—t

www.kjdb.org

RS 2014,32(31)

SCIENCE & TECHNOLOGY REVIEW

BT J) 5 2 S SRR
i 7 R

ERUL,RER, BE, MM

7N R AR, 70 215004

BE HXhFESERNZBEHRNEEHNERE(RPV)NERELRALNENE, 24 TARESE RPV WA BEL LR
hFEERYN, EREFM,ERE(Cu<0.08%)F1E4H(Cu>0.08%)RPV iRt , b FiFE R IEREL L ERRNIERS
Ro ERFEEE<1x10%n-cm?-s7(E>1 MeV)HEH T, P FIEEEIMEE RPV NIRRT E RN, 7 > 1x107
n-cm?.s7(E>1 MeV)HEGT, BiXHWELL; S RPVINERESHAKBEL T EE, TEXRIELMA T, MiXZEE
BIEE A, FEXRNERENXIRLERRRM,

XEiA RPVIN;EBENXEN, hFiEEER

hESHES TL351°.6 ERERERS A doi 10.3981/j.issn.1000-7857.2014.31.012

Summaries of Neutron Fluence Rate Effects on Hardening and
Embrittlement of Nuclear Reactor Pressure Vessel Steels
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Abstract The effect of neutron fluence rate on hardening and embrittlement of nuclear reactor pressure vessel (RPV) is summarized.
It is indicated that the effect of neutron fluence rate on hardening and embrittlement has different influences on low—Cu (Cu=<0.08%)
and high—Cu (Cu>0.08%) RPV steels. The irradiation hardening and embrittlement have no relationship with neutron fluence rate up
to 1x10” n+em?+s™" (E>1 MeV) in low—Cu RPV steel, but do not show definite connection if the fluence rate >1x10"n+cm™>-s™'
(E>1 MeV). The hardening and embrittlement have nothing to do with the fluence rate if the plateau in Cu-related hardening is
reached. The behavior of Cu—containing steels is more complex at the pre—plateau fluence.
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Fig. 2 The DBTT variations of A533B and A508-3 with
different neutron fluences and fluence rates

Jat M5 B HE B/ Mpa

60

50

30

20

10

0

40}

mAr g R
L O ° % (~10'"8 n/cm?)
a A & (10" n/cm?)
67899 R R R R
10[[ lolz

R (n-em?s7)

B3 fFiEEXIMRE RPVHRIEREE RN
Fig. 3 The influence of neutron fluence rate on yield

DBTTHE/H TR 2x10"

—_
(=

strength of low Cu RPV steel

oo
T

=)}
1

N
T

N
T

0
101

1012 1013
¥ (nem2s™)

- .1014

B4 PH—UDBTTHESHFIEXHNENXRE
Fig. 4 Normalized DBTT with neutron fluence

rate vatiations



—t

www.kjdb.org

RS 2014,32(31)

SCIENCE & TECHNOLOGY REVIEW

T E KA RPV 40, MD A Ak J2: S 20 e A 1k g 1k 1)
FEER R IR B I REAE S 8 (B VR BT 5 P AL S 1Y
JUS 56 A S R AL G AL OGS R R . BARTE— B T R
] P 0 RS o e o 3 3 P B i T o, AEL Bt o Bl o
AR IN, 25 AR B R 26 AR AR T &, 23
SRBE P S PR AR R SR U AR NAR | iy DA v R
HEERE<IX10"n-cm™-s" BAME T, A H B AP 74 B AT AL i
PR T R AL

R FEREE > 1x10%n-em s AT, P PEER
X RPV A9 4 REAE 1k ife 4k 1) 52 i) 5 A i o2 2538 .
Suzuki ZE=F| FH IMTR BFFEICHT AS33-B A (4R R ME AL PR 5,
FERSM A 1x10% nem 2+ s F10.5%10%~1x10% n-ecm 257",
WF5E R BT, EbRHE R 22 Z 0, MORHI ) 24 R BB AR T AT AN LA
PR, TCVE 4 b 11 R R RPV AR ) 24 1 B B 5 i B
Odette 525 FH MTR, W15 T FIEEZ > 1x10%n-cm s
B RPV 80 14 7 1 SO0, b 7 A 1 o o e SR 000 AN B
i, HE Hip s SCE0 AR B R 22 30K (£10°C) , ANRE EL%47
WA RPV ANFE h T % > 1310 n-em - s & F A1
TER AV Y2518 . Ryuta 25276 A F IMTR S HERIFSE T4
AN a5 v e P RR IR A RPV AR 0 1 1 s (1R
4) W58, 7E 2%10%~6.3%x10" n-cm - s ' JEHE N , i
ST P9 s B A YIRS B 0 1% S 2 B 0N i R 0 i B
Hinkle %f 1 M 102~10% n - em™ -« s7' Y85 Bl AR T 2500 A0 3%
By, AR PR ER A, R, H A P > 1x10"
n-em?e s A N XHMIEH RPV 8RR R R L R E
SCHREE AR Z R, A SR E TG, B5RE G —W
45k,

DAL, AP RPV 9 178 i R A 58 5 TR B8l 2 L 78
AR IR R R<1x10"n-em -5 (E>1 MeV) T,
R RN R A G A TG i 2 B I E > 1%10% n- em
sTISRETT S TS0 S P RS B RS iR 25, BT
Bi—45ie , X 5 EPRI FIBFGT 45 AR — 3™ B LA, 7R
RPV R FHE R R<1x10%n-cm?- s {48 IR I B A Bl s
B HERHE EA T AE AL RPV PPAL B, AR TR BN h i R 22 575
E I LA B IE

2 mHRPVR

TE =5 RPV AN e HRAE AR e A5 5 i 11 7 ) 12 1
ARG SEni AT oE 2 I, o AT AT o 5 U i 52 1
I3 TR B A, I Bl 5 i BEOE 5 1 3 0 DR 5 AR E (1
5) MR IAF]E W BRI LT 5, 20 S 4] RPV Y
AR A 52 E LAY & 0 o S5 A T 1

[H r J5 F BE ML ¥4 (International Atomic Energy Agency,
TAEA) 452 H , 763K 3 5 il A FRAE AL V- 5 TE R, 4 A
fEMEfb 5 o7 R AR . Langer 57K & i & 4
0.10% .0.15% .0.22% 1 0.26% 11 22NiMoCr3—7 £ 14 i

B (7x10"° em™2es7") EARETIH TS (3.1%10"7 em?es™)
FIMTR(3.3x10" em™-s™) i@ I EEALT 5 1S, R AR
FEEFRX T B, B, 7 &, SR
IS B 2 1 S 0 M IO i TR W B R R PR A A% RPV AL
Jia B , #6153 f DL D A 3 B T A T T e R A0
BIE,

1635 B R AL & Z 0T, AN E e R S 8GR F)
WAL 5 1 AN ] (B S) |, PR 8 e e 00 i RPV 4R
A Ak 52 e o3 AR AT R R X e e R X R ] X
WHATIHE

A
- = R ERE
;';;" Bt FERE wwrn
2 ==
B ’ *
ot . !
E| / | FaER
— -

E5 FEXRSFENERAKELTEERN
Fig. 5 Fluence rate and fluence dependence of the
increase in yield strength due to the formation of
Cu-rnriched clusters

1) 7EEEEREAM T (> 10" nem™-s™) , 53 & HH5%
T A6 T 15 14 3 B B R A 3 I B AIE . Williams 552
18 BN PO AT R A B RS RO B 9 T
T R A A A B AL (B 6) , SRR R L 7E
6x10"F16x107 dpa/s B 254 T 35 BIBEIL - & 17 = 2 51 oA
10107 F120x107 dpa. bS5, 7618 3 & 4 A 1k &
ZOR, A PR N A G kB A R T A

80
m6x107° dpa/s
4 6x1071° dpa/s
60 I ¥ 9x10-! dpa/s
> 4
5 / —""__'__'_—_—‘_‘__'_
40
¥ s
B
20+
1 1 1

0 5 10 15 20 25 30 35
& /mdpa

Ee6 BEEfEEAKERTSHZEMNOBELERFES.
Fig. 6 Fluence and fluence rate dependence of the
irradiation—induced hardness, predicted from the
experimentally determined number density and size



—t

B SR 2014,32(31)

www.kjdb.org

Odette ZE"HF5Y T i %5 54 0.38% 1) RPV 4K 7E 410 4.6%
10" n-em” s RS 7EIA B4R A AT & Z FT i 4k
o B R AR (7)o WFST R e AR AT VR
B PN RT3 it P Bl A R B S AR 3 T et 0 e i 1
RS . R, 7E R R A T s B 7 2 18] (Sinks )
A PR R EL R S A5 B i, AR T SR rh s LR B, S B0
JO T4 BGH R S A7 4 2 s R R (R B2
Hl AT ) AR BIE AT B A T

280
0.38 Cu, 1.25 Ni
~ 260 F
g
.E ‘1"
*
é‘) I‘..'
5 240} i
=
5 L
& 220 ® 46x10" n/cm?*'s
W 4x10" n/cm*'s
200 L L L
0 0.2 0.4 0.6 0.8

HER/(10% m™?)

7 &fEA0.38%RPVELINBEN MM HETFES TEX
HIZEL B 2
Fig. 7 Effect of dose rate on the hardening as a function
of fluence for a model plate containing 0.38% Cu

2) FEAREF R AT (<3x10°n-em™-s7™") , iR A S 20

23 v 1 B ST AR T PRI A A 6 B T B SR RS .

Williams 2528 FHEIS AR A 7 300 5 T ARG 25 o7 vk B B
nlhm'mal + n

HARAY AR . AR 2 AL E SO = )

th ermal

0 Py RS LR, 0 RIS AR . ISR 7EAIR
TR AT, i T4 BRI e e B A A1, S BOME R 28 37 v
FER 1, 3R W5 IR (v B Ge /N T s (60 MR BE 5 Bl T 1 38 1)
eI R AR ) 7S A e R v ARG S 7 R R A o
(F18) o FTLA AR R ARAMT  FR IR R I A2 W 35 5
PR A AR AR i A o EE DS A, R
ALK SO TER B RIS, 5200 B 4R TR B RS 5 808
JiE o FEIR IO BT, e e BRER B b (4 1 FH s ] 1y
SRRSO NE A ) =R AR T ) ] DL i ik 215
— R R AR . BT DL TR L R R
A (BT IE O Z A A T 1A R AT 180, A e T B
ARG n (& 9)%,

3) FEH ARG (3X10°~10" n-cm2-s™") , {5 R 5}
23 N R R S e R RSN AR B M , I T A A 1A R A e
A B RN (] 9) P, F /K HE RPV R RE W BHRE &R Ak
TR R, 78 6 5 A A 5 T S i, A
B BB RS P AR RPV i RE M ALFE R i, AT A 73
RGO AHSC BB IE

#4

CIENCE & TECHNOLOGY REVIEN

1x10¢

1x10*}

1x102}

HIXT ALY B

1x10° . .
1x10®  1x107'¢ 1x10* 1x107"2 1x107° 1x107®

FEEFR/(dpas™)

E8 MHMFMREn SEEXRMTUXER
Fig. 8 Fit between data and expression for (relative) free

vacancy concentration

A
SR
m
#
s
H_
2
B
#
s
2V nemmnsnn
PR -

B9 EfHAXBEUFEIESTIEXTHRE
Fig. 9 Dependence of the fluence required to reach the
Cu plateau on the fluence rate

3 #ig

R R R I RPV AR IR AL et N R
R4 RPV A0, 76 P R <1x10%n-em s ST
TR RRAE AL AL TC 1 25 5, 765 T 1x10% n-em ™5™
ISR, BRTRA S— 4518 . 7 RPV i, 7235 3
B AR AT G )5 AR IR AL L 5 b R RN ARG,
TAE K S48 BAE AL 5 Z 0, PRI 8 | i e R A ]
R A AR VR AR A 55 R (> 10" n-
em”es™) A AT O A e e B o S5 4 1S 2 BRI 5 ZE AR
FEREFLME T (<3x10°n-cm?-s™) , & i F FE AL e fL kit 1
SR I IR0 5 E A R (3%10°~10" neem -
™), JOE i AT R R AL M Ak 0V e RN . B A B R
TR 22 5 R AR BRAE AL NE A 22 AN, Hof Trh i sk
SR A A — ], BT R 5 e e IR RE Y
M AR X 43, H A OCBEORNA LS = | 57 AT R A
5.

%3 ik (References)

[1] Odette G R, Lucas G E. Recent progress in understanding reactor

83 Il



—t

2,

www.kjdb.org

¥ SR 2014,32(31)

SCIENCE & TECHNOLOGY REVIEW

pressure vessel steel embrittlement[]J]. Radiation Effects and Defects in
Solids, 1998, 44(1-4): 189-231.

[2] Meslin E, Radiguet B, Pareige P, et al. Kinetic of solute clustering in
neutron irradiated ferritic model alloys and a french pressure vessel
steel investigated by atom probe tomography[J]. Journal of Nuclear
Materials, 2010, 399(2/3): 137-145.

[3] Nikolaeva A V, Nikolaev Y A, Kryukov A M. The contribution of grain
boundary effects to low—alloy steel irradiation embrittlement[J]. Journal
of Nuclear Materials, 1995, 218: 85-93.

[4] Hawthorne J R, Steele L E. Metallurgical variables as possible factors
controlling irradiation response of structural steel[C]. Effects of
Radiation on Structural Metals, Atlantic, June 26-July 1,1966.

[5] Miller M K, Burke M G. An atom probe field ion microscopy study of
neutron—irradiated pressure vessel steels[J]. Journal of Nuclear Materials,
1992, 195: 68-82.

[6] Kocik J, Keilova E, Cizek J, et al. TEM and PAS study of neutron
irradiated VVER- type RPV steels[J]. Journal of Nuclear Materials,
2002, 303: 52-64.

[7] Lee T H, Kim Y O, Kim S J. Crystallographic model for Bee—to—9R
martensitic transformation of Cu precipitates in ferritic steel[J].
Philosophical Magazine, 2007, 87(2): 209-224.

[8] Monzen R, Iguchi M, Jenkins M L. Structural changes of 9R copper
precipitates in an aged Fe—Cu alloy[J]. Philosophical Magazine Letters,
2000, 80: 137-148.

[9] Glade S C, Wirth B D, Odette G R, et al. Positron annihilation spectroscopy
and small angle neutron scattering characterization of nanostructural
features in high—nickel model reactor pressure vessel steels[]J]. Journal
of Nuclear Materials, 2006, 351(1-3): 197-208.

[10] Takeuchi T, Kuramoto A, Kameda J, et al. Effects of chemical composition
and dose on microstructure evolution and hardening of neutron—
irradiated reactor pressure vessel steels[]J]. Journal of Nuclear
Materials, 2010, 402(2/3): 93-101.

[11] Carter R G, Soneda N, Dohi K, et al. Microstructural characterization of
irradiation— induced Cu— enriched clusters in reactor pressure vessel
steels[J]. Journal of Nuclear Materials, 2001, 298(3): 211-224.

[12] Bergner F, Ulbricht A, Viehrig H W. Acceleration of irradiation hardening
of low= copper reactor pressure vessel steel observed by means of
SANS and tensile testing[J]. Philosophical Magazine Letters, 2009, 89:
795-805.

[13] Chaouadi R, Gérard R. Copper precipitate hardening of irradiated RPV
materials and implications on the superposition law and re-irradiation
kinetics[J]. Journal of Nuclear Materials, 2005, 345: 65-74.

[14] Hawthorne J R. Irradiation embrittlement[J]. Treatise on Materials Science
& Technology, 1983, 25: 461-524.

[15] Serpan C Z. Damage—function analysis of neutron induced embrittlement
in A302-B steel at 550 F[C]. Effects of Radiation on Substructure
and Mechanical Properties of Metals and Alloys, Los Angeles, USA,
June 26-28, 1972.

[16] Haggag F M. Effects of irradiation temperature on embrittlement of
nuclear pressure vessel steels[C|. Effects of Radiation on Materials:
16th International Symposium, Aurora CO , USA, June 23-25, 1992.

[17] Kupca L, Beno P. Analysis of the results from the surveillance
specimen program for reactor pressure vessels on nuclear power plant
V-2 in Jaslovske Bohunice[C]. Radiation Embrittlement of Nuclear
Reactor Pressure Vessel Steels: An International Review (4th

Volume), Balatonfiired, Hungary, September 26-29, 1990.

Bl 84

[18] Odette G R, Mader E V, Lucas G E, et al. The effect of flux on the
irradiation hardening of pressure vessel steels[C]. Effects of Radiation
on Materials: Sixteenth International Symposium, Aurora CO, USA,
June 23-25, 1992.

[19] Odette G R, Yamamoto T, Klingensmith D, et al. On the effect of dose
rate on irradiation hardening of RPV steels[J]. Philosophical Magazine,
2005, 85: 779-797.

[20] Dohi K, Soneda N, Onchi T, et al. Dose rate effect in low copper steels
irradiated in FNR[C]. Workshop on Dose Rate Effects in Reactor
Pressure Vessel Materials, Squaw Creek, Canada, November, 2001.

[21] Ryuta Kasada, Takeshi Kudo, Akihiko Kimura, et al. Effects of neutron
dose, dose rate, and irradiation temperature on the irradiation
embrittlement of a low—copper reactor pressure vessel steel[C]. Effects
of Radiation on Materials: 22nd Symposium, Boston Massachusetts,
USA, June 8-10, 2004.

[22] Electric Power Research Institute (EPRI). Review of dose rate effects
on RPV embrittlement|R]. California, USA, EPRI, 2002.

[23] Suzuki M, Onizawa K, Kizaki M. Effects of neutron flux and
irradiation temperature on irradiation embrittlement of A533B steels
[J]. Effects of Radiation on Materials: 17th International Symposium,
Idaho Sun Valley, USA, June 20-23, 1994.

[24] Odette G R. Microstructure of irradiated materials[J]. Materials
Research Society Symposia Proceedings, 1995, 373: 137-146.

[25] B3k OMER BRI, JUat: I REH AL, 2000: 173-174.
Yang Wendou. Nuclear materials[M]. Beijing: Atomic Energy Press,
2000: 173-174.

[26] International Atomic Energy Agency (IAEA). Integrity of reactor
pressure vessels in nuclear power plants: assessment of irradiation
embrittlement effects in reactor pressure vessel steels|R]. Vienna:
TAEA, 2009.

[27] Langer R, Bartsch R, Foehl J. Irradiation results for different reactors
[C]. Workshop on Dose Rate Effects in Reactor Pressure Vessel
Materials, Squaw Creek, Canada, November, 2001.

[28] Williams T J, Phythian W J. Electron microscopy and SANS study of
the effect of irradiation dose and dose rate on copper precipitation in
low alloy steel submerged— arc welds[C]. Effects of Radiation on
Materials: 17th International Symposium, Idaho Sun Valley, USA,
June 20-23, 1994.

[29] Williams T, Ellis D, Connell W O. Dose rate effects in high and low
nickel welds[C]. Workshop on Dose Rate Effects in Reactor Pressure
Vessel Materials, Squaw Creek, Canada, November, 2001.

(%8 BRAEd)

(R SmY“GRid X E"= BIER

“LRR L FTEB KA LA RHAFA KX FHAR
B9 BF 50 AT 4 IR IR BB 6y 04 IR i b S
Fo BREPEF AN E LERNAFF R 6 — LA
FEA G AT A S A R AT A e A b A d R
N B RIS AR B AL, F AP 4R A 0 R R AT
VAL AT TR, AR AR WL E e AR AR
A4 :www.kjdb.org,



