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Points of attention to prevent deterioration of components due to decontamination works
in commercial fuel reprocessing facilities

—hydrogen embrittlement caused by alkaline corrosion of explosive bonded joints —

NOJIMA Yasuo, YAMAGUCHI Akinori, and FURUTA Masayo
Division of Research for Reactor System Safety,
Regulatory Standard and Research Department,

Secretariat of Nuclear Regulation Authority (S/NRA/R)

Abstract

In chemical plants using tantalum (Ta) components, it has been reported that management
measures are taken to prevent hydrogen embrittlement cracking in such components by heat
treatment for dehydrogenation. Previous research with computer simulation analysis on hydrogen
diffusion, its accumulation behavior, and precipitation behavior of hydrides in explosive bonded
joints made of Zr/Ta/stainless steel installed in commercial fuel reprocessing facilities has reported
that hydrogen embrittlement of such joints may be restored by post-bond heat treatment at about 373
K, but experimental verification has not been performed. The purpose of this NRA Technical Note
is to experimentally verify the effectiveness of heat treatment as a measure to restore hydrogen
embrittlement of explosive bonded joints used in Japanese commercial reprocessing facilities caused
by alkaline corrosion from chemical decontamination works, and to derive the points of attention to
prevent deterioration of components due to decontamination works. We conducted simple tensile
tests using test specimens of hydrogen-charged materials used for explosive bonded joints under
various heat treatment conditions. The results showed that restoration of hydrogen embrittlement
may not be expected by heat treatment using hot water at 80 °C, even in the cases where a very small
amount of hydrogen was charged. Therefore, we evaluated the test results with reference to the
previous research results, and suggest that it is necessary to carry out a tensile test using a large
number of test specimens made from different production lots in advance in order to prevent
hydrogen embrittlement cracking caused by the decontamination solution, when an alkaline solution
is to be used during decontamination works.

This technical note was based on part of the research done by the Japan Atomic Energy Agency
(JAEA) under the auspices of the Nuclear Regulation Authority (FY2019 to FY2020), especially,

the experiments conducted by Kyushu Institute of Technology as a subcontractor of the JAEA.
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HE L) JUpN T2 K% (2020)
X 2.1 WFEERTD R-SUS304ULC/Ta/Zr BMBEE MR O/ (BN : mm)

Fig. 2.1 Photo of an explosive bonded materials test specimen made of zirconium,

tantalum and R-SUS304ULC stainless steel before polishing (unit: mm)
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RENTWDA, ML K OFER SIS O W OEA T H300 °CRIE ICTRE MDA
HEHEARO O, ZOBRITRAMAMY) THRIC L DERFNESSbDEEZLND Z
EERELTND, Lo T, 300°C% LR E L TNaOHIEIRIRZIEIZ L W AKFEF v — 2 Lk
BR800 °CKTN200 °CE L. XL FHIIAKFEF v — ¥ L7 B F 1380 °C, 200 °CHR W}
300°CE L7,

7B T IR R T JTEET N EFE LR O T 0.3, 1 U3 mol/L NaOHVE K
(2SR CT24 hiR il S 7= Tabt iR i} O'R-SUS304ULC/Ta/Zr A B A6 D K E & A7 B Dl
ExAT > TV D Y FIRBLEES A 0HTE (Ard A FRBHR) 12 & 0 B U 7= Tabt 0k 35 fik it
FRIX. Tad> B OIKFE L A3KI500 °CH B BAAE L, 600 °CHTICE—2 b D Z L &R LT,
LU, B BEAMRRBR T ONaOHEIRIZ E R % IS TS L7 AR B K R o drihsr (K



22) TR TERBY, KkFEEEAT HR-SUS304ULC/Ta/Zr B B2 O D K FE Jik i i3 13 Tabt
EIXER D 600 CCfHTIZE— 7 1372 < ZOIRE LY RIS/ e —2  miEikic
REBRE—INFELEZ, AT 2 L AR O ZrO KB ICBT 5 S0k 2% 28 12 e
3% & SUS316LIF200 °CHHITIT, ZriZfI630~730°C  (900~1000 K) fFiriz K& D ik
E—27 0350 BiEOE— 7 XR-SUS304ULCE b DKRBHHTH Y | BEDOE— 7 13 Zr
HEPOLOKERETHLEBEZOND, £, REEOLO LREHE LKL T D L #
HFEOZH PO OHE =7 FRIFICHE_RTREIEMLTWS, Lo T, R-
SUS304ULC/Ta/Zr A B A M OLA I IX, EiRH) 5 HIE LS00 °CIZET D AICTaifli D 7
T U ERIZ KU TaifBl W S AU 727K S8 O RKE 3 S Zeif AN YE L L 72 "I REME N B 2 Hiv D,
JNERE R S DT, EFRZ2000hE T& L, NaOHIFKIRIEIZ L W AKFETF v —T L
72 BR T O INEARERE] 2168 h, 1000 h%Z 12000 h, EXALFMICKET v— L=l o
JNEARE[R] A 24 h, 168 h, 1000 hX% TR2000 h& L7z,

2.2.3 BlRABRSEM:

gliERER T, BMEEMEEBRA (LLF. TR &V o,) Z600% DOSICHHEMZ v
THATREL BT Lk, SOM7 & b aiTo72 b D& K23IRT L 5 ICHAT
DT 72 2 K O ISR ICEY (110 72, BT O FEATHR S 10mm (SUSHS : 4.5 mm, i
Tail : 1 mm, FZrE : 4.5 mm) | BRIEITAI6 mm, AR IFI1I mmTH 5D, OF A % 8.33x10°
‘st (/v A~y RAE—K0.5mm/min) & L, ={E CTHEE L7,

224 KREHBORESM

Tafl DK E A BT FIRBBES A HEIC L 0 =i L, WESRIFIXRER ZAr T A
FIRHFE A 100°C/hE L, B S Tafli2> & O FH 2344 T3 5650 °CE TO Rt /KFE =
TR L 72,

NaOHIERIZIRIC L W KK F v — ¥ L2 A L OESKIETFRICT hKkETF ¥ —2 Lol
BRAIZHOWTIL, SIRARBRZICHER A OTafl O A 2 fEE O IC L v 810 L=, &
L7z, BRALFEMICI0 minKkHETFT v— Y LIZRBA IO\ T, KEEHFENIEFIC D
W72 O VRN E F D ZeEB Al ~ D HEEL (Ta/Zriz A& 5 i CRE KT Lt;ﬁt%ﬁ@i}%{:\ Ta/Zr# 5 S i
THEMER ’ﬁ%Lﬁl/fia£*+b>E> SUS/Ta® St i D Taffll 2 GIW L, Tailisy D &I L 7258k & 7K
TN T 5, ZO%A, Ta/ZrdEa Fm CTHW U772 i iXZedMEDNT R > TW D AR &
%.) 12X %@%%T%ﬁw&%x %%ﬁ%:&ﬁﬁ@ﬁbfn@wmmmmﬁfk—

THE T % ORER T OTail sy O # %10 min A NI H G 2 v col o H L2tk JIE
L7z, 2B, KFEF ¥ —Y L TWARWRB IOV TR O Zeil CIEVERZ W3 5 72
DY)V L 7= Taff iz Ze 3 ik - T 2 ATREME T D 72 < | BIIRERBR IR T D Taifl D 7 % b
FEOMEIC X g0 L 72 RICHlE LTz,



e
—
o

e e
[
N

e
—_

Rate (mass ppm/min)

0. 08

lon

£0.06
-

S0

0.04

@

e
=
o

Hydrogen D

<

[X2.2

Fig. 2.2 Hydrogen thermal desorption analysis curves obtained by conducting NaOH solution
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Fig. 2.3 Schematic view of specimen attached to tensile test equipment

3. ABER

30 KFERF ¥ —VTELHEEZ L TOARWVWRERF O3 RERBEREOTal D AKEEE £
KBRT ¥ — U TEHME G LTV WRER T O5IERERIC K 0 15 5N AFRIS I -2
OT R A MG T O & L L3 1R T, RERF T, BlEmIIcE L%, W



BT % FEVEVERIZ A L. BRI R OZei Th - 72, £, HEiE OTaill O KFESE
A #136.8 mass ppm T > 7=,

550

500 F uncharged
450 } non-heating

400
350
300
250
200
150
100
50
0

Stress (MPa)

0.3

Strain

) JU LR (2020) 15 (GRERAS R 4 Reg)
3.1 KFERF v — Y TEWLIE L T2 WEMEAM R O AT -2 0T A
it o S OV W £ BT oD S8
Fig. 3.1 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr

explosive bonded materials test specimens without hydrogen charge and heat treatment

32 NaOHBRREIC L W AR T ¥ — Y LR OB RRBERLOTal O AR EHE
3.2.1 BULE NSRBI B T T R

NaOHIERIZIRIZ £ 2 F v — VE# ORER T OB 5RMERIZ L 0 15 b I AFRIS JI-AFRO
TR VT v — DRIV U 7B O B BRREBRIC X 0 15 D I AFNE J-AFRO
P A . WS T OSMEL & & HIZIKI3.2127 7, 80 °CONaOHIA IR IZ 168 hiZ i L 7= 1%
IZBERBR AT > 1256, B OZedl CTHEMER AW L=, 168 hiZi&E L72141280 °CR Y
200 °CORZHH CTEULEE L 7B 0 5 5 80°CTI68 hBLEE L 7=5 Bk i D Z 3, Talf &
Zrih o Sim THEVERDIZ AT L7z, EA LSO S (80 °CT1000 hEALEE, 200 °CT168 hik
U000 hAVLER) —CIIR OZef THEMERIZHE I L7z, 72, FEMEMIICHEI L7238 o
B RBIIRR S K OB ONT AR BRT v — V TEULEEZ L TV WO RER T & ik
U CHMEZ2E W ITRER SN o 7,

3.2.2 LB HEE R E TOKRRIEBUCRIETRE

B RBREIIC T D 5| R E O & — N & ZULEE S K O Taifl O K FE 5 A BEORIE
FEARIC R D EEBL L 3.URT, TafBO/KFEG A EIL, MMBURER0 CCOLGE 1T, MNENRFH]
168 h'C/X11.1 mass ppm, 1000 hC{X11.0 mass ppm T ¥ . MMEARTDOTaF D/KFEE A £12.8
mass ppm% T83.0 mass ppmIZ ELEE U TRV RIS o Tz, —F, IMEVREE200 °)COSE



L. INEAEERE] 168 h'CiX7.9 mass ppm, 1000 h'CiX7.1 mass ppm T ¥ . INEAFT D Tah DK FE

A #12.8 mass ppm|Z LEHE U T SRITK E 0o 72, IIEVEEE 23 & < 72 Ui Tafl O K FE 1T

Zriil & 2 WMER-SUS304ULCER~DILEE DN T 5 Z L Z2/nR LT 5, S 612, K2.212

AT RS HERERT ONaOHIE IR IERBRIZ B \W TR B v 7o SHR LB K A iR 2~ 6 |
JEEELIIR-SUS304ULCHI L 0 b Zrll~D G N Z N EB B D,

# 3.1 NaOH #IRIZIEIC L W KFET v — ¥ LIc BMEA MR O 5 9RHER O 5 R
Table 3.1 Results of tensile test using R-SUS304ULC/Ta/Zr explosive bonded materials
specimens charged with hydrogen through immersion in NaOH solution

Test specimens Heat-treated test specimens
before heat treatment Heating Heating time (h)
(immersed for 168h temperature
at 80°C in 7M NaOH soln.) (°C) 168 1000
Conc. 11.1 11.0
Conc. 12.8 13.0 80
Mode x O
Conc. 7.9 7.1
Mode O O 200
Mode O O

Conc.: Average hydrogen concentration in Ta (mass ppm)
Mode: Fracture mode O: Ductile fracture x: Brittle fracture
RT: Room temperature

HE) SN TEERT: (2021) ¢ AR RZEHE L, RISHWE)

3.3 BRALFRICKRTF ¥ — Y LILRBRFA OFRARBRFER K U Takl DK R EH &
FRRRMEIZ BT L 5 3ERERE DM€ — N 2 BULBLSAE K O Taff O K FE & A B OHIE
FERIZEDEEF L, R321T7RT,

3.3.1 BLENREETERR I RT3 R

BEREFRICI0 minK#FTF ¥ —P L, Fr—VEEORBAOFERRABRICL VGO
INFRIG TI-AFR O BB L OV F ¢ — PRI & 51280 °CTEVLEE L /=3B 0 5 ERBRIC
KOG O NIZ AR -AROT Bl f 2 | BT E T OSMELE & B ICIKIB3ICR T, E7o, B
RLBRIREE 2200 °CK N300 °C & L7eikBi i o 5l iiilBRIC L 0 S b e k2 £ £ X3.4
EHBSITRT, 6T, BRALFMICIWKSREF v — L, F v —VEHEIT0°C, 200°CKk
UB00°CTEULIE L 72l i o5 iR Of R 2 2 XK3.600 5 X3.81T7F, 7,
NaOHIA IR IEINZ L VW AKFEF v — 2 LIilB & RERIT . IEPERY AT L 72 38R i D fe K
FI9RIR S K ORI ONT IR FERT v — O TEULEE A L TV WS ORER T & il LT
B 7BV TR S e o 72,

10min/KZETF v+ — Y L=l OKFET v — VIEKOKFZE A 2139.9 mass ppm) DA,
BVLPE U 72 WA TIE, B O Zei CHREMERIIZRE T3~ 2 556 & . Ta/Ze S i ~C Mt Al
TL5a 0N H o7, 80°CTI68 N L 723k Arid. A CINEASF ONaOHIE IR IR{EIZ & ¥

10



KFEF ¥ — PV LB A (RIEE%OKFES A #:12.8 mass ppm) & [FERIZ Ta/Zr St i THetk
HIZRET 255038 0 | FHREE T2000 hinZh U 723k i 05512 & Ta/Ze St ifi CHEPERY I
W3 285 E 08 H -7, LirL, 200 °CK U300 °CHNEASIE: TIXBVLERL 1T RS D Zrili T
FEPE AT L 7=

2%, 80 °CR U200 °CHNENSEAH: T o 5| AR D I LBR YL 1F 3 2 1545 L 7 NaOHIE K i2
BHIZEWAKFZTFy—Y LB OKFETF ¥ —VEROKEZEGA EIF12.8% V3.0 mass
ppm) DI[FE UINESH O SRR O R MR T Th o 72,

1 hKFETF v —Y L7l OKFEF v —VEHZOKFES A RI1$36.8 mass ppm) DOHHA
BUVLER L 22 WG TIRBPEZE Y & pE o4 Ta/Ze S CHEMERDIC R L T\ 5, Z 0B A %
80 °C & 1200 °CTZ I Z#12000 WL L C & Ta/Zr fL il CHaPERICAT L T\ 5, Ll
JNENEEE A3300 °COHG A 12121000 hnEA L 72 3Bk i >\ T BBMEZETE % (WO R O Zeish
CHEMERICAE I L7286 & . 24 h, 168 WINEA L 72455 & [RIRRIC Ta/Ze St i C MEPE RO I Ak T L
T A DIHERR S 40, 2000 hANER U 725888 12 2\ CIE Ta/Ze A i C O Mtk B 2 il e ¢ i 7 <
R O Zei T O FEMER 22 BT I 22 b L 7=,

3.3.2 BUAENEEARE TOARRILBRICRIETHE

NaOHIERIZIBIC L W KK F v — Y L2 L0 4 KFEFENZVEXIEFICL h
KFETFT ¥ — Y LR O5E, TaflO/KFE S A EILEULELRTIZ1336.8 mass ppm T - 7=
23, 80 °C-2000 hN#A% 1Z1%20.7 mass ppm, 200 °C-2000 h/lN#A{% (Z1%15.1 mass ppm, 300 °C-
2000 hN#LF% 1213 13.9 mass ppm & Jild L7z, BRI IENaOHERIZIEIC LV KRBT ¥ —¥
L= & RIS, MEVRE AR < 20uE, KFEF v — VI Lo TTafBla I S 47z K
BB X Zef AN AR T D KB ENEINT 5 Z EX R STz, =72 L, InEks
FIC L 0 EIE VRO B AL, 80 °CEAAF TIT NI 1000 h & TIXymaiT i) S v
203, 300 °CTILIFIZ1000 hFE TITILE NS HLNCHEST U, T VLA I3AR 12 & 70 DM A3 R
S 7z,

728, TaifBh D Ze il ~DKF OPLHEBIX, FHL OV I 2 b—v a URITICHEX
X, Uva= g ARFDOHTH . BRER ORI E L, KELEBERE THIIE, M
{ERIERN R E D B2 bND,
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# 32 ERULFRINKFETF ¥ — ¥ LT EBMEAEHRER A O 5| iR DR 3
Table 3.2 Results of tensile test using cathodic hydrogen-charged R-SUS304ULC/Ta/Zr
explosive bonded materials test specimens
Heated test specimens
Test specimens Heating Heating time (h)
before heat treatment | temperature
(°C) 24 168 1000 2000
Conc.: 9.9 80 Mode O X O x
(RT, charged for 200
10min) Mode O O O O
Mode: O, X 300 Mode O O O O
%0 Conc. | 32.8 - 38.6 20.7
Mode X X x x
Conc.: 36.8 Conc. | 26.8 - 20.9 15.1
(RT, charged for 1h) 200
Mode: x Mode x % x x
Conc. 19.8 - 7.2 | 147 13.9
300
Mode X X O X O
Conc.: Average hydrogen concentration in Ta (mass ppm) - : Unmeasured

Mode: Fracture mode O: Ductile fracture
RT: Room temperature

x: Brittle fracture

) JUM TR (2020) © GABRRSRZIEE L, RITHE)
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550 5560
500 168 h immersed 500 168 h immersed
before heat treatment before heat treatment
450 450
400 400
~ 350 = 350
% 300 % 300
@ 250 @ 250
6 o
g 200 § 200
“ 150 150
100 100
50 50
0 0 - -
0 0.1 0.2 0.3 0.1 0.2 0.3
Strain Strain
550 550
500 168 h immersed 500 168 h immersed
450 80 °C,168 h heating 450 80 °C,1000 h heating
400 400
) 350 < 350
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o o
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150 “ 150
100 100
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0 0 A "
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500 168 h immerged 500 168 h immersed
450 200 °C,168 h heating 450 200 °C,1000 h heating
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% 250 § 250
g 200 b 200
150 “ 150
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50 50 SUSTa Zr
Y . . 0 e
0.1 0.2 0.3 0.1 0.2 0.3

Strain

Strain

) JUNTERT (2021) '6 (GRBRES R 2 9 BH)

3.2 NaOH iZ{HIZ & W KFET v — ¥ LI BMEAMRBR T OAFIE - A0S A
HE AR K OV e 5 T O 7M8L GRJERERT 168 h, JNEMEE : 80 °C, 200 °C)
Fig. 3.2 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr
explosive bonded materials test specimens charged with hydrogen through immersion in NaOH

solution. (immersion time : 168 h , heating temperature : 80 °C, 200 °C)
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550 550
500 F 10 min charged 500 F 10 min charged
450 b Before heat treatment 450 F Before heat treatment
400 F 400 F
S350 F s 350 }
= g
<300 } 2 300
w
@ 250 F g 250 F
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so L 50 | SUS Ta zr
0 p— = i 0 " L
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) JUMNEEERSY: (2020) 5 (RRBRAS 2 5B
3.3 ERALFEMNTKFET ¥ — ¥ LI B AR ORTRIE BP0 2 il #
BOEWr AT o 4Bl (57 — P Ref] 10 min, JNEMRE : 80 °C)
Fig.3.3 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr
explosive bonded materials test specimens with electrochemical hydrogen charge.

(hydrogen charging time : 10 min, heating temperature : 80 °C)
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Fig.3.4 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr

explosive bonded materials test specimens with electrochemical hydrogen charge.

(hydrogen charging time :10 min, heating temperature : 200 °C)
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Fig.3.5 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr

explosive bonded materials test specimens with electrochemical hydrogen charge.

(hydrogen charging time : 10 min, heating temperature : 300 °C)
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L) JUM R (2020) 1 GRUERSS S 4 3 BE)
X 3.6 BRALFHNIKIET v — ¥ LI RMBESH B OAFRE DO 2
R S OB T O AMBL (T — UI5RT - 1 h, INEWEEE : 80 °C)
Fig.3.6 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr
explosive bonded materials test specimens with electrochemical hydrogen charge.

(hydrogen charging time : 1 h, heating temperature : 80 °C)
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Fig.3.7 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr

explosive bonded materials test specimens with electrochemical hydrogen charge.

(hydrogen charging time : 1 h, heating temperature : 200 °C)
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Fig. 3.8 Stress-strain diagram and photo of the fractured part for R-SUS304ULC/Ta/Zr
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explosive bonded materials test specimens with electrochemical hydrogen charge.

(hydrogen charging time : 1 h, heating temperature : 300 °C)
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4. BE
4.1 B EEEETF OEMEEIE I3 2 BULE OF 2t
4.1.1 REWTZRBIC K D A ORER

BRALFWNTKET ¥ — ¥ LI HE % O 5 8RR TRt I Er§ 2 K HE 2 &5 1 w5
F (Fx—VEZOKZEEAE  36.8massppm) = HW T, W REZEKICTF v — V%D
BLERC X 5 Ta/Ze S TR O [ O AWM O 24 g8 Uiz, ZRthige!s Yo R SF <
& 2 INEAERI2000 hE TIZTa/Ze L 1 CHEWTE 3" ZrRk b THEVERI KT 9~ 5 = & 23 T &
7o DITMBGEFE 23300 CCOGETZT Toh O | IIEFRFRIIZ-DUNTIX1000 hif s 23 Ta/Ze S 1 T
D MatE ) 72 B K 2> B ZeRERA C O IEE ) 70 N B T 2 EE R & B 2 5 b,

4.1.2 TafB DFERE KB B OB ZEEIT X 2 F R EOHER

M AE DL IZ X 0 SEVERIE SRR T & 72300 °C TRV L o kL BEEARBR A (F
¥ —VELDOKFEEGHE R 36.8 mass ppm) D Tall D7 KFE OB IZINEVEFE-D °C K Y
200 CHRMFIZHB L TEHE LR L THEY, FHLYO Y I 2 bL—y a3 Vg &L FERIC, &
BIZD Z EIC LV ZIHOBEENE L D & & bIT, KBILEDIERIZR D Z LICED, Ta
HHIZER LT KB DR CZof il O N A~E# - BT 572 B2 bh b,

NaOHVEIRIRIEIZ L W KFEF ¥+ — Y LIRS OTaf I EE L TV A KE R, BIEE
#1312.8 mass ppm % TU813.0 mass ppm Td» 5 25, 200 °CTHELE T 25 & | INEVFEG 168 h T
7.9 mass ppm, 1000 hC7.1 mass ppm(ZJ LT\ 5, KFERT v — T TEULEEE LTV
WRBR B DO Tatif 1 K FEE A EOMIEMI36.8 massppm TH 5 Z & M B, 200 °CEAMFD A
(2, 1000 hiE§ % £ TIINaOHIAR RIEIC X 0 BRI F v — ¥ SRz AKRFE IR IE ZeiB
LB SN B2 b D, £72, 2000 hifiE 7 5 E TITHMEMERICHENTT2 2 & bR
nigmolz, £/, BRALFNCKEF ¥ —V LEAZVEEHERR (Fyr—YHEHEZD
KFBEHE 9.9 mass ppm) HREIEEIZ, 200 °CERHED A 12132000 hikit 32 £ CTIITHErEm
IR S HERR STV, Ko T, Tafl i ORI DK FEE 4 & A3 10 mass ppmfEETH 5
BATIX, MNBVEFE200 °CEE Tl iR LT-ZtHO BN RN A L, BVLE N FZ) Th
LHAREMED B D,

—J, FELPOY I 2 b— g VIRITIZEBW T, ZTHOATH - sliE oMl »Z M/ S b
TS (F9100 °C) (1THTV80 °CEM TNaOHIRIRIEIC L W KFEF ¥ — VR I INEULEE
L7 B A OTafBIZE L TV O KFEDOFADEITMENTH -7, ZDZ &L, KEF v
— 1122000 hiZA L T H80 °CONaOHIAHKIRIE T & Z O ZHO WM ME L A EAET T
RVFREMEDR B Z AL, Lvh ., KEF v — VEE TIXRM OZefh TREMER 72 Ak L T
7o FRBR T 23168 hBVLEL 1% (2 Ta/Ze Lt CHEMERICIEWT T 2 A b b oo Z &b, Z oM
B E LA OB DWW TIT A IE Z R T & 2o T,

FTHOLOE Y 2 b—va UEHTIZB VT, K100 °CTOZrH O /K O [E R % 124.8
mass-ppm & @% E (Z OBEEROEEOHM L) LTW5b, —F, JIKearns® 23ty L T
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WD IR &R SRS D AHBARIER D T L= ZARUT KV 100 °COEARR Z HEFH 32 &£
0.9 mass-ppm TdH ¥ . FHOITM40EFm < RE L TWD, FHO O EMILII Kearns? )3
HE LT\ 5450°CTOZrEEHF OKFEOEEE (F1120 mass-ppm) (ZHHYS L TH Y | [EE
ROBREZER> TWDAREERH 5,

[ 75 FR 23 8 1 AU Ta/Ze S i 5 O K B IR EE DR &P TR T 5 2 Licd 2 &
25 80°CTOFRBRME RICEB W TELELD ANVEN L TE R TZDIIFHLD U I 2
L—ya UIFRICB T 2 EEROBREENZ Y TRV ENERE L TEZ LD,

4.2 AT ORMEEMTF OBBAVREEICREL RITTARESEI ROIKREFE

AR TIL, BRALTFHICKFET ¥ —Y Lo AKFBLEBEGZHERBRA (Fr —VEEZDOKE
BAE 9.9mass ppm) (3T ¥ — VEEL DKM TOLRRER TIIIEMERIZIEWE 556 & M
PERICARIT 3 2 55805 & V) | INEE FE80 °CER 4 T 168 h J 02000 N (Z et as it 9= 5
Gand b L PR S,

L ZBWTRLEL SIS, FELNE, BERTOTaif OKF A& LIS & el fE iR &
LCEEL, BMESHTFOM LRFICI T 5 KEBMALEINRE A KM 2 AT 2R 7E 4
TV, EEER 2RO 5 (B E 6.0kg/m?) TiE, HINBHA LR WES IO Tail o
KFEGHEITI8massppmEA FTH Y, 10massppmE D < 725 & KFEMefbBEINNREAET
HIEENIEFICEm N ERbMD L@ LTS,

Lo T, BRALFRINCKFETF ¥ — ¥ LI-TafiH OKFE S A E539.9 mass ppm D iR 71T
£ B 5IERBR ORI R IX, Wi L & RERICH A T O BMBESHTFTICB VW THLBRTR Z DR
FE DK TG A B D IEVER) R W s D e e RO 22 B BT B T S fHICh D RN H 5 2 &
ERBELTWDEBEX LD,

4.3 {LZEBRYuEE D R BT OMEREH
4.3.1 BULEIZ X 2 BRMBEMTF O EE O PR

WaR O IR IC 1T 2 PRGN, EARMIHESS K O E O R A TE L TV D K
FEEREEZ GO EBA 4 OB ZBILER D 2 WITR M L GRINMICERE L, HaE Xk
OBLE ORM OB ZEET D Z ERRDLND, Lo T, BHEAMTFINaOHEIK %
TAAL R G NIE A U T2 KRBT K0 fafk U 735 8 I I B AL B f 5% D TE#5 7T BR & CUTHEME
ZWEIETBIMELRH D,

L2a L, BB E% N O R ER 5 O SR SUIHEEE DO T DITE PR Z 1TV, £ D1k,
LB £ TOWIE 2 1AM (168 h) . X122 H R (720h) EAET D &, AREFFEOK 5
X, FRETS, (EEBNERET 78 A T2 2 ERREERZERBRELROREVREICHE S
TWHZEAEBELT, RbIRENITERATRZR, mWIMBIRE & &2 THRE L7280°CT
TS O PITEBIRE 2SR E T 5 LN ETH D Z L AR LTV D,

Lo T LT T MITBWTE S T2 BULEZ X 2 4t o Tafld#lb ok #E i
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LG E B O FHID K 5 7pfEds B BII s H AL B ik TN TH D LB b D,

4.3.2 EMEEHTF OB LD DEHGE

AT Z B F % . NaOHIEIR D K 5 72 7 v 70 U VEDBRYLEFIR S | 7K R AL ISz PR 23 i S
BOMTFLHRE STV LEEICIRAT 2 BREEELIT 5561, kTN A28 1k
TOROICHEREIENRD OGN D, KEMAC DO DDERHFIEL LT, KEEGH
HEOWPE & BRI L DB — ROMRREZ bND, ZRENDOFIEIZONT, #
WVER D A AME DRRFED T2 DI E i L 7= Bt R AR L CH O N AL O | 5%
ARG IZESNT, UFOMEVRUIIRT LB RitEiTo 72,

ZORER. BMBAMREBRA % FRYGHE 2 B Lo CIRE S ¥ %I, Bk
AR &0 MU B W THEMERIZ BT~ 2 ATREME A TR T2 & W\ O FIERETITH Y |
ZORRICIE, THlEe y NORZRLIZHORBRZMET L2 L) DEFLVWEE XD,

) TaF DO AR EFROHEIC L 2 HH

B BEAMRBR T & R ERE A L B CRIBE SRR, BT OTat o
HEFEEGIWREIC L VIV L, KEEFAEZNETHZ LITAEETHD, L, 421
FC L7z & o ik FE ki3 2 i L2 MR T 2 72D DA AT O TaD KFE A =ICH
THERMBITRE SN TODN, HATOREEZHEET D12 OOBEAHEOTaDKHES
AEICETIEHEMEICET WA T2V, Lo T, KEEGHEOUEMEIC LV BRMBELHE
FOREMEOMMR A HET D2 L ITREEE B 2 5,

(2) BIRRBRIC L DEMTE— FOBRBIZ L HEH
RMBEEGMABRA 2. PRUFHE 2 B LRSI CRIES 2%, sIiRMERIZ LY
SRV 6 W THEMERY ISR 9~ 2 ATREME 2 fERE 2 &\ O k2 BE LTz,

FHDOEHAE Y I 2 b—v 3 KD Ta/Ze Sl ICERT 2 KFEEIT Zr O LER
REWIFERWNMEZR L, #HEREILHFICEEOKRKFHBIET S L BHLNE LS
T2 emHELTND, RIFFEICEWTIIKET v —VEEZOKFZES A ED 9.9 mass ppm
OB 1T, BVLEE L 2 WG TIISEMERIC T 2 56 & . MatERICHEWT - 235603 &
7. BRUAIRIZIRIAR OB O /KFE A B DNEVERD 72 B KT 7> & MatE ) 22 il |2 B R 3
L E B X DN KFBEGHENDEORBRA OLAITIE, SIRRRICR T LM REIX
IRFAEGIT L DHE & AE & OB 2 A 72 il O R — PO S DIE VY, S
HBEARFORBICNEDENDEELZZITPTWNEBEZLND, FHE X, i LiE2M
DHFFENZ BN T, RERRIEREE RN (BEE 6.0kg/m?) TEAZIToI L 1T, #E
AT Ta DIKFE A &N 8 mass ppm LA T TiX, Zr PICEME T HKENRFKFEELZ B A7
Wiz FIRVTFAE LW, BRES RN ZDEE LT+ ik HE ek Bl ik 2
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PR T D 720121E, Ta FOKFEEZK 5 mass ppm LU FIZHIH] TE 20 TIESAHELEIND
ZEBImELTWD,

FoT, ZOFHETEHT 2561E. BRESFMOENIZIOM TEIZEE R KIF
T LD ORBEEEDRBELZ T RN L A MRICHRET 5701i%, ey FORR
HEBOBRBREHT L ENEETLVEBZOND

k. A DML, T IBET 03 R T I IR L R R O RS 0 — &
CT. BIETEIE LFAERSEETO UL 3= AOBSYERTED & O R IC X 5 55 Rk 3
DWW ZEENZ OV THE LTS, ZOWEICIIUE, y#EEFE3 kGy/h TIEAKFERIL D
FAEET, 5kGy/hb ETEEICKBRINAAE LD, Dva=y ARmMLAZNRIN SN
TG EIIT RFBII DNV a =0 ARENKFCD Z TS D03 Z OKRFBCDITHENT= D,
TITELKBET 5, ZOKRFBDOKE—IL BED Y IKS D &, R/ e BN
EL, ZOBAEDBERFOREICNOMFIZL Y FITHERT A AEELEEIXTE 20
Db, FEBRBED IR RAKE 2 WIS 5 FTREMN B 256121, LR ET
EODHARMELR®H 5,

5. fEim
5.1 B DOFMEDIRFE

FHGOE, Tafl O #IH /K58 & 5310 mass ppmF2 O 4T D Ta/Zri & 5 i D /K E ML I
DONWTHEH I 2L —ra VTR VT L, £9100°C (373K) FEEE DO#EG % BULERIZ X
S THI44h (FI16ks) THETEX D AREMENRBR I NI Z L 2HE LTV D0, EBRWIC
IMREE STV, BT FIRGICE S Tl VIR L KFEMb L72%
HOEEFBEE L TOBMLIOFINEZ B I E DS BEHESIEIC LY -IE S o
FH24 OR-SUS304ULC/Ta/Zr BMBEEM 2 W THEBRIICHAET 5 2 L 2 A& L TN L
ERFPIT TR RS POFERIZ. UTO L ITEE DD,

(1) TaifBOPIHKFE S H E2310 mass ppm#e K& V13 mass ppm#eE DL A . INEGEE
80 °CCIIMNEFEM2000 hE TIZWLHETE TV D EHEIE T 2 RIIB DN 2o T2
25, BN EE 53200 °C T dAUIE, MNELRERT 1000 hFE TIZKFE ML & o ¢ & 5 wlREE
DRI STz,

(2) TaiB DI KFEE A B H340 mass ppmFEFE DA 21T, MEAEERT2000 hE CTIZIEMED
U8 T X 5 AlBEME DV RIR S A NBE 13300 °CHRIFTH - 72,

BTN, (FEENEET 78 AT 52 ERNERREICREIN TSI &%
BT DH L, BIFEMICE ATRE/RIRE X80 °CTH D1, /KFEEHEH10 mass ppmFeE D
DETH-TH, ZORETIIFEHGODRHME L TWD K5 RERH ToRE LR 2 M
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TERD T2, 80 °CTORMERMRIZI W TEULBL O G NENHERS T & 7o - T2 K O AT RE
PEE LT, FHLOY I a2 b— 3 UIFRICEIT D EVEROREMN ZY TRV &85
AbNb, £oT, HRHERICHW T, EFtM oS 2R H L 72K X 5 BULEE
ZFEML72E LTH, TallFM A2 Lo b7 7 & M0 T Th T 5 BULEIZ X
LM R ORFEMALFINBG I EH 21T O ZLIINEETH L L EX BN D,

5.2 BRGEZIZIRIT 5 AKEMALBI L ICEAT 2B E R

BMLER O A DM O RRGE D 72 1 Ffits L 72 3RBRAE RS 0% F B 53100 KFE Mk A 7 =X
LIZPHT DMIZERR A E A TER LI RIZLUTO LB TH D,

b7 Z v Mok 2 8 o TaflEH O K FE Wb BN FHCTIE, TaF 125300 mass
ppmll EDKFZEEZWIN L7255 ICEN N BAEL TV DH D, JUN LERFETITo - Bt
ZE1S 1z BN T, BRALEIAFET v — LI BMEAMRBR A I Tal OIS KEEH &
2310 mass ppmfEE TH | Zr/Taff il B W THEMERIZIEET T 256035 5 Z L R I
Zemn, AT BMESRT OKFEALEZER Ta A IR L TH LS @ &
DIRME S LTz,

ARG A, IRRH2ET T OEFE 2% 1 BM AT O L 20 R 2 £ L,
EARESCHIERF ORI ZAETH V| EFEOMHIZ 272 o TIXZr/Ta/SUS304ULCHE &
WEVVKBHACEZEEZ AT 2 2 L2 B8 LT, BHBRECRIE FEICIE 1+ 72 BB 28 &
Wzl bxz@EL TV,

L7z > T, AT OBMEATORBREMEEZ MR T 2B M LB 2R
WCT VT U PED BRI 2 A T2 BRYVE R 2 GHE3 2 BR IS, FRlCBREEIRIC £ 5K
FMbFIN O FRENE Z R T 5 7o O O 5 IERER 2 BB A FR UM ORBR T 2 H VN TFE
L THLSZENUETH D, TORE, KFMACEIE D 72 OB DG WEDIRFED 72
OIS L= FERBR CE O N MR ZEE 2 X, SRR Z T 2B ixidEe »
FNORBRDLZHOBRFFEHRFT D ENEE LN EE X D,
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