOKEHUsT U3~
YUCJIUTE/IEH METO/I.

Ba u3uepraBanero (pUTHPAHETO) HA JBETE KPUBU € U3IOJI3BAHA TAHIEHC
xurnepbommana ynkus, Karo croitnocrure na B% u SFA% ca dukcupann
3a josHo mwiaro 0% u 3a ropuo miaro 100%. Ot npejcraBeHuTe pe3ysiTaTi ce
BIDKJIa, Y€ UMa CPABHUTEJHO JOOPO NPUIIOKPUBAHE HA S-KPUBUTE, OIACBAIIM
TEMIIEpATyPHUTE 3aBUCUMOCTH Ha JKUJIABATA CHCTABAIIA, OJYyUYEHH 10 JIBATA
MeTojIa.

3a J1a ce MMpOBEPHU IMO-TOYHO HAJEKHOCTTA HA MPUJIOKEHUS U3IUCTUTESIEH
METO/JI, 3a OIIPEJIEIIsTHE KIUIaBaTa ChCTABSAIIA HA JIOMa OT KPUBUTE 110 JIa/ICHA~
Ta Merojukara B [9], ca HOJyueHH CTOWHOCTUTE HAa KPUTHIHUTE TeMIepaTypu
TKBO% y TS A50%, ormectsamero ATEB% 3 ATESFA0% BCJIEJICTBHUE HA,
HEYTPOHHOTO OOJIBLUBAHE U T'PEIIKATa MPU TIXHOTO omperesnsue +d1', maba. 2.
[Tpuer e kpurepnanausT mapamersbp — 50% BIAKHHCTOCT Ha JIOMA, Tbil KATO

TABLE 2
Ocnosen et | TkSFA%0% | 4T | ATESFAS% | TRB20% | Lq1 | ATEP0%
€] | [C°] [€°] (S5 I (0 B (S
£0=0n/cm* —20,1 | 4,17 - —21,0 | 3,34 -
f1=6,0E18 n/em? | —10,2 | 1,56 9,9 —150 | 3,06 | 6,0
f2=19,7E18 n/em® | 16 4,05 21,7 —51 |222| 159
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®@ur. 2. CpapHsiBaHe Ha
TEeMIIEPATYPHUTE 3aBUCUMOC-
TH Ha EKCIIEPUMEHTAJHO MO-
JlydeHaTa JKUJIaBa CbCTaBs-
ma B% n uzuucaenure croii-
noctu SFA% upu pasiuann
uuBa Ha duyenca f0, f1, f2

Fig. 2. A comparison be-
tween temperature depen-
dences of the experimentally
obtained quota B% of
shear fracture surface and
calculated values of SFA%
at different levels of fluence

f0, f1, f2
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®ur. 3. Kopemamua wmexmay
€KCIIEPUMEHTAJTHO OIPEIeJIeHI-
T€ CTOMHOCTHU Ha KUJIABATa CbC-
TaBama Ha JoMma B% u chor-
BETCTBAIIUTE I U3YUCJIEHU CTOM-
noctu SEF A% npu paznmanu Hu-
Ba Ha duryenca f0, f1, f2
Fig. 3. A correlation between
the experimentally obtained
quota B% of shear fracture
surface and  corresponding
calculated values of SFA% at
different fluence levels f0, f1,
f2
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TOU ce M3IMOJI3Ba IPHU OIEHKATa HA KPUTHUIHATA TEMIEPaTypa Ha OKPEXKOCTSI-
BaHe Ha (DEPUTHUTE CTOMAHHU.

3abeJisizBa ce MPsSKa 3aBUCUMOCT HA CTOMHOCTUTE HA KPUTUIHUTE TeMIIe-
parypu TkBSO% I TkSFA5O%

Ipu 1o-roJjieMun CTOMHOCTH Ha HEYTPOHHUA (bJIyeHC Cce OTYUTaT CBHOTBETHO IIO-

OT HUBaTa Ha HEYTPOHHOTO 06manaHe, KaToO

MOJIOXKUTEJTHU CTOWHOCTH HA M3CJIE/BAaHATA KPUTUYIHA TEMIIEpaTypa.

I'pemkure 1pu ornpejiesisiHe Ha CTOMHOCTHTE HA KPUTUIHUTE TeMIIepaTypu
ca cpejiHo 3,3 3a TkSFAN% 2,9 3a TkB0%,

C men jokasBaHe Ha aJeKBATHOCTTA HA WM3YUCIUTEHUsT METOJ, IIPHU OIl-
PEJIeITHETO HA CTOHHOCTTA Ha YKUJIABATA ChCTABHAINA HA JIOMa, € HAIIPABEHA
KOpEJIAIUsT MeXKJIy Pe3YJITATUTE, MOJIYIEeH! 10 U3UUCIUTE/HUASI U 110 eKCIIEPH-
MEHTAJTHUS MeToJ, Pue. 3.

JlanruTe ca dpuTupann KbM JinHeHa QYHKIUI TPy (PUKCUpaHA HYJIa, Thi
KaTO €Heprusita 3a paspyliaBane B JoiHOTO wiato Ha [llapnm kpuBarta e or
mopsi;tbKa Ha 3J, T.e. XKujaBaTa ChCTaBsINa Ha JIOMa € MPAKTUIECKH HYyJIa.
Pesynrarure, mosydeHu 1mo M3YHCIUTETHUS METOJ, MOMAJAT B OIPEJEIEHOTO
[OHACTOSIIIEM OT Hsikou mpoekTocTangapru 20% Huso Ha Tounocr |10, 11, 12,
13].

B mabauya 3 ca npeacrasenn vakionsT b Ha npasure SF A% /B%, rpemika-
Ta HA HAKJ/IOHA, KOeDUIIMEHTHT Ha, Kopesalus R 1 OTHOCUTETHOTO OTKJIOHEHUE
Ha uzguciaenure croiinoctu SF A% nupu B = 50% 3a Bcuuku iryencu.

TABLE 3
Dryenc b LAD R SFA% (50 — SFA%) .100
2
n/cm HAKJIOH (SFA%) | upu 50%B 50
f0=0 0,987 | 0,03 | 0,988 495 1,0
f1=6,0E18 | 0980 | 0,03 | 0,995 48,6 3,0
2—19,7E18 | 0931 | 005 | 0983 47.0 6,0
P 0,966 | 004 | 0,989 48.4 3,2

Pesynararure or maba. 3 nokassar jgobpa jauneitna 3asucumoct Ha SE A%
ot B%, ¢ Hak/10H 6/IM3BbK /10 €JUHHIIA, ChC CPEJIHO OTKJIOHeHne oT 0KoJj10 30,04,
Pazyiukara B croitnocture Ha B50% u SFA50% e cpeano 3,2%.

4. I3BOIN

1. Habmomasa ce HEyTPOHHO WHJIYIIMPAHO OTMECTBaHe HA KPUTHIHUTE TEMITe-
parypu ATESFAN% o AT B50% npu 50% KmMaaBocT Ha JOMa KbM I0JIO-

2KUTEJIHUTE TEMIIEPpATypPHU.
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2. OrmecTBanero na kputnanara remueparypa ATEST4%% gapacrsa ¢ yse-
JITYaBaHe CTOMHOCTTA Ha HEYyTPOHHUS (DJIyeHC.

3. Haxsonwr na npasure SFA%/B% e 6ausbk 110 45 rpajyca, a OTHOCHTE -
HOTO OTKJIOHEHHE Ha U3YUCJIEHUTE CTOHHOCTU IIPU OIpeJeIsHeTO Ha CTOii-
HOCTHUTE € B pamMKuTe Ha gomycrumure 20%.

4. YcranoBeHo e J100po ChOTBETCTBHE MEXKLY €KCIIEPUMEHTATHO ONPEIeIeHUTe
CTOMHOCTH Ha KUJIaBaTa chcTapsia BY% 1 onpeje/leHuTe 110 U3YUCIUTE -
Hus MeToj croitnocTn 3a SF A%, KoeTo npaBu u JBaTa METOAA aJeKBaTHU
B OIIPEJIETISTHETO 1.

5. To6poTo chBHIaJieHne Ha IOJyUeHHTe pe3yaTaTn 3a croiinocrure Ha SEF A%
C eKCIlepUMeHTAJIHO HojIydeHuTe Takuba B% napa ocHoBanue ja ce IIpH-
eMe, Ye TIPUJIOXKEHUAT U3YUCIUTE/IeH MEeTOJ 3a Olpejle/isdHe Ha KUIaBaTa
ChCTaBAINa Ha JIOMa JlaBa aJeKBaTHA OleHKA Ha BJIAKHHUCTOCTTA U MOXKE JIa
O'bJie YCIIEITHO TIPUJIOXKEH IPU U3C/IeIBAHETO Ha PaJMOaKTUBHU 00pa3iy OT
peakTopHa cromana 15X2HM®DAA.

REFERENCES

[1] PNEE — I'-7-002-86, Standards for Strength Calculation of Equipment and
Pipelines of Nuclear Power Plants, Energoatomizdat, Moscow (1986) (in
Russian).

[2] International Standard, ISO/TC 164/SC 4 (N191), Steel — Charpy V Pendulum
Impact Test — Instrumented Test Method.

[3] ASTM-23-00, Standard Test Methods for Notched Bar Impact Testing of Metallic
Materials.

[4] ASM Metals HandBook Volume 8 (Eds H. Kuhn and D. Medlin),
Mechanical Testing and Evaluation, Fracture Toughness and Fracture Mechanics,
Instrumented Charpy Impact Test, 1370-1373.

[5] ESIS Instrumented Charpy V-Notch Standard, Proposed Standard Method for
the Instrumented Charpy-V Impact Tests on Metallic Materials, Draft 10, ESIS,
Jan 14 (1994).

[6] A. FABRY, E. VAN WALLE, J. VAN DE VELDE, R. CHAOUADI, J. PUZZOLANTE
AND TH. VAN RANSBEEK, On the Use of the Instrumented Charpy V Impact
Signal for Assessment of RPV.S Embrittlement, Evaluation of Material Properties
by Dynamic Fracture (Ed. E. van Walle), MEP, London (1996) 59-78

[7] A. FaBRy, E. VAN WALLE, R. CHAOUADI, J. WANNIIN, A. VERSTREPEN, J.
PuzzoLANTE, TH. VAN RANSBEEK, J. VAN DE VELDE AND T. PETROVA, RPV
Steel Embrittlement: Damage Modeling and Micromechanics in an Engineering
Perspective, Report SCK-CEN, Mol (1993).

© WNuxenepun nayku, rox. LVI, 2019, Ne 3 39 © Engineering Sciences, LVI, 2019, No. 3



[8] A. FaBry, E. vAN WALLE, A. VERSTREPEN, J. PUZZOLANTE, TH. VAN
RANSBEEK, E. BIEMILLER, R. CARTER AND T. PETROVA, Research to
Understanding the Embrittlement Behavouir of Yankee/BR3 Surveillance Plate
and Other Outlier RPV Steels, in Effect of Radiation on Materials, ASTM
STP1270 (Eds D. Gelles, R. Nanstad, A. Kumar) (1995).

[9] Sv. PeErkovA AND K. KaMENOv, Comparison Analysis of Methods of
Determining the Ductile Fracture Surface of Irradiated Charpy Specimens,
International Conference Nondestructive Control in Modern Industry, Sofia, 03—
05 February, 2015.

[10] Proposed Standard Method for Instrumented Impact Testing of Sub-Size Charpy
V-Notch Specimens of Steels, Draft 7: 12 June 1997, Prepared by the Working
Party European Standards on Instrumented Charpy V-Notch Testing of Sub-Size
Specimens of the European Structural Integrity Society (ESIS) TCS.

[11] Proposed ASTM Standard Method for Instrumented Charpy V-Notch and
Miniaturized Charpy V-Notch Impact Tests on Metallic Materials, Draft
6: July 1998, Prepared by ASTM Sub-Committee E28.07.08 (Miniaturized
Charpy/Instrumented Testing).

[12] Proposed Standard Method for the Instrumented Charpy V Impact Test
on Metallic Materials, Draft 10, Prepared by the Working Party European
Standards on Instrumented Charpy Testing of the European Structural Integrity
Society (ESIS) TCS5.

[13] ISO/DIS 14556, Steel ~ Charpy V-Notch Impact Test — Instrumented Test
Method, Edition: 1 (1998).

APPLICABILITY OF CALCULATION METHOD

OF DETERMINING THE DUCTILE FRACTURE

SURFACE OF IRRADIATED SPECIMENS FROM
REACTOR STEEL

SVETOSLAVA PETKOVA

Institute of Metal Science, Equipment and Technologies
with Hydro-and Aerodynamics Centre “Acad. A. Balevski”,
Bulgarian Academy of Sciences,

67, Shipchenski Prohod Blvd, 1574 Sofia, Bulgaria,
e-mail: sesal519@abv.bg

Abstract. The ductile fracture surface of irradiated specimens
from reactor steel is investigated. The set of unirradiated and
irradiated specimens is tested by the Charpy three point impact
bending machine (Charpy test). A comparison between the
experimentally obtained quota B% of shear fracture surface
and corresponding values of SFA% calculated with parameters
determined from “force—displacement” diagram is made. A good
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agreement between experimentally determined values of shear
fracture appearance B% and their corresponding calculated values
SFA% is established for the three sets of specimens — one
unirradiated and two irradiated, which made the calculation
method quite adequate to experimental one.

Keywords: Charpy test, fractured specimen surface (FSS), shear
fracture appearance (SFA), critical temperature.
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