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Abstract

Any licensee of spent nuclear fuel reprocessing facility has a duty to maintain
its performance to meet the regulatory requirements based on the law.
Safety research on the following three aging phenomena was conducted with
reference to the previous research. Based on the results, the Nuclear Regulation
Authority acquired scientific and technological knowledge that can be utilized to

confirm the maintenance management of the facility (to be carried out by licensees).

(1) corrosion of stainless steel
(2) stress corrosion cracking of zirconium
(3) hydrogen embrittlement cracking of Zr/Ta/stainless steel explosion—bonded

joints

As for (1), a highly active liquid waste evaporator was selected, and corrosion
experiments were carried out to understand the effects of corrosion—accelerative
ions dissolved in the liquid concentrate in the evaporator. Based on the
experiments, a corrosion rate model equation was proposed, and it was pointed out
that operating conditions and the solution composition, which affect the re-
oxidation of the corrosion—accelerative ions, are important.

As for (2), a plutonium concentrator was selected, and constant load tensile

tests with controlled applied potentials and electrochemical tests were conducted
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in nitric acid and sodium nitrate solutions

From the results, a map which shows the effect of nitric acid concentration to
crack initiation potential and the importance of the total nitrate ion (nitric
acid and sodium nitrate) concentration was discussed.

As for (3), hydrogen absorption experiments using four kinds of test pieces—
zirconium, tantalum (a bonding material for zirconium and stainless steel joints),
tantalum—zirconium alloy, and an explosion—bonded joint sample—were carried out
in a nitric acid solution under gamma ray irradiation conditions with a dose rate
of up to 7 kGy / h. The results showed that the hydrogen absorption behavior of
zirconium 1is affected by gamma ray irradiation rate, 1i.e., threshold of
irradiation rate for hydrogen absorption was observed. On the other hand, the
hydrogen absorption to tantalum was scarcely observed even under gamma ray

irradiation conditions.
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#F2.1.1 JBEFABRIZHWE 2T > L A4 SUS304ULC 3588 D L2754y (mass%)

Table 2.1.1 Specimen composition (mass%)

B BAIE T BFZ B RkekE (A% 20 4F) 319
C Si Mn p S Ni Cr
A& D
0.009 | 0.38 | 1.11 | 0.012 | 0.002 | 10.63 | 18.43
BUERS
SUS304ULC 9.00~- | 18. 00~
ey <0.020 | <1.00 | <2.00 |<0.045 |<0. 030 13.00 | 20.00
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Table 2.1.2 Specimen size (mm)
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#F2.1.3 AT L AHH SUS304ULC D) A allirssft
Table 2.1.3 Corrosion test conditions of stainless steel (SUS304ULC)
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i) AAJE T BFSEB SR (PR 29 4F) 31
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PEGJE A A2 2 IR L 72 WO REERPEE T O el 0 el [ OB 1]

Figure 2.1.1 Schematic view of corrosion test apparatus in nitric acid solution

containing a single or more corrosion ions without neptunium and in nitric acid

solution without addition of corrosion ion

SEEEET T A IHRBEA T

AR TFUY—
(P4 a—p3)

LEERERE

/// A
) Loz WEHERE N

,

1080

BMRFAR

> BARBH
E!m:—a;%\i

B HAE B Rk 29 45) 219
B2.1.2 7Y =0 D&M T EBRAIR 2 IV T8 kR
DR E OB K O MBL
Figure 2.1.2 Schematic view and appearance of the corrosion test apparatus in

nitric acid solution containing neptunium
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10 H 8mol/L HNO3
@ 8mol/L HNO3+11mmol/L Np
O 8mol/L HNO3+2.2mmol/L Np
A 8mol/L HNO;+55mmol /L V

. 8mol/L HNO3+11mmol/L V

& 8mol/L HNO3+2 2mmol /L V
A 8mol/L HNO3+4-0.22mmol/L V
+ 8mol/L HNO4+ 590mmol/L Ru
+ 8mol/LHNO3+ 118mmol/L Ru
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% 8mol/L HNO; + 5mmol/L Cr
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Figure 2.1.3 Relationship between corrosion rate and temperature at various

concentration of corrosion ions
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Figure 2.1.4 SEM image of sample surfaces after corrosion test
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2. 1. 4 JBEERAD =X NEORR R OB T O

JERMEAIEA A BN L 72 WEBRIAIRIZ 31T D A7 o L A §l| (SUS304ULC) D Ay &
DRYERTEEERAEIEIZ DN T ARERAE S L Onoyama & D7 —4& &9 288 T 2. 1.5 1T
AT, X 2.1.5 KU EBAREEIC X D RS RETHINT 5 Z L3005, Tk,
RV o pvostE. (1) RO LI IZRTZ LN TE D,

B
VeorrHN0s = Kuno, * (CHNOB) Oz e (1)

Kuno,  HEETEEL Cyno, © FHIRIRIE (mol/L)
Buno, : THEEN ORERR R DEERBAA DR ST A —4

0.1
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Figure 2.1.5 Dependence of corrosion rate on nitric acid concentration of

stainless steel (SUS 304 ULC)
ko B EEE ORI BRI A YRR

Floo K2 13006, HBEET CTOREREILT L=y AROBEHRREL B2 b
DT, WEER KNz 2T V=0 AR W TEIT 5 & (1) NE 2) Ko X9 I1R
ZEWTE D,

Enno Buno
Veorr,HNOs =“HN03exp( R—s) (Cano,) ™% = =+ (2)

aHNO3 . Jiﬁ;/\oﬁ 7< ”—‘&
Euno, © TR COBE R0 BT O 3L % — (J/nol)
R:xUAEH (J/ K-mol)) T :iREE (K)
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Buno, : THEEN OERR K DERRAA DR T1 /3T A —4

JEEMERIRA A 2 BIN LT iHBRSIR 361 D AT 2 L A Hi| (SUS304ULC) D& B
RITE VSR A A R OREIRRIRE DIRAFPEIC DWW TR T L 5128 %, 3) Xopk o
IZEKTZENTEDEME LT,

M 2. 1.3 17T B0, BEMSEA 42N LIZSEE. BEEEIXMEO
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Do
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AL DIEBRLOSE, MEHEBRET 5 2 LI LV IRKRISER L SRS
JBA A DSEIRHR OB AN L0 SR b S 72 T AUk T E 7220,
FHEE D F 7% B VIR CO AT o L AR DG B S AH AR B D S 3 CHE N
% (1) ANTRIND ZEE2BE, BEMSEA A OBFBIIZ RIT Tl
FEDFENIFRRICIHIBIREE DB TREND,

Veorr,M; = exp( ) (CHNos)BHNO3 (CM) <. - (3)

Veorrm; © EENESEA A M 2 B ToMBRRIR T DI A HE (gn*h)
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Cy. : BEVESEA A M OREE (mol/L)

Bu; : EENERIRA A M ORI ) 8T A — 4

(3) KDFT A—Z Dffi% | EENFNR PR SN o127 a KPS ONLT =T
Ly ATV =D AKX TV = AOREBZE LTHWLND AT U T AZONTORER
R (K2 L7~X2.1.9) ICESEZEEMTICEIV R L, fRER2 L4157,

70 MG EIMEDRPHER SR BER E L CEZ7 e s (VD) bEY D AZET
7RO HBR D FENLIZ Hl U CREME RN N IR @ < . AIFTE O BRS: CIIme bk
ELCREBICHFEL R -T2 Th D EEZBND,
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BERG =48 NOXx(g),HNO(g)
[ merem A | . {stanoms

DEE Bk NOX(L).HNO(L)
BEAEICEET
EE RO T RS BEfE
HNO,/HNO,
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BB RIGICHEVETT
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ATUL Rl
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i
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2. 1.6 BEMISIZE T D EREEEA 4 O%FE) (ZE(b)

Figure 2. 1.6 Behavior of corrosive corrosion ions in corrosion reaction

(Valence state change)
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Figure 2. 1.7 Dependence of corrosion rate on Ruthenium concentration of stainless

steel (SUS 304 ULC)
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Figure 2. 1.8 Dependence of corrosion rate on vanadium concentration of stainless

steel (SUS 304 ULC)
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Figure 2. 1.9 Dependence of corrosion rate on neptunium concentration of stainless

steel (SUS 304 ULC)
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2. 1.4 FATICE VR LA T A =2
Table 2. 1.4 Each parameter value calculated by analysis
HE) B AR DAFICEHRMENE (1Rl 29 4F) B9 ZimeE*

i Eyi .BHNO3 Bui
=ty N 3.82x10" 1.47X10° 1.83 0. 385
RPN 1.04X10" 8.62X 10" 1.88 0.97
ESvA ANy NN 2.15% 107 6. 26 X< 10" 1.88 0. 401

ko EEMESERA T T DE TG A — R EEER

F2LATRLEEZHANT, () KR 6) KO LBY, VT=0 L NTFTVTLR
OEREOF BB OFEE O A M N LT = A, 27 =7 LR OGERR ORI &
EEOFH RO GFHE L IR AR CORBUIR 2 (T 2. 110 1237

Veorr,total = Veorr,ku + Veorr,y + Veorrunos * * * (4)

Veorrtotal = Yeorr,Ru + Veorr,Np + Veorr,HNOg © ° ° (5)

IRAWHE TOMBE R & AR OFREOAFHIIL, R LD —8z R LT\ 5,

5| BAFERDP | R@)IL | X)L
TOERE | D5t | BRI
— RABEA| ©
T V2 YT R e ——
& EAEHEC a R B
e
15
k..
b [
)
§ 1 !
% §
ol ’
= i /8
S0,
300 320 340 360 380
Temprature T(K)

HH) BT IR EERRE (PR 29 4F) B9 ZiRd*
* o YR ORBREIE ORI A e
2.1.10 JRATRRY COMEREHEE O LG & FHEE & oLl
Figure 2.1.10 Comparison of corrosion rate in the non—radioactive simulated high

level concentrated liquid waste between experimental and calculated

data
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FHERFEMERA A THDLEVDLNDINT =T LR ORTY =0 W a & T EiETE
RFTORAT LA (SUS304ULC) DFEEHEL, (3) RIS KEEMSREA 41
L DBRFEEOTE U CTEEMIITBRLRFHECTE 5 2 L b, RIFFEORBRS 4
TIIEEMNERA AV RILOMARE NI NEEZZ B,

Lo T, BRMESREA 42 2 U UT-REERAIRIZ T 2 A7 L A8 (SUS304ULC) & A&
W IF TR 7 CTh HIRE, HRBEE L OEEESEA 4 oRiTsista (3)
ATRINDEHEZ D,

2. 1. 5 JBBUEEBATLVNAT L LVAOBEICEH 2 5B AR A EFIE
i LUV BRI I STV D AT v L A8 & RS BRI ISR L TV B I8
BMEBBA A OB LR LICAER, ITo LB EFHEZ LT 5,
- RIS TS E TN D E RSB A AT X D 2T 0 L 280 (SUS304ULC) DJES & hnis
R EERMICER TN TEDZ LERLE,
- AR, BEMEEA AL ORET ThAFRISICE > TGEIL SN BTSSR
A A2 B AL S DN OB ROERBIEY ORI b EETHL I %
RLTWD,
51z, ARETEH UEEEZ TR 25481013, BREOMZE 292 4 2Z LT A%
EIE LTI T2 Z L NEETH D,
CEEERSAF DO RS
- JEHRT )
- Wb/ IR
(BHESRA OHERR.
- FEIAYEIR

2. 2 Yna=y MEEEROISEREIN
2. 2. 1 A

TV b =0 D T 2 RS REIE K OMHERAR D3 BRI A S (R e A8
BB ICRITTRBEZ TR DHT-012, B AR ER E 3R & OB L PR %
Feha Uiz, E£7o. MR, fHEE TV b =0 AJREE R OVAIRIREE AR O B ARIZIE B KIE
TREBLZPTARLT-DIC, FREREOHERT /L b= ARREZFR L, BIRNREEN 2 HE
L7z,

(1) EEAL AT E fr B 5 | 3Rk

W ENCHG SIS TE RN AESM (RROEN) (2 KITTHEERRE DS
WTOHER F 57 1%, KO TAEES RRBRIC IV ELNZLOTHY . FEHEHYD
BRI Ch 5 EME CTORBIIER SN TRV, £ 27T, ARBR T, BRI
PERBR (2. 2. 2 (2) BRACFFEHERBRIORTHIE L FEROJFIE) 12X 0 Bk
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. BRISTID 243D 1 @ 100 MPa TOEMm B S [HRRERIIAT O TV DAY, ZHEL T D
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(2) FERULFFRMERABR

TR~ L b =7 BRI O RSB FR SR ORSER A A L DY FE DN P s AR B TR AL
IZKITTHRBOMZRIIITOIL TV R, 2T, HlRA A U IRE DR L BRL R
ABRIC L VR LT,

(3) HHEET NV = 7bﬁﬁ®ﬁﬁ&1%u®@

IESEEEINORAEZBGT2OI2IE, Db a =0 LEEGET HNERL Y 5 18K O EfiE S
iz Téﬁﬁ&ﬁﬁuﬂﬁé&ﬁﬁiﬁ% BANLLTFCHDZ ENEETHD, £ T,
FHER. RHER /L b= 7 APREE & ORI 23 FARRHE BN R T 8 A R i
AR L VFRAE LTz, F7o, B RmEOF AR AR A BIE LT,

2. 2. 2 HBHiE
(1) AT E Aar B | AR

ORI

RS2 £ 2. 2. 1 1R T,

@B

MBR AL LT, LEMAY Vo= LJFELER (ASTM B551 R60702) ZfH L7-, iXBRA
SHERX 2.2, 112, LRy Z T 2. 2. 2 18T, BB OBIT. ENENOEEIZEW
T3IRE LT,

QFkRALE
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ARARBRIEE A L7, RIS A TEAT D00 v aRE L, Bk 2t
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#%2.2.1

FEALAT TEAH

[ BR ORI

Table 2.2.1 Experimental conditions of constant lord tensile test with

controlled applied potentials
HE) B AR DFICEHRMNE (1Rl 29 4F) 1 ZimeE*

WEROFEEE | HERRE BRI | BRI AR AL
(mol/L) C) (MPa) (V vs. SSE (sat. Ag/AgCl))

s S > B . 50, 100

A = N IJ_:I- b ’
- 7 i) 150, 200 1.5
AL S OV 1.42,1.46 (i 3 mol/L)
MREEOR | 3,1,11 s 200 1.34,1.36,1.40 (A& 7 mol/L)
A 1.28,1.32,1.37 (& 11 mol/L)
AR (FEER) 3.70,3.80,3.85 (25 C)
IR DB 7 25, 50, . 200 2.40,2.50,2.55 (50 C)
AT 1.34,1.36,1.4 (M)

% BRI A A
#2.2.2 FENTALE R E S| ERER OB F Oy (wth)

Figure 2.2.2 specimen composition of constant lord tensile test
High) B IIFFERR S Pk 20 45) 319

(wt%)

C N 0 H FetCr Hf Zr+Hf
2 I\
AR D5 0.01 0. 005 0.13 <0. 0003 0.07 1.1 bal
HriE
ASTM B551
R60702 <0. 05 <0. 025 <0. 16 <0. 005 0.2 {4.5 bal.
HRSHE
M6 20 M6
o | * P
;\F—I; |¢3 f@
- 20 = —{ 20 (=
110
245
High) B IFFERR S Pk 20 45) 319
2.2.1 fEAAMTERES | ERBRORE A OHE  (nm)

Figure 2.2.1 Schematic view of constant lord tensile test specimen (mm)
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HEESAREAN) |

'

W) BARE IR FERR S CFk 20 4F) B9
(< 2.2.2 FEAAMEM E G R E OB
Figure 2.2.2 Schematic view of constant lord tensile test apparatus

with controlled applied potentials

(2) ERULTFHrHAER

OB

HEEE AN B BBV ATBRE B RIE T B O THIDL LTV DS B 00 | fglg
A GV BMOFBIZOWTITA GV TR, £ T, fHlEA 2 RIS B REHINEAe
EREENMICKIETTEEIZOWT, WRT CKEA A EAECROVMEET U o A% HW
TESKILFRIERRR A 25 Lo, HiRO 7= DI ORBR L 1T -7, wBRSh2 3%
2.2. 3R T,

QakRILE

FERALFR R L, 5D OZFEEAETH500ml OBNRTTNT T2k Wi, #
DO NIV O AR ZBIET 70T 0 Abt & Lic, Z0& DI, # Bk, #
EXf, AR, SRIE(LERSHEM (SSE) k\a T a8 Lz, 8\ 7175
A AP OREIRARIE, v~ Mre—2—K Oy N7 b— MIE O~ I RF v 7 A K —
T—Z R, p<aTAE E BB LT, K 2. 2. 3 (ZRUBRIEE OB & AL A 7~
QEXILFHRHEDRIE J7 15

%%m%@ﬁ(7/—F“@ME) . B ARE L, RBRIAIR D U E 3 R

i L72RERIZISIT 5 BARIRS ﬁuibo1vﬂﬁ%u#%%#bto‘ﬁ®%mi +20
mV/min OFETIT o7, 7/ — ROWGIEIL, FRETEN S cHRE LIRS R BRI 5T LT
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10 VIZEET B0, Xid, HESNDEMELE 1 mA/em® [T LR TR T LT,

7 2. 2. 3 XU AR ORI
Table 2.2.3 Experimental conditions of electrochemical test
Hih) AARF IR EBI RS PRk 29 45) B9 ZiRE*

] \ - WEET | U A TR
o | wmee | st | 0007 R
3 () )2 .
T (mol/L) (©) (mol/L) (sat. Ag/AgCl) )
e A 4 v . 1, 3, 5 7,
L 0 B 0 Ny 7 89 -0.6 725 3
SRR O | 1, 3, 5, \
gg@ﬁ‘ _ A 0 0.2 75 2
% BRI

s —f— SRIE(LIR
Ry bheE—% will SREE

/ AN
—J N\ =

TRt HRA

HIB FATECT ORI (Tt 20 4F) 519
®2.2.3 BB OB % O

Figure 2.2.3 Schematic view and appearance of electrochemical test apparatus

(3) #HEE~ /L b= DIRIRD BARRIEBNA ORIE
OrtBrge:
BRI 25 2. 2. 4 1T,

QR E

H ARZE BN E LS & OIS K A X 2. 2. 4 12" T,

AER A (EREM) 13, THEH L= LFIENR (ASTM B551 R60702) A {#H L7=,
TEREMOSERIT, 457 (2h > b L, GBI 3E&RIIZ#2500 D= A U —#RIZ L 0 AfFEE
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U7z, ARSI, BB Ve 21T o 7o, st OB FRFE R b [RIRRI O B R 21T o 7,
@ERILFHRHEDRIE J71E

DIHINTH e — 2 —(FRTEH T AT b= DG ATEREERRR 2 Niv, H
AV HIE, VERBM L Oz > b L, No TAZRE AL, IRIFIRFEZ I BR -,
ZIREHIL, THEREIRIZ AL, WHEE Tolmtt il e — 2 — R T 2 eV ITHE L
720 TRTRHNUBIE L7=t4. #930 DRNRIEBMZHIE L, TD%, BMEZ 0152V ETO
HPHIC I Tt A SR HIRIEEBA 2 E LT,

F2.2.4 WMIRT IV b =0 LR BANRIEEBN. ORI ESRM:

Table 2.2.4 Measurement condition of natural potential

of plutonium nitrate solution
HE)  BARFT DFICEHRMNE (1R 29 4F) B9 ZiRmeE*

N

s | TR | BB | R b=y A {V:’*jjj'lSE

(mol/L) (°C) (g/1) (sat. Ag/AgCD)
T b= 100, 150, 200, 250
N 3930 . il 3, bmol/L DS
ﬁ§%§® 3,5,7 WA 1&%& o) 0~2
A (f41% Tmol/L D&
Wi (4R el
IR D 7 50, 75, 90, 100, 250 0~2
fifeRd kiR Wh

| BB A A
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Figure 2.2.4 Schematic view of natural potential measurement apparatus

2. 2. 3 HBER

(1) AT E far B | AR BR
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WL MR LT AR 2K 2. 2.5 1R T, RBROETOIG IR CRRER T 134
Wr L7z, AEWTRERTI U] AR ISR Lz, BERIETID 4 530D 1 Th DRV
71 (50 MPa) (ZIWNT HABIRFIZRE < 725038, kWil bl
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Figure 2.2.5 Effect of stress on fracture time of zirconium specimen
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Figure 2.2.6 Appearance and SEM images of sample specimens

after the constant load test
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Figure 2.2.7 Effects of potential and concentration of HNO; on fracture time of

zirconium specimen
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Figure 2.2.8 Effect of solution temperature on breakdown potential of

zirconium
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L CWDHIERROGE DI PNEBEMPIRE IR TT L2 &0k oT,

_26_



25q——————————;
w I O HNOj3
% ® NaNOj ]
s . 1
n L
>
> 2 il
3 I
3 °
g
c 15L o o0 4
5 ° o o
g o |
©
o
m I
1 L . . , 1 L . \ \ | L
0 5 10

Concentration (mol/L)

) HARR SRR IS 2> DRt S 7 B
R R 2 B ERR

2.2.9 BEEEA A ARSNGB RIN R AER BN KT R
Figure 2.2.9 Effect of nitrate ion concentration on Breakdown potential

of zirconium

(3) WHEET L b =T LNESHR D B IR AL OWIE

O7 N b =7 LPREE R OHEIETR LS B SRR BN R IE T 58 2 sl Lo R & X
2.2.101Z7"9, [X2.2.10 LV, fHFRIEEE 3 mol/L KN Bmol/L OFRMETIET L b=
U ADEENEML TH BRBIEENO EFITENTH 72, L, WEERIEE 7
mol/L DEAETIL, AHEAIEEE 3 mol/L K TN5 mol/L K0 HSARIZIEEMITRE L, £7=,
TV b= NREO BT I BIRRIEENITD L B UTe, AR ORERSA O
KIETHLD TN F =0 L5250 g/L KORHREIREE 7 mol/L OFRMFITIHNTIX, BIRRH
EALIX 0.98 V vs. SSE TH o7,

O HRIREE DS I ARIZIE BN RIT TR MR LI R 2K 2.2, 11 1T, XM 2.2.11
L0, WRIEENE L 702 & AREIEEBNIT LR, 70 b= ABEDZERIC
L DREREEIRA LR ho T,
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Figure 2.2.10 Effects of concentrations of plutonium nitrate and HNO; on

natural immersion potential of zirconium
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Figure 2.2.11 Effects of temperature and concentrations of plutonium on natural

potential of zirconium
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QB T2 OFER i 28I Lok R, SRR RmAMEDNIR B LR LT h3iR B
RIO@JEEREFT Y . EEIEIETEED b -7,

2. 2. 4 AH=ALFEORR ORI O

Tl U 7= kB oMl a4 fi@f%@wé&ﬁﬂ WO LIV, AT, EEEERBEICE
WIS B REINARAET 2HAIIEREICECARIEN AR T 5 & OREOmE W & —
ﬁbkoik\%ﬁmﬁibﬁme% ZEWTHIWAEO i, Ziud, B
DT DEMEETHIUR, NSRS THEER R DMk 5 2 &%rwawé -
D OHFIEREBBIART O v a =0 AOIGHERENEBLIET 5 72 DITITEE O A KR
BN P ECOSEL AT D EBEN AWM CHDL Z ENEETHD Z e%rbfwé
IS REEINR A OB BN KT T IHEEIRE O % feid U7 BT A T E B 5 | 5R
AR OFERN D PRSI T DIEEEIREE &SGR HIN IS LB EN OBRE R T
NBEENIE~ T 2B LT, 1B LT~ > 72K 2. 2. 12 1277, IIFHOERL, ik
NIERENDIAET HEBBENHIRREIC L > TEILT 22 R LTV 5, BRI
D ST LIS TG ERNDIET DB EMNME T 5,

2. 2. 5 FEEOISTEREFNOREDAREMEDFGHFIEIZ OV TORE R

FREOTRIRT, HET IV b =0 AR ER SN TV HEIRAR CH D, 2. 2. 3 (2) 1T
WA= XS TERENDHAET DEEEAICITE L UTKEAS T LA o O
T D2 Lo lcZ &b, IWRTOMMIE TV =0 LOMEEA F 2 bBET
LHUENDDHEBZZ BIND, TV b= MBI L TODEEEA A DA E R CE/L
DRI A RIS OFHEAREE N L CEEM 2K 2.2.12 2OEtA MY . Z oL
ZVRIR O B IKZIEREN & g U COS @B HEINO fRetE 2 3H 95 2 & D3MRSFRIZR 3N &
nHEEZLND,

Bl 21X, AFRORREEORERETHL TV b= L 250 g/L K UMHERIEE 7 mol/L
DEMETIX, WEE7 v =7 5% Pu (NO;) 4 (4 BACEEA) & L, Blfr LTV iHle A 4
ETREEL CWA EET D E, TV F=7 25250 g/LI3KI 1 mol/L THDHZ Enb,
FEERA A U PREE I 4 mol /L ICHIY 35, ZAVAREERIREE 7 mol /LI 5 & 11 mol/L &
2B END, INBRBENRAEEEMNEZK 2.2. 12 OSBRI EE~ > FITLY
RSFROCEE9 5 &9 1.3 V vs. SSE & 725,

A U4t CHIE S 7= HSRIRIEBNLIL 0. 98 V vs. SSE THEHMNH. IS IEREN 4
SMEIRICH D Z L1272 D, LIchio T, ZOWREE TS G BREIUIFAE L L 5F
iCTE 5, ZOMRITFERA REISNEREFNORR TS Th 22 OSEOI AN BILE
SN o R EBEET B,

Lo T, EOFHMZAT 5 HEITIE, FHEOERESA R OVSRERRE A fEa L, X12.2.12
DB EEN A~y THERT 2 Z LICE 25T 2 Z LR AREL B2 bLb,
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Figure 2.2.12 Stress corrosion cracking initiation map

2. 3 VNa=gh/H B/ AT L ABRER B AKTFOKFERIE MEEN
2. 3. 1 B
BMEAGHTEER L QDU a=y A XX NVOZNENHEIR, Dva=g h-4
2 B IVE L R OVFERSEAR S B B AT & F O C oy BRIBET T TR EWRILRER & 320 L .
TR BRSO i3OI K OVK FEHEBCEEN SOV TI T2,
FEHLERIZLTOLRBY TH D,

(1) Pna=hbZ o ZOKRERINEDEN
(2) MPEHTIRIN X 72K 38 D o3AR B UK B HEBGE FE

2. 3. 2 REBHIE

(1) B

Dna= ARBAII TS L a = AFMERL (ASTM B551 R60702) % FHWT, # v
ZVERBRAIX TER Z o Z kb (ASTM B708 R05200) % FHWTHRUE L7,

Dva=y h-H oA NVEERBAE, FREEM AR LT VI R T —
TVRFRLCH A LE 25 at%h— /b a =17 A balance L NVZ » Z L& 50 ath—/a=
7 L balance O 2 fifEARUE LT, SE L= O/ME D HESCF T BITEIE S /s
MmoT,

DNa= g AR OE X VB O E S 2.3. 112, 2FEEHO VIV =g A-F U H )L
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BORER T O E K 2. 3. 2 1T T,

AERR OTZIRIE, T 10X10X 1T mm OHCIRE U, FEHAH 2 B SRR A 13 2
HIVONLEDRER A R & 225 K 9T Uiz, [X2.3. 1 ([CEMA Y B AHEE =38R A o
R ERT,

FRBT X 2 AT OER L, Kind = A U —HTHB00 &£ THIEZITV, =% / — /LT
AR s 24T > T %R LT,

(2) v BRERE T T ORFRWIGER

KRBV OFERIT,  ESTAFFERHFRIE N 7B B b IC B S A il - A F S e

Dy MR 2L b 60 BRI AEEE 2 N2 3B A S A L7 B E Ak E L, [

ik TR FIRE 2R e RO FRSHR R 2 FRRIC, FRATRRESR L ONEFRIRE 28 2 C—ERF

iy #i 2 FRE L 72,

AEREIEILL T D EB Y TH D,
RERA o az=mUA ZUFNVKEDRVNN T A-H U H VA4
MREHRE : D a= AR ONF L (3, 5. 7 kGy/h)
Dva=g -2 VA4 (T kGy/h)

HESTRFR 1000 h

PRBRIELEL « =R

ARBREAIR - MRS AR (1. 3 XONT mol/L)

y PRS2 OFER T OKBEWI I L, FHRBEE TS E A W CRIE Uiz, S5k

S3FTE. =IRAS 1000 *CE T 100 °C/h OFIEEHE TMEL TIT -7,

(3) KFEATDIHT

TR DB EEERFIZ OV T T ORERSEMAT v MR Z1TV, Z0%, /@5

BRI BIT DKRESA 2 ZIRA T B ESHTE CUF ISIMS) Ev9,) THNT L7,

AERA - SRR Y ARG

FRAHRRE : 7 kGy/h

HEGRFR 1000 h

AEREE - =|IR

RBRESHR - % (1 mol/L)

F72. LTORBRSEMT y MIBF 2470, KBRS 7= a =7 L3RR NERO

KRFEDARILE 70 — BRI HTE TN U, KEIEHOERE 2 5F, Mt Lz,

AR U a=U A

FRAHHRE : 5 kGy/h

HEGRFR 1000 h

AEBREE - =R

FRBRVAE - fEEE (1. 3 &OVT mol/L)

EHIZ, LU OB T v BRI 21TV, KBRS 0L 2 =0 AR i
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DRFEAC DA BRI Z X BREHTIC L 0 ik Lz,
o a=r A

FRAHIRE : 7 kGy/h
HEGIRFR 1000 h
AEBREE - =|IR

AR A

BRIRTAIL -

e (1 mol/L)

#2.3.1 Vna=grLORERF ROZ o H VO OILFERSY (wt%)

Table 2.3.1 Specimen composition of zirconium and tantalum (wt%)
High)  BAE - IFFERR S (K 20 45) 319
C N 0 H Nb Fe Ta
iisgﬁﬁ 0.01 0. 005 0.13 <0.0003 | 0.07 1.1 bal.
HHTAE
D=
— ASTM Bb551
o R60702 <0.05 | <0.025 | <0.16 <0. 005 0.2 <4.5 bal.
R AE
5]
0.001 | <0.001 | 0.001 | <0.0005 | 0.006 | <0.001 | bal.
YA °
&4V | ASTM B708
R05200 <0.010 | <0.010 | <0.015 | <0.0015 | <0.1 | <0.010 | bal.
FFEAE
#2.3.2 Vo= h-F U HVEEORBRA OILEFRSY
Table 2. 3.2 Specimen composition of zirconium—tantalum alloy
H) BT IHFFEBRssE (k29 4) &9
Ta r H 0 N C Hf Fe Cr
at% wt% at% wt% wt% wt% wt% wt% wt% wt% wt%
Zr2bath 24.85 | 60.49 | 75.15 | 39.68 | 0.0011 | 0.060 | 0.009 | 0.002 | <0.01 0.01 <0.01
Ta75at%
Zr50ath 48.60 | 67.31 | 51.40 | 32.08 | 0.0019 | 0.054 | 0.010 | 0.001 | <0.01 0.01 <0.01
Ta50at%
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B4 2.3.1 SRR BEA Gk ORER A DT
Figure 2.3.1 Schematic view of test specimen of explosive bonded joint

made of zirconium, tantalum and stainless steel

2. 3. 3 HBER

(1) v BREBE IR T DK FEWIGRBR

VA= AR HNVEERFICKRTT Dy SRR L OKRRIN R & DRIR A (X 2. 3. 2
(et i

A=y AOE | HHEBIREIZD D0 BT 3 kGy/h TORBEWINEITA 72 <, 5 kGy/h
TIXRHIOKFBRIESHIN LTz, Fo, T—XIE 62X 503, WHEERED EHIC
PR, AKFRINEIME T DA 235880 B,

KB VOSEITIE, KRBWRIN RN &% AT & OO KFEER 5 ppm &
IFEFRCTH Y, KBRINEOEITIFE AL ERBD LD 2T,
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Figure 2.3.2 Effect of dose rate on absorbed hydrogen concentration in zirconium

Dna=g h-F A NAERBRAICOWTE LN X v X IVIRE L KRN E & DR
BRE2M2.3.3 17T, M2.3.3121%, Dba= LROF o ZIVEIRTE b - i B 5
EOFETORL WA, Db a= AR TIIAKRERILEIT K VS, & o X VIREE 25at%
VDG4 TIIAKBRINEITE L /WELRoTWn 5,
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Figure 2.3.3 Effect of tantalum concentration on absorbed hydrogen concentration

in zirconium— tantalum alloys

(2) IKSBHIAR D Z3HT R OMEHOEEE Dt

1 mol/L AH TR RRER 217 o 7 FEHAR 1 A ATk LT Z¥kot SIMS figffric
LR/ ONTIKRFIMEIK 2. 3. 4 1R, BMEBEEMIT IV a=g b/ 2 2V FEmo, K
[z a = MUTTHER AR FE 2L < WINT 5 & &bz, Rmbstora=y Ah
ICHILESND Z ENyvotz, —T5, XU Z VO CIIKERIIRIE S RnoT-,
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JiILa=9 L
—HmEBE LoD
LZRIVRE
179,

EEDRETH--H
ATk ILa=y LLS
RILHGETELTLNS,

) AP FEBHsErRE TRk 29 48) 19 (o —fhas*
* i aIER

2.3.4 TR BBk TR SRR D KFE DA
(TkGy/h, 1000h & U2 1mol/L CRAH L7=3bkl SIMS 12k %,)

Figure 2.3.4 SIMS images of the hydrogen distribution in surface of bonded joint
(dose rate:7kGy/h, irradiation time :1000h and concentration of HNO; : lmol/L)

PRSI ER 5 kGy/h TR L= a =7 5B F O D b N A~D K FE DS AR
% 7 —EFENIINIHHEI LV IE L, #REZRK 2.3.5 1077, KFEORARS I
RYREIIE ORI E & BT 7o TS 2 E Wb, IR 1 nol/L DA, TES 1
L FREEE T 60 athDKEIEEETdH 2 MEL 22 DI O TIEERHA L, X5 umbl
ETIF10 athTh o7z, Tk PN SHU7KE T, FICRETFHICSAFET D L
W53 D3%, T KGy/h THUF L7 BR O iH 4 X BREHTIC TRA~72L 24, [2.3.6 107
Tl L am AOKEBERE S B9,
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Figure 2.3.5 Hydrogen distribution in depth direction from the surface
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Figure 2.3.6 X-ray diffraction profile on zirconium after and before

immersion test under vy -ray irradiation (Imol/L HNOs, 7kGy/h, 1000h)
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2. 3. 4 AH=XLEOHGE K ORI T O

(1) y BRI T ORI P D i L

DUa=g MR, XU B VR ROV v a =g A=K o 2OV AR D KEW
I FRBR D5 5 e OVIERSAH 2 FEAS B2 BT O FREBR R DK B R OFERTlE, # o2
T E A EKBEZRINET, Dha=m g MNIEKWINTDHZ LA RL TSI Enb, R
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MEEGIRFIZI T 2 KBRIEVMEFEIN O FIEEE 2 G 258 12iE, Pva=0 Ll
VB KBWRI Z AN BT D NERDH D,

BB IATIKFEPRIL SR WEE R & LTk, Z > ZLVEREISKEORAZIIET 558
[E72 Ta0s BB EN TR S Z & nBE 2 HND B9,

Dva=v AOWEE, 3 kGy/h TIHIEE A EKRFITRIN SHT, 5 kGy/h TILEGEITKTE
DI EA TV, 5 KGy/h TRIRIDKFENRIN S N/c—20 M & LTI, ZEREb
FEMEC o D Zr0x \ICAHERTATR  C oy M IR &40 5 2 &2 LY OH ZE3MEEL 41 C Zr0, D1k
EEADOINT L, SRR Zr0 & O FEDIRRE & 70 2 B A i R miE s g @2 23 E
U7ZAlREMEN B 2 HD, Fio, RO CIE, MEERIRE N EINT 21% E/KERIL &
T HEAIDRD HIVTN D, ZAUSIEREERIREE & KFEIA G il & OBIMR A 55 1L
TWNHEBZLND,

(2) PrHERAEORES

KB D EFRIC MBI KFEDO T v a = A TOHIEA T =X NE, I THDH L5
ZHN5D, £ T, K2 3.5 OFERFERZ LICEE TOKBEOIEHGEE D KD, (6)
EEZ XY Vva=g ANOKEILKERER KT,

L=2vDt -+ - (6)
L : KEIEEEEE OKFBIWIES) D KFBOYLECHE ¢ B

¥ 2. 3.5 OFEFER L V15O RIBTOKFEOILHGEE D OfEIL 6.2X 107" m/s* Th
STz, ZOfEE AT 40 40, SR KRBT RN S iviz E0E U CER L7oRER., 4k
BOEREIIRI 60 um & 7o, TR TOD OfEIE. STRE % Lt L —HKLTWnWbZ &
2B, SCHk PV ISR SN TV A FEERBIICITV L E 2 B A 80 ‘CloBIT B /KEDILEK
T 2 FAVN T 40 AR OKBYEEGREEEZ 313 L7RER, R 180 um &72p-72, WIhol
AICBNTH, ARFIEHEEEE I NS < KB E AT D& LTH ZO/NSWEERENT
DD EBIHZENTED,

2. 3. b EMEASMKFOKRIFIREEEINOZER FIR 5 EFH
BMBEAGRRIEA SN WD 4FEORER T (Uva=u b, ZUoXL, Uira=y
I BB VEE R OFERR SR 2T, BRI Dy BRIRS R Tk FE
WEMEEIINA~OREEZ MR LTER, LT LB HEFHEZLHT D,

oy BRI ISR D AKERIEHEIL D L a =7 AR BEE TH D,

- DA =y KIBIT DKREWIURRET v SR RIS SN D,

IHIT, MR REZE L2, FRATHIT 255121%. LT OREZE LI
EEMTDHZENEETH D,

_38_



(RPEBRBLSM ORER)

- EHROHEGKE TR D EROMER

- SHEDOBE SIS TSI T DI HRIRE O (EHEBRBISAT OMERR)
* WROTARIL (FU) O

_39_



3. fEim

3. 1 HROEL

Fen3E O pE A B 2 3B\ T RR OIEIRSREIC L » CIE S D IRD 3 DAL
FHRZOW TR E FEhE LT,

(1) AT L ARSI DO
(2) Yva=v 2RO G REEIN
(B) na=t /BRI AT L AR O K BRI MEEL

(D) 1Z2WTE, AT b ARG OF BRI KT TR BB A 4 DR Z T~
IR I E SN DB RESIRA AN KD AT > L ASH (SUS304ULC) ODJEE RN ssh A
ZEEMICEH TE2RXZ/R Lz, ZORITEERMESEA A4 ORET TR EEMEA
JBA A ORI AT T & OEIR R RO E R OBL I b EETH H Z
xR LTV, ERRABRIC L FEROBREE 2T 2551215, BRMESEA 4
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i/ FEUBIE M OREIAEIR L IS R BT O ENHDH Z &R LT,
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(S ERAEBEREAT) ICRIFTELHE L, Vba=y MRS EREINO
AMREMEZ R 285 A2, BHEDOHIZE TE 2 DV T BRI AL 721 ¢ < RSBAYE 2 AL
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IIIKBRIL DIEZ MR & V) | KB MEEI O FTRENE 2 39 5355 11T y #ifi
RICEETHVERDH D L ER LT,

3. 2 HWOERKRN
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