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Structural Integrity of Heavy Liquid-metal Target
Installed in Spallation Neutron Facility '
Part 4: Consideration by Fracture Mechanics of Target Container Window

Syuichi ISHIKURA, Hiroyuki KOGAWA, Masatoshi FUTAKAWA, Kenji KIKUCHI
Katsuhiro HAGA, Masanori KAMINAGA and Ryutaro HINO

Center for Proton Accelerator Facilities
Tokai Research Establishment
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Tokai-mura, Naka-gun, Ibaraki-ken .

( Received November 18§, 2003 )

Developments of the neutron scattering facility is carried out under the high-intensity proton
accelerator project promoted by JAERI and KEK. To estimate the structural integrity of the heavy
liquid-metal (mercury) target used as a spallation neutron source in a MW-class neutron scattering
facility, static and dynamic stress ( including pressure wave in mercury ) behaviors due to the incident
of 1IMW-pulsed proton beam (Maximum heat density is 461W/cc) were analyzed. In the analyses, two
type target containers with semi-cylindrical type and flat-type beam windows were used as analytical
models. As a result, it is confirmed that the stress generated by the pressure wave becomes the largest
at the center of the beam window, and the flat-type beam window is more advantageous from the
structural viewpoint than the semi-cvlindrical type beam window. It has been understood that the
stress generated in the beam window by the pressure wave can be treated as the secondary stress. Then,
it has been understood that the stress and the stress range generated in the target window were bellow
the allowable stress level defined by the standard of JIS on the maximum stress and fatigue strength.

It has been experimentally confirmed that a cavitation was generated by
generating the negative pressure in mercury near the target beam window and a
collapse of cavitation damaged to the target container material, as pits. Then, the
fracture mechanical analyses were carried out on the pit and a crack on pit tip.
Consequently, it was clarified that the crack would not propagate because the inner
surface of the beam window was become the compressive stress field due to the
steady state thermal stress. Moreover, the evaluation technique of the cavitation

which would be needed in the future was summarized.

Keywords:  Structural Integrity, Heavy Liquid-metal Target, Neutron Scattering Facility,
Dynamic Stress, Beam Window, Pressure Wave, Fatigue Strength, Cavitation,

Fracture Mechanics, Thermal Stress
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1. ZFU®IC

BF (ARFEFHFER) & KEK (@I RIVF—NESMITEE) NERTED TS
REBEBFMESREE (J-PARK OTFT, EFIXBERT KL Z AW IMW 78V A
BB EFREZHLE U EAERBZERBROBRZED THD[1]. KB ET
Wy —4y M, 1IMW(3GeV/333uA)DIGF E— L0 /X)V AR 1us T 25Hz DY 7))V T
AR B, ZONNVZREFE—LNY =5y MCTART % & EOBBRKIETY —5 v
NAITIIEKE W/ee DEDSRAET 57250, BHIREEREE LI BT 1000°COEIRIC
ET 5, BEEY—7 Y FTREREONRNEL, ¥F—F' v MHICRAETZER S & RE
BEBIZED., 7y MEBERM I BZZENH L., T T, ¥—F v NEHEDOES
EERLUAS THIWERAESBECKB)ZANSIHLVEERDY —57 vy MEEI I
I I NRFHRFAED 5N TV B [2][3].

KEBPY—5y MZDWTIE, ERUZXS IOV ARGFE—LANART T 5 SR X
BIZE D=5y "M OKRITIIRRHCEEEORNREEL . BRFRBIC K B KB O
RTENENECTY 5y MEBCKERAWMESZ 2 ZEMBRINTVWB[4]. £
T, EARICEDY =7y NEBCRET IR NEEGEIEET B0, ¥—F v M
EETFTIWVLUEBAFMEERL TEE, INETK, BEHBREHETI—F
NMTC/JAM[5)& AN RBRDA T —F 22, (BT« O RU2ETHABEY —F
R DK DE N PSR DTS N O REAREE £ L Z[6][7]. T OREFBE AT,
FHEFIRBOR ENHFTESRESY—F Y Mt U T, 5 SMW OBT7E—L TRV
F—ENTA—F U EEDFHHBEH DO E— AT R F—KEEZTM L /2[8]. A
Tid, ¥HEBREERBROY « > RUBEETHREEY —5 v N EHMRITENRISS
EEERBIS O - FMEEEKBL, 71 > RUBREEY « > RORE LS & ORER
WICDOWTHLNMNI L,

LI, U4 Y FUNETKBEREECRDFYy ET—2a bBNREL, ¥y—F v A
BIBBESA D EVERICLOERINZED. ERTIEY hEE Y MEROER
2t RIS 2B A0 S M L 2.
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2. REEES —7 v bOBERVEERE

2.1 K5 -5y FDOBEHE

KEBY —57 ) N OERFREIOBE LN S, Fig1 IWRT LD IBFE— LI LABOFTENA
BRI 25—y Mgl (70X 7 10—43 —Cross-Flow Type: CFT) OBEEMMEREINT
W5, FEETIR, BENBTOBRERBOREZINH L DODORRBEE IR U ZNIMRE
BAMEHRTLHEIRTV— REORBHRKRERET 2. kLD, RAEEOE—
DIMIBT DT 4 > RUBEHEICHEERBEODKBEE S TES2D, KBY—5 v O
BETHIEEBEEORBEVRENICHRET S EMNTRETH B([9].

& —y NEBROMENTIZ SUS316L 2V, BRIZY —F v NAERTFE 200mm X & X
85mm) & HH 1 RIC/KBEFREEEE % 8 VT 7218 500mm X = & 100mm X £ 1600mm DfFrHisH
RTRBEETH D, ¥y—7 v FNEBVHEL THRKEMNTITHERLARNWEDIZ He H
A @ EEKEBHED S R B BNE R (Safety ) ZFINL 72 3 ERBHBEEL, ERERIC
BIF25—5 v NHEIL Sbar LT EBEL TNV,

2.2 BEiEFRET LORE

PV ZIRGTFE— LADRERKEE Y —7 Y MICART2ROME%: Ffg2 ITRT, N
WA 1us DB TE—LAKBY —5 v M AG L7z, /KR OB RS ER T35
RORRTHE FAZEL . TNIRAVWRERAIISB TS kBITAIET 25, BEDOK
B EHHBBREET 57201, RABICERBENERIND. TO%, KECABOK
BEL PO TERBEORBOED. ZOBRBOBENENK - THAICERET 5,
—F, =Ty PEBXONTH/KBICHER L TRABEILNENHOD, FARKRCEREO
BBEECLEDRANEEZEL, TNNRBEEZGERTS, ¥—7 v FBROBERILMEZ MR
#HTBHET, N5 2 DOEENERTEHBR)NEE L TRFICHRET 2L FE
EFHASMNICT B ENEETH 5, '

2.3 4=y FPARBOH

BFE—AARICL D5 —2Y N TORET, NMTCIAM 12 & BT EEHICHEL
7o BFE—AZBEUTFIORT,
- E—LH AV AEER) | IMW(25Hz)
- E—- ARV F—(BIR) : 3GeV(0.333mA)
- E— A7V ANE ¢ 1ps
« E—AWEEIR © AEE 20cm X HEIE 10cm D 7 2 046
NMTCAAM X E>TFHI AT I al—a VEILKS201, TOEFBRIISEIERM
TNITYFNRH B, CNEBERTI— RADOANEHET BT, HKEHHIEEEL
BETLZHENDD. FEBEDE— LW & W20 OFIE & S8k DSk
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AR ERT, E—ANEOMERETHIIHED, 3GeV > 7o OoHOTE
DEDBDHRIRITIRDZ DTN L WD, 3GeV/BT 71 > DAD OTHWIER T —A &
U CT—#k (Uniform) 7345 & H D R (Gauss) 3D 2D THATWB., ERITIEZOFHEB
AR D EEZ 5N, Fig3 13 3GeV/BT 71 »2BBLTY—F v MTAHL
FEREROEBSHWRERL TS, F—Fy NARREIT 2 5 —ZA#K 0.9MW TH 5
R — 7 IR0 367TW/ce IR L TH D A3 08 461W/ce & 25% I ERmBDIT
RT3, HUANMHELERRABOELRE Table 1 IZRT . Z T T, z (X5 REE
THY—Fy NN S OFEE, x, yIE—ANEOKELREMELFMOEETH S, B
—LADONO—IZKDBFORMEHET 5720, FEREBHRO 2 DOH T R3O
TEEEAN-TELLDIICL TS, Figd N5 E—LFR(Z FE)FMIET « > Rl
BEOK cm OES TREANE -7 &30, TOBBERERMIIED L, BREERERT
20~30cm DHEIFATH 5. Table.l N6 E—AFEBORHREIT 366kW(E— LT (EX)
0.91MW) D 40%)TH 5.

2.4 BEEES—Yy MBI B HMERE
NIV ARBT E— AR ERESY —7 v T ARHL, BBCRATEZEICLDEL S

N EY, A5, NERAZ D BRRAMEREZ T 2 8B HERXZEL FITRI[10]

—fiT, BRODT SRS o %R S TS 7, DR BEEOBEEEEE L LB
BRI, B85 T B FER()EREST TET 3 REEFERQ)O 2 D0
BRTEENS.

2

uv2u+(;x+u)v(\7-u)+F=a(3A+2y)V(T-TO)+pZL; 1)
t

AVZT—pcv%—a(BA+2u)VZ—':=Q @)

T, vidNT MV BERE F CEREERICBNWT V=i/ax+jo/oy +ka/oz TH D, v
ST T ADEREF V2 =02 /ax? +02/9y% +92/02 TH Do A & uld Lame DRETH 0, BT 4 13
FAMBEMEREICHY TS5, £k, o JRERE, o 1BEE, o 3EFBULATHS.
INSESHHFERNIEMBEBEREN LU TBEVWIERLTWS, £z, Zhi50R
WEEERICH T2 EHHBERXTH 52, BETH2KBICHTHEEFERE, Q).
QDEAWHRI 4 =0 EF BT LKD), EMMIREIEREE L TEFIMETE S, 2L,
BRI L5 FEM 01— R TH 5 LS-DYNA Ti, RR Q 2EHEANTERNEZD,
HANLREORRELRELTANTS. ZOANFEOBEITIIBEENHERSEICS
FORERKEL THRELBRBENECR N, LML, KB THRETHRARS, TS
IS 1us EBRIFTH O, BEBEMEONRERDZEFERISED ims LRTHBZ &, hD,
& —4y NREBHEIEE A (SUS316L) R K BIZH T 2 FENETNZTNK 5000m/s &8
1500m/s TH B DK LT, BIBEEIITNEN 1.14mm/s & 40mm/s TH D, FEICE
UTHEIANEN, Lo T, RNBORWEERES L TROED,
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3. BNBAEHEOBEEMENR

HRAEROBANS S =5y MEEOBRELZR S ZDIT, BICERLBEMRERSE
KELINDE-LBHOEABEZ FARBURVOFERYE LERESY —F v M EFRIC
LT, BNRERETZERLz. EREEHESZ Figd ITRT.

3.1 BWmETN

KPR TOENEDOEH &5 —4 v NEARICRET 560 2 BEMNT 572012, Figl
DY =Ty MEBEEBRERTET LT 3.8 L 2HFT 32— RIZLS-DYNA(VL.940)[11]
TH5, FREMITETINO#IETER Figs ITRT. TEFIMEIR%S 2> T, #EsH
BOMOMHHEEZRL 14 TN ELE. ¥—7 v FEROBMUFERIEARE O kX
170mm TH D, BREMOBHEBNE D HIN—TIEETH S, ¥§—7 v NEBOWEIZ
B - ISHHRESFICHS U TEREHNICEZ TR, -7y NERSRIZY « > RO
2.5mm T, TOEDM 4~5mm, KEFHREIL 7.5mm, FEIEIR & BB OTOMOERS
% 10mm T&H 5,
HEATHARERIIKEZ AL SHRAVY v FRERFE IR 1 D 1RER), ¥—5Fv
NEBZIRTAHR S 2V ER (BSHFAES R 1L REHFAET R 9)TETIMEL .
KR EBEBROBEMD ETIALIRRFINT 1+ —ER AN, TORD, KBEABIIHLE
SHERNTIINEEET BN, FIEEIFMTENEZEELBNEWD REGEE L THN
BEINDZ LIRS, WEICEEN, Thbb, H5E BREN) UTOADKEHAMN
MH2BECEFrEF—2a ry2RECTHEEND I, 2ETFTNTRFYETF—T 3
CORERIEELRZN., ERSENCHEL TR, ¥—Fy MNemmiiRERs e 0w s n
KHEHETE3ZLE, BRUAVRUTORKREE - RESRHKIBEOREX LT
B, THEOBREIRE mm EL TV, £/ BHFTIFEDROBANSHD
HEIL TS, 1/4 ETINVEROERKIIY —F vy NEBRO I ) )VEFREN 5.16 TER,
KDV v REFEN 663 FERTH 5.

3.2 KERDYE(E12][13][14]

(1) BEMEMIE{E

KL, ENBOBRWEMEIEMERETHDZENS, ARL 2L D ITHERY U v
REZRZAWTHEE#REAE L TETIELZIS]. T205, BEEOMEEEL TEA
WREZIEE O &R0, DDOKEOREEMER K WMRZEND KD ICHHHEH R E*
EEMARTY v B BRE LR, TIT, BBERVNMBEETH L LHREINDIN5,
KR DARTEBNE BRI IWTRVATERME R K, & Uz, YHEEZ Table 2 1RT. TS OYHEE
ZHIZ, SUS3I6L HOMMEKOEZHEE T 5 & 5519m/s &£785. TDT &7 5 FEEH
lus DRI NS —7y MRS EHD BB 5.5mm &78%. FRIC, KEHDOEFE
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13 1385m/s E72B T EMNS, NIVARETE— A AT OFEEHE 1us TKBH 2 EIK
REDHZHEBEID TN 1.4mm TH B, BREOKEINE mm TH2NM5, us O H#
BEHETHILITRS, Lo T, KEBOFEN(Im/s)I T ERTE S,

(2) BRIME(E

BRI L 2BRRERBAQ NEX N E, KBOBELFAT &, BE LRBITED
HEAFIENEHECAD SNz L EDO(RBEELLEFEDRWEN LR AP &R DAIE—K
B TRARNWZD, BNZEOREERANSEI ETHAERS,

- BE ERAT

AT = /Ava 3)
- FES1 EHAP

ap =251 59 @)

v

ZZT, pldEBE, B, IEETORBEEBRMRE, o TEAFWILE, Kol3FE TORBEME
BRETHD. £, EFBLR ZREOHE IR TR, FITKBIIHL TET
—INRENRN, —HlELTRIZFHNEZNOERDEDDONHREINTNEDHATH S
[15] L7zd%o T, KT, o BEA2N S TELS ., CEEMITENMNZTRT
RO 7z]16].

TBpv

ar

ZZT, TIHEHRE, vIZHAETEEpOUE, o IFREHEETH B, ¢, &cp &D
Heyld 150°CDKETH 1.15 TH 5,

KBARBAEED Y — 7 EIL Fig3 & D 461W/em® TH BN S, 170V AB-0 ORAE
1% 18.5)/cc TH D, TNITHAEDKBORE ERIIAXQ@NS 11.7°CLrd, ZORE LRI
KB KBOBRZRIMR SN OES LR IEIK@NS 47.4MPa &2, BFE— LMY
=7y NCAR U TEBBRERAT I ZENS, KBOBRBERICIVENENRETEZ &
¥ TOEE % Fig.6 ITRT,

= -TBp°vKry )

cp-C, =-




JAERI-Tech 2003-093

4. BFHRRUER

$$Tm‘%%@2@@9—5vF@%%ﬁ@%ﬁ%@%$%%ﬁ%aékbtﬁ—ﬁ
BEOBNVWH I AT OVNTOREHERERR, RIC—HFEDHE OB EB IR,

4.1 42 FUBPLTOIR LI

FHEMEERBEOY 4 > FURLONKRE * SARE - PRETORS ORAEELE
Figs.7, 8 IZ/RT . KT 4 > RUEAE AL (middle plane) D it 71 RERI D “IEIS 17 1,
I « 4\ ZFEi(inner/outer surfaces)D i FIRFRIREDY “B+HVT A" ITHYT 5. Fig7 5
By A 7T 4 2 RUBOFLETORS ORHIZEEIE, FIHO 100us DEIZKEN 5 DA
EZZ T T 7y MNEmBOMERNBEERT 2 2 LICK DIRE I NRERMICREL,
FULE TOBRKINI(BIBEIBINEK 40us TE — 7 I1IZZ LS ERE T 101MPa L7325, D,
BHENADKENEEITR D ITHNERRNNANICE RO N, RER EKICHITER & /4
SDTEHTE. TOEZEDORAERESNOBRAMEITK 200us TEBEANEICEL,
-114MPa TH 3. TD%., BBRAREOKBEAVPEHLREERRS I, BROKBAD
FIRIBNCEL 5, ZOEZDINAGIERBITNDOBRAMEITH 410us THRBBENEICEDL
89MPa TH 2. THNLHEIL, WEILBZRSKBIEEL TNE., CORBRIL, KEBEHD
EEPEEANDOEIZH U TEB(TV 4 > RUBALNEEDERNEBRL TNE T LER
LTW3, THICHLERY 1 T4 > RIDSHBEIZ Figd 5, DHDOKEREIC
KBBREHIIN ST <RI T 29MPa TH D, € OBRIMITEROINEBEZE R L TH 120us
TERABIN 104MPa £ C T N5, BRRISHEMS 7 7HRETH D0, EHREITE
B9 2 NWBIMAES 1 7D 202MPa iIZx USRS 1 T 154MPa WS < HRITH D,
ZO LB OSEEEIN A BEV, FEREIS AR N T Sid. BEMALIC K 2B 25
ATBERICERTH S,

i, ARBETINTREADK 2BORETOLETH 20, RERINT OREEHRAN
B0, BROBHERIIHTE T 4 > RUHRLTORERN EEMOE,E Fig9 IR
T RNS, BRMVRLENVEFLIEWEERIIRKE BREINRERNIE<S 2D, B
2, REBENHEL 23 EEBIINEBREVNRERNIRBBIBERAND S Z ENDM5,
ZOMEML, WBREAEETEE 2 RRNEQEINIRR LAROHETHD &
ERLTWS, ZOZENS, EABEOXDBEEEMNTHLTIE, 2ELDOSWHRESY
A TEEERHUTIHBNYE O BER LI WERY 1 TOEN, #ESHMEDICH S
T DBERNEOB AN SHERTHZ Z L5305, A

RiZ, MEZA T EERI AT DT 4 > RURBIMT DT 4 > BUHLREKE)
DOEAL%E Fig.10 R T (Fig9 &R URREMHF). RNSFRY 1 7T, BRERHEHEKR
(E+HHEHRENHEBEI A TLZOBETL, TOERMREOEKTICL 2080 THEKXT
%, TORHER, E—ALXNF—2HE MW IHEALEZBSCOERS 1 TOHENAES
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AT7RDOREEHSHRDZZETHD, TV Y RURNORBRICIZREERERHLHZIMA
LERDS BN A THERTHDE I EERLTNWD, £DL, 2 EFBOFHENS
SEEMMTE I EICKDKBENS OEBEEEZNA SEEDRNEBETH 2RSS 1 T
HMeTZ 5.

DEDZ &ns, BERIIH L TRIERENICEERS 1 7O D RUNENTHS
EMEAD. KE, R A TICOWTEIDISERERERT .

4.2 FRO4VREUIATORBRNELE

SEWRT 4V ROIBY =5y b O 4 2 RydLE, T4 2 Rya—F—8, EFL—%
BB EOERIBTORRENBABEELE TN ENBAEANE L TNBRETORS
a2y —EERRE Figll KRT. a2 RydbEBidaiE Figs TRz, w1 2 Ry
I—F—EZAOR R TRASINEL., NEE T 133MPa TH D HITEENRERD T
H5. BRSHEEIL 182MP: TH 3. L FRBGIFFMMTEROBEERLTBHD,
BRI 210us TEUTH D NEE T 129MPa TH 2. KHIEEIL 251MPa &7 4 >
Ry e & DA Z WA Z OB E ORISR A AT AR E4 TH 5.

& —5y NP OB ERBE — IV MNB TOKBEHFLAELR{LE Figl12 IKRT.
Fig.12 WO R Y — IV L& TOKBIIHF S BRI 52MPa TH U, $ 20us ETHHES
ERPRFEEINTNBN, EHEPEBICERE T H2DHWEEICE L TH S0us TE—Z

WELTHED-61MPa TH 2., E—FIELZRITK 115us DEBI(B.7kHz) TIEE LB E %
BOBRLENSKBITEELTWS, FRRICY—7 v RGO O KB 7IEF R FEA
46MPa TH BN, BERICAFRDOWEZICLSEWEH L OERBEICIVENNIBUTT
WO MPa DEEIZRDD, TORE—IVMEB TOELLRBE DR TH MPa OIE
ELEEERVEBELENSEEL TNV, -

RIZT 4 > RUFLE ETIREOEM ORRIREE{LZ Fig.13 IZRY . Figl3 h500h5
KD, U4 2 RURMLEDRARZEMITEANIZC 0.06mm [, ZDOEAMIC 0.02mm
ANZE, ETIROER SRR/ 0.06mm S5 DEET, MNOBLHEREIINE
<, FHEFHEL TOMECHEELRIZTERETIIRN,

4.3 TEHLH

(1) BRFHERBRSE. BRTETIL. BRI

BFE—LNY—4y NEBERF(E—LT 4 > ROEERT 5 & & bEBBRERT
b, U4 2 RURKEIZE mm &#ENWzD, WREAFMRRDIHAII—KRET D ERARBAEE
& 231 7W/ece TH D, E—LU1 2 FUENGTE—LBERA)D S HRRIZKBH O
REANHHIREAARTE TH BN 5, Table 1 DIELBER TRANHEEX 5,
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EEBISNOFMET IV, BINREHROMBTETT )V Figs O —7 v NEBODAD Y
oIVETIVE AW, B d— RiZ ABAQUS(VE5.8) [171E AWz, ¥ 2 VEROWRES FHE
ARBIFEIRE L. BREHEE LTI fiROREST ICENREREN & FKRIC 10%
DRBEZRUTERANRRIMELTER. ¥—5 Y NEBOAKREHe HR)ITHEL,
NRECKBRWIBEZERF L L. KBOBREREE Fig14 ITRT, BEFEOT—5 %
T, Bk, KBAREBABREBLANVWTERL ZRARBERER18)ZERMLED AR
LRNCHE L. KBFREDK 1m/s OFHET 10°WmPrCE Uiz, EEBSHIZ. Bt
DHEWRY—T v NEBOEERENIZRD, EERESHREBICBITI2EBEICLS
BUL i E L TRD =,

) BiER

—RAMEATZAFHIIHNT 25 —7 v NEBRINREMHe BHRAKH)OEEIREST %
Fig.15 2R Y. BEAHICELTIET 4 > RUFA TOERVIINEI L, BESHOE NN
RE N, O TIIRE 146°CIH L TH Y ANH TR 160°CIZ7 5. KBICK DS
HEXNBZRERETIE. —HEOHETIEES 103°CIId L THY A TRES 111°CTH 0.
WAREIREZL, —KR2M0 TIE 43°CITH U TH Y A0 CTdER® 49°C &2, fAihDy
—2AbF—5y MEABTRENMET T2 ELomEIER SN,

Fig.15 DIREN % b S ICRBEAF 2TV, BISHERD MR Z Fig16 IZRT. 7
A RIEAT . REASHOBNVWII PO ST, SNERETORKEEIET + > RodiL
HICECTHBY, R TORIVEAFTY A TLOBEL, DO MLDBHY
ARTDHMEDE<BRK 173MPa TH D, FRICHNERE TORKEENIET 2 > RUD
EFa—F—HITECTHBY., R TORIN¥EMAFI A TL0dEL. —FEomE
H AL FEE THRA 113MPa TH 5.

4.4 UqrRUREKE

BERERNICERRER T 0 O RUBIZHL T, 7y MNEBOBIEESME LR b
LWwEBbNZ T Y RURLEICEB L, BNAEREIEFSEEAMCEDEL S U1
PRUHRDBIDT 4 > RURBKERERARZ, U4 P FUREEL TR, 1. 1.5 2.
2.5, 3mm & U7, SREBEIZHT DT 4 > RUFLIRIT 2NN EREOBHNREERISHO
RefEIA b % Fig.17 1. U4 > RUREFRIOEFRE D BB 17 % Fig.18 ITxR T,
B BAE RN ) OEKTEL Fig 17 DS T O Z EMNan s, IENELS 3 LinHIdHE
My 2EMMICH O, HRE 2.5mm THRAR S 108MPa, H KL/ HRIE 158MPa TdH 5 D73,
BB 1lmm 127825 E\RKIE T 172MPa. B Kb /I #R1E 322MPa X THMNT 24, I THR
HTIRARS JIS OHERFEETREINIFASAOEENTH D, WERPMIE
WHEINE L Thian, BICREZENS 28413 BB 3mm TRAR S 125MPa. &K
SRS 160MPa &, RREMREL D 208N T 27, BIERBEORALNIVTH S,
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TEHBIS S OMBKFF L Fig.18 0 5. BINRERIL ) OBE & Bix D BRI ELF
DEIRTH D, REFWE 2.5mm TREEE 160C, BRABIBE 170MPa TH 5 DAY, 1R
B 1mm 2725 S BRIEE 84C, RAIGHHES 45MPa ETHA L. RE 3mm 12785 & &
HIRE 191C., BAISI5RE 224MPa £ THEMT 2. KETIE, BHRERL ) EEER
B ERBEDR GBI THIEREERIT 5.

4.5 EHEEFTE

RABESGHRRE T 4 > ROV TEEZZHEDHNEQ.5MPa O 7r— A) E B
HRICE DN EEERSHOGR ST 4 > RUPLIBEY 4 Y R ETFO—F—
& B R B AL B A M ALE O L TIROREKR 3 840)%& Table 31TR7. NS, Uo
PRUPMIBEEY 4 R EFI—F—FICEL TR T 5 &, WEIZH L TSR
WHEY A TRERITH D, EEHSHICH LU THHES 1 THERITH 5. BHEES
DERBIERZHEY A TEHIABETHIMN. bobdbIUT4 AN EBEZENDEY
BEDRE L R D EEN I DI RBIFRS 1 TOHFMEL 2D F 7 &), £DL, &
BB I K B IS AR KIBICER T 2 7290, BEIC K DMAENE UGS KEEKE
BICEDREENNSNWEE A D, WIEEMREBMNEASMCEDO L THRICEL TiEdm s
TIRENELS, U4 2 RUBBROBNOEEEZZITN,

HEADHDBENIIHT AU TIE. HUZXMOFD - FAIMELD ORABEEOLE—Y
ERLDENFINBEDRO TH D NKRELRETEN.

& —7y NERME TH % SUS316L OBIT IR I T 2FFA 71 1.5Sm X JIS DE/I%
BOMBHRK[19]E2BEITT D &, 162MPa TH D AR L 72 R A NIIFBFELN &> T
W5, £, BEFFQRRNEHORREHRE KIS NIRBE) TRESN S, EFAICH
B BRI AIRIE & SR EHE S FREROBEGRE Fig19 IRT . BHMERX L TREI RS
L < BKRISHIRIEAS 226MPa TH 5, REHEFBITBNWT. FFFEVIRL A 10°
EPA b &7 B MBI T ORI IRIE 330MPa LT TH 5. —F, KBY—F v "%
WABTFE—L/SNVAER, §F—7y "NRBOFEMELRELTE L 4x10°BLEARD, g
P RUERPLEE ETHREE DI NIRBIIFFEMEUT ER S,

AR 4 > RO F A T TRADHNT I AR HOHEITDONT, T4 > RUREELEX
ZHEDT 4 > RUHLIEH OIREKEZE Fig.20 1IRT . BITIZEHREGD. 1.5, 2. 2.5,
3mm)iZX T B ENWIC K DBKIN B, EAREEERILSOBRAE, EHKRICLDHBK
IRARIB & ZN TN THEIHFERNEERT, MNORBIIBNTD, TNTNOREK
INERFFRGAELT &izo T3,
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5. TA—Y 3 rICkBEEDOHRE N FH T

5.1 ¥ EF—avickdrno—o g yBEOHEMEDEE

FrETF—ralCHTIMRIHI DO ZEELN., RERHAEZBTLEUTFOLI
2%, ¥FYETF—Ta OER/MBEE Y FOBROBANS. L—Y—RBImMATHRAE
SHEBE-NTIDNERELE CTHRETSBREE2EEENA S THEL. BRANTIVE
Ruyax ENTIVHULDEEN S DFERE s & Doy (=s/Ruee) & /8T A—F (y~2.0) I FEMH IR ES T
% &, BEUREEIC 4 U2 HE(E v MO ERIBRE & BIR(EEE) 2 3MIC O L = a0
HB[20]21]. INBITLD &, NTIVNEBEMICIE < FET 2 1F ERBOL AN IR
FEONIRKICHET S, $/abs, BE»SEWVWAFDONT N -BERDBEGICKWERS
NBRITNTIIVNENCEELAEL T EECEET S LRI 700 2y NEBRT 5.
INS OHEBRRFEBITICBNTHRINTNB[22]. BEREMEEEIITINIZa—A
ERREL. <03 &y=1.2~14 DHEENREBHI A—IUNKEL, Ev rESEH utm~8u
mBETHS. 22U, F—HETT 100 E#EDIRLE#ER. y=03 OO — A THRAES 130
pm ZEALZEBHREL TS, BHEHELVDII. NTIIVNELITEGICEML T3
REY=0)DKE T, CORETIITA 70T oy b EBEEEOMICIIRABIEN =D, <
A r7aPzy MEBERICERT 25 TH2, v DEVWKCIDEY hOBRDBIEITE
BINF— 2 BRTHEMRSNT NG, BEOEIOMRERSZDIC. 72 Za—
LU DOHE SICHMEBORR BT THO . TOBR, BRTIIE Yy MR INT.
100 TEY FOERNBBITELLzHEL T,

iz, Ev FDOEROS IO a NOEBBREICES L. BEBRENEZ A W TNE
BEETV., TO—-Ys 0N EQOXIRBEBICET T 50 % BRI IC LS5 BEROHR
B SRRE LIRSS S OBFAFI23)[24]&. T DBREMEND 5[25]. €0 —EzzT
N ABREFE ss41 #iE R & S45C KB E A NWT, RETFOILREREAN 14.5kHz
TEFEN 60um DELETITF->TWVNAE, TOFE. SS41 # TIIRABREEHYY 14 BF T
W TH 250 m(BALT). REBHES TH 500 e m(Fl)E7a> TH O, $45C ¥ ClLIalERRs
232 R THHRAES N 200 L m(FRE & sSS4180K 12 DREELBEIN TN S,
ZOEHEUTIE, S45C TEN—=F 1 MHDOEIENKRENZDIZ, BRERAREELIC<WE
KRELTHBREREMNBWEDERLLEN TS, KOFELSMW S15C TiE. # 0.5mm
IR R TR I W Bk OB RN LK lom ICEL TWABHABMEI N TN S,
ZTOfll, e OMEIIRPREDRFICHETIERBRIIDVWTHESINTWSA, £D
FHMIARTIIBET S, FHIISE TSI ER SN,

BRER 5 & R R B H R TH 5 4%, Hammitt 5 [26]137K % A Wz BRI BRICREN R
ELUT, WAREN(1atm~4atm) SIRAFRE(SSF~250F) 2 /NI A—F ICEREZTH>THD.
BERES, BERELBICIO—Va V2 BETAHIHIRVSDIEEZH/EL TS, ZD
BEMOF v EF—2 a VHIREC bEEIN TS, JOREE LT, BLICILE
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KETRFYET—2a OBBNINEINS ZEICEDERAMNERTHZDEEZS
NBHEN, TOANZXLEEREHSMZINTWRWL, ZOZ &, ENHENHEE &
BB —0y hOFrET—2a VBEEFET S LTREEERERTH D, SBER
ICTHER L. ANZXLERPTHHEND S,

Bl 5[27]128][29]12. ASTM THREINTWAF vy ETF—al - Py hckadIO
-3 VHBR(ASTM G 134)[30] 2 N TEEMBIOTO— D3 VEEE RS, Ry
NOBEAEFNUTAZIETEIDEEIRINF—2EHL, BRIV F—EL o
a3 VEREOEBMNS. SEMEHIHT B shreshold level Z25RFE L. TO—Va v HEEEF
BT 57D0HERNTA—FELTRRELZ. ZNS5DBEL0. SEMBITHRELR
shreshold level 212, SHHENAF vy ET—T 3 YHEBE M SHBOFYEF—2 3> -
IoYa EEEENICFRITAFEREREL TS, ASTM TR, FyEFT—3ar
TO—2a RETARBEEEL T FyET—2ar - Pxy MiBROMIT, REER
BRASTM G 32)B1)DHRE D H V. F= b &M & U THIRREIED 20kHz, £IRIEA S04 m
LHFEINTNS, ’

FETIE. KBPFY—5 v NEROBEBREOEANS. By MNERPIO—Da Ot
BICEB L THET BEMIE 2R L7Z[32]33][34). INETOMEAREL T, HH
WikE LU TIKOBENHEE TH BN, KBEHNWESELRYY—XF 5., ¥—7 v hE
BOoFrEFr—Talitkbsro—Ta ABEEHEETHLDIIBEICRDEEZISND
RS —ACDNWTOBDE, TORHRNSDY —5 v NEREEFHRAEE NIV
TFHINGBEONFEE Table 4 1RT . &7 —ARFrEF—Ta > zn—-2a >0
INERFABR T CH HMEBREABOBR TH 0. TN HREEN 15~25kHz &8 7))
ThHN. BRETHETFPHINDGEAEDKOEE T MPa S EBIEZNKBOFEIL
100MPa Fif8 & 1 Hill FEWAESHETH 2. ERFHEATR. AUCRROERT ¥
THHIEREARE, 2REZFHODELKEAMBEREHLL T, 1 KukasFERXEHN
THEREMINEVNOENEEFZEH L TRAXAEZERPHAHEE LU THELZ. Table
405, TNTNOEBREREZAELBEREOBEBRTRT L Fig2l DL S5iICk5b, Th
TNOEREZEWICHEEERZENS, KEKBOBRGEROBVWIHTWS. ACAEICH
LT KBEOBKDOFEMWBERNBFNWI EE2RLTWS, ZHL, BETA Y170
NTWVCERT2F Yy ETF—a Y ERELERES. REBEAVKENZOENZENIN
SUABARREIIEDF Y ET— 2 VARRET BRI 7N TN RRBIET 5)&
ZOBRRAEMENT &, BIICIIKBOENEENBSBEANARENIEIZLD, F
CEERHEOETIRAKBIIKEDDBFYrETFT—2a BRBENODRELDSVNED EEX
bNd, EEREREZREIC, ¥—F v FEETTFHINIEE LNV ZAROZHETOT O
Va yBEEHEETSEKOEETH lmm &2 0. KEOBEETRIERICLERLERS,

5.2 IO-2arIl&BBEDERS
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FrEF—arik&dIn—Ya VBBEFYEF— g VEBROHRES 1 Y
DYz y MSEREEICER L TENEEERIL. By N ERRT 32 ENERN AT
ZALEEZLNTVS, TNETOFYyET—a > OERICKD, TOo—Y3 0
B, EICERESICERLEE Yy MEOBR—EIEND, FrEF—a VERAIC
& B BATEI2 R RS K B EIBEIEH E o TIRR L. BIF—BICBA T 5 & 5 g
THERTZEEZ5NTNS, RiIBORIES OBFEHFI[R3][24] TlE. —HRBR O _EIZEFR
B EsE MR T BALBE SN TN, Fig.22 WZ/KEBAKBER NIRRT+ U HEHE
RBBICE 0 ECRERRE Y FOFIZRT. EBOAHZIXLIE Y FAIREL K
INZEBWER LU TRNBEGEY B ER VBT I EICEDRELRDEEISNT
VBN, TO—VarE L TOERDHMICHENFICBNTHRET D ZEERICL DM
. Thbb, BNEENENBEORVELICEIVDERLT, U1 Y RUBEELEE
THENEIDIHEREMEZHET S L TEELRMBEL S,

o, FYEF—Yal s TO—Pa EFMiTE ETROEEERS, By MERO
FEREARDORF Y EF—a VHERICRET ZHRERON, 2ROV
v FEONEESBEIIREBREINTES T, HEZFCIVERIIINDONBRT
HD, B—ERTIHAEL, TNS0EAERELEZSND L. BE—NTINOADKOEH
BHOEIMS, NTIVEFOBERBERICL VERANNEIND EOEROHIEE
BS]bHV. TO—Va v EFET 2 LT, SBROEEFETH 5.,

KBTI, By MERCEUEBNEBEREL 2B, U 2 RIICELBKED
FEABIZE 0 EC RS H EEFEBUSNIME DR UER L 2BE 0 X BERER 21T,
F—4y hERPIY 4 RYREDEDBEOFES ETHET AN EMT S &Itk
DHATEDE Y NESZHEEL. SBERT ATV VRBRERD S EROREMH
EFET D DT~ ET 5.

5.3 WiEHENTIO-F

EREREFIMICIT. U0 O RO OSSO ESHIEHBENTH I BT 1 V)V
THDOEBTH S Z LD SHREBIRSIZUEFM)ANER TR TH D . BERME O R REE
BEICIE Paris A% IV /2[36]. Fig.23 IR DA E(Z Z TRKBENCHND 59 7NETT
WBHEDT Ty 7 FEimiEEOR I OBMER EHEHEIBHF 0K BERFMERFT
HDIINNIEKRFE K ZRDDZRERT . WHERBEIIREBEICEDL T S5y 7 ESOEE
MRKELRBDFIERENITHAT HHEER D, Fig.24 17T 4 > RUIREQ2.5mm)iZ EH5 5]
BORAPMERALTWBREHEEDT T 7 EIMS)IHT 2 IRNERREDOELERT .
ISHERFRER EHIROBMRIZ, BB KBRENREICET D EARERELZELC S 2 &
ZRUTHBY, TORSMELZBIERMEE K. &5 5. BIRMAEL SUS316L O BE TH 60
TH3. RS, U4 o RUREATZEBEVRNOECEDSTIS59 7EID 1mm
BECETLIEWBIED NGNS, BROBHBBAIZETHRETD I Fv Uik
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WA S I THBN, TITREY MBI TYID—EFEEZ D78, Fig24 T
BHYDEHIBRBREIIREBOFMHE /2 5.

IR BENRENE, BB HEIMER L7256 O EZER IS IR FREIC
W B EHEREEOEBRNSFHERETH D, DALKFREICHT 5 ERHEREEDOH
ROMER EEESNFTH BT DR NERBROLEBAKN 5B VIRLFMN 2R H
THEERE Fig25 IKRT. KIZRTLIIK, SREBEET-RNOICEHFEAK OEWN
FNSHBR-EEE-MERO 3 HEMSEBRI N, BREID/NENWERTIIERER
EIET 2, FRATREEBOEREREE ZRMEUT OFERETHEL TEL2MT
Y B

5.4 FEMFMEEMRAEY RS

SUS316(0% % EIM IO EHEREE T —F & Fig.26 IRT[37]. KICIZIEREMT
DEBEBRT—F &, BRTOEBHEM &BEMA0P0/cn® F—F—)TORKRT—F %
KT, INSDT—INSERBTHATIMET—FEL T, EREMTORET—%
ZEIC, BREPRELUTRETORKNICK 5ERBEEDHEMEQ fA)Z2HHA L TEENIC
BRTF—52RELZ. R THNWEZHERBEET —F % Fig27 ITRTS .

BB R L5 EHERTME AR, BRUSHERIINT 2HFMTEME U TE
FRHHFENH 5. ZOFELER. EREBFMOL S TP EZRHEZREL 2 LTHEA
DISHTA T INVIZHT 2 ZHOREEFMT 2O TR, SRIMRER TEFHIERHAR
TR, BTNV TIEEESVWEETS2FRTH 2., EIREFMEF
HEEFEFTREORANEE DA% Fig.28 IR . Fig.28a 1AM T 2NV 7V O#B&
. Fig.28b \IGHEEME 4R DIR L EE & DBIMRICBNT, EHFTEOMRERDEHD
BAK. Fig28c lISNEERICEBRED £ 3EMOEEIN RS 2B $ 2 BEOESFHh
KEZ 5 EOHM AN, Fig28d l3—BOMIRD (FHRB RS ELRSFMEART—5 %
i, BEERNTEARIRSEE TR IV OEBHFERITEBET Z2D0—F
ETHBEIE Goodman DFiEE &2RT[36]. Fig.28c.d M5, D RUEHBEOHE &
LT A—0OBAREBOBE TS, ARSI (ERFISNED ERF)ELUTIRDES
AMERT S EHFMAMETL. EMISIAYWER T 2 L BICHEMNERL2HEEET 5.

BlEiCk D, BB AR XD ZRERIT. EERAHIIBNTIL, EHIZER LW,
BOBEURFBEZERSIBCBNWTOHEMEFT .

T4 2 RUHD, BHIKBF Y ETF—3 3 COEGEZTARER TOEHHERE 2 5
T2IHRED . UEEBONE S M IBEE Fig.29 12, KF S FS S BB 2 Fig.30 ICRT .
Bicid. NRETOEHNRERENBEEEERLTT. ROTNSOARMEEZ 2DDT 4
PRYZATIZONWTRY ., FEBISNRSD TH S Fig29 DHEH MK HIBEIZDNTHE
BI2 L, ¥AES 1 T, 28MPa DBR D EEBUILTITT T X (513 0 )90MPa, A
F A (HEHE)110MPa OEHHYBVE R I K 25 /191 ZIVDNATT L TAEEH 120MPa DR ASIED
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INTIRFEET D DI LT, FRY 1 7T, -51MPa DEMEE R ’f%ﬁ 75 Z 50MPa.
YA F X 100MPa ODEHRBERIC K DBV INVNER U TRRT 2 EEHISH DB &
720, BIEROBARER LRNWI &12725, Fig30 OKEFFBARDTITONTS, #EHIZ
BEWDFEROBERND B, ZOZENS, TR T T4 > RIRBEEDSABNMERL
TRVVREBICH 0. EHRE LEFIRBIETH S,

UEOKREMNSE, BN EENAERIN) COMBHRICED, Ug r RUBLK
HTIHEMBOREBIZHD, By NERCEROEEEZRELEHERIIBNTH, RN
HERLBWI ENGNo 0, IERRERCE—A RN vy THROBEHKFOL D 2 ¢
> RUMRRE GUEHMMERL TWWRER) ICEINEERRIAMEA L EZEEITE
T4 FUNEIOBRDIRLUIEDIRAEMERA TS ZEI2AD. By NERDOERNHE
ET5ueMNE S, UTFTIH. COREBTOERERBOIEEZITS.

IMERERE IEREN S E—AWARLIAD. Uas O RUNEEREZTHRBL ZRETE
RE—LMMYy FU BENES B> TV 1 » FURKRRT2BR(1 K cBEEAHER)
% MATHEMATICA[38]Z FH W TH#EWFERZ Fig31 IR, U4 > RUBRERE—LAFIE
2% S0°COKSRIRE) T, E— ADART LIADH 10 BRICERICET S &, NEREMH BT
BB 60°C. INEE (KB TEVGEER 10°W/mYh) At 110°C & 72 %, Ho T, 8
IWAPERLEVWEREL T, BHReic 0 BELEERE. LVHEENC 1030
LEBED2DO0r — A DWT ERERBOFEZT R, E—L M)y TOEEEL
Thd. PEMOFHRPIC T ARE L. ZHNUTELD. Fva#Bﬁﬁﬁﬁ@@4>Fv
EEDYEIR IR AR (S 71 0ME < BhAYBVETB1Z X 0 B8R D IR B ZOVDMER T B IRER)IC

fMéﬁ@N»xﬁwmﬁ40w&m%ﬂ%mw&wxfzwq&@tssmﬁma
5,

IS ORE#E BRSO 7LD, s VRTABEOF Y ETF—2a >
Yy NOERICRELEI Ty 7ANERL. FMFICZI 280K EKOBICEAET
BB HHIBEMEE K IOET 2 EHEIED)E. BIRVEHRIE/NRTA—FIZEHEL
HER%E Fig32 IR, BHEICERLZ SUS316 DXHEREET — 713 Fig27 AW,
SHEFEIT Fig2s TRTHERZAWE, IS, U 2 RUBCERT2ENRERIC
K BBIMNBIERD ST 50MPa 2 E (Fig.29. Fig30)THH NS, ¥—4 v NEBOFMH
CEECBREHICETZEHONHEREIF@GEEIL., EREMT 400~700um &
ETH0. BELHMALOEZRET S E 200~300um BEICRDS, Thbs, FrET—
A i DELKELY NETORBOEHESN, BEOEHETS 2004 m BEUTT
HNZY —5 'y NEBROFMILEMRZNDZ &I 5. DL EOEESERZETE LN
HEBITBT BT RERTM Y 0—Z Fig33 IZRT '

5.5 402 xvy bckBEy MEROERNES
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FrEF—2a X VEREBICELCDEY M, BEBERBICEELZFYET—
a BB T R OB (GPa ITET )P, BIIBWEELNDILDICEND EEITE
UB<XA 702y MAEERE 21N /=i Q5 7 (BRI & R4k GPa ITET 5)IC KL 8%
EREEC(EY NOER)., FAMNERDIET I LK DEFBBIC X 5B HBEEZAT,
TNDNERL T L—F—ROBREEO—TJa NeBRTEEEASND,

FrUEF—2a > TEUBEY b 2B TYIal— ML EF—AREEBEINT
WBA, BEOBDEHRFEANRETH S, I TRELOMETH D BEIE - WRERIKIC
Ho 7z patella 5 DHI39)1Z2%T 5., HH5IE. By bEBRTZIEREL T, NTIVHEE
DUNT Y RTHRHENZEEFEICER L. WK EBEEROERMAEERRENT 2TV EIREE
DHUEREEZRD TS, BREOANEHEL TR, BHEREOREDICHHEE
BEIREL . WEOYIEICIEEF EOS ZH NS Z &K, EARVEKL z%T 56818
TEHEEEEUS, WHEEL TR K FRUDA, KBEHRICL, FIEERTELSN
EEyRTOT7 74NV EREBRL T, BTHELSNZEY RO T7 7 M IVNERBREEL
—HLTNWBIZEERLTWS, ZO7 70— FIIHREMICIZENWI I 2 b —a VR
b TWEN, BEREIRENROKRENAZ LD, X DEBRMICIZNT I O gL
BHARICHESBENDZ. TOLIBHEMFEEZBEFEINEL. 170V xy Mzk3
By MERBEBREICLSE v MERSHE MRS 0%, RADORMEEERIC
HMfiTAHI EAAREE LS, TNCREL T, BeBERBNTEBITLSEBROBED D&
LT, BRENLERETO— &L THITTNA,

AETIE. TOHRLNFEEL T, E-NTINORBEHOI I L~ a 67T
rayoy FOERERHEEL T, TOREEZOEE S L BEBAART 70 2y b
&L THEKRBICEE T 2 X OB REEEIZERL T BEEEEMSEY FERE
HFTHFEEHEA.

FRBEOENEH 22 ZEE0. KETOE NI OER - BIEBEECS I 2 L—
25O BlE Figdd iR T. EAABIE Figl12 KR ¢ > RYBRE COENLHIC
YT B 9kHz & L. BEIEN T+ 1MPa. 10MPa & U7z, #1701 4 m~1mm
DFFAE /ST A—F & LTz, Fig34a 1IN T OAIHEFICH T 2 R ERILOBEE(LE
SRL. Fig.34b (SRR DB L WEBIE 0MPa O —AD S35, /N T)VAIFEEN 01ym &
1um DT —RAIDNT, BEEENN T ERONMEEE)E R . ROEEREFOBML W
A TNTIVAEEN | ARECEL ¥R Imm BEONTIVICKRET 2. AEBHEEISFEY
BOW V0 BEETONMEEDORAREELTDHE, K 1S0n/s BEELRD, KFONT
VDR EEEIIFEIROGTEN S ~350m/s &85, TOFEIL. BEAKFONTIINEHTH
D, BRAFFORLIE - BEBBETH D, ERICHEELRDINT IV ABIIERETORBETH
D, TOFEE. RBIBIRNFEOND LD ICHET I DHMH LIRS T, HEE
EBRBT2HOEEZ 5N, R ERICE2HEBREOEENSRKA 150m/s BEED
WENH O, BRMFROFERBIIRZDOEEEZ DT ENDM 5B,
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KEKBOBEITDONWT, ¥4 70V y NRERBEICHEZET 3 & & OEEHRE &L Hig
FEH ORER%E Fig.35 1R d. RICIZEGREE L T, BEOBE S EEROBAFE (B
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YA 0Ty MOEREICEET S L EOHEERE LEHETEHORRE 2 KTl R
ETI)VTEREMN U R % Fig36 IWRT . M — RIFREREFEM) & HRRARE
FVMZ EBF A 53—« 75 P RERMFENRI— FTHS AUTODYN[40]Z& H W7z,
EEFET VL, KERICHMA 5L DA - BREDICHA F—RTETFIMEL,
RO BOS BHZBEANA/D 2 RKEETEEE. BRI TELSEREF LESR LN
B SERWAM RS Uiz, Figl6a 137170V y MEEE 0.1mm. £ 0.2mm OWAEFE
Mk & L 150m/s T 2.5mm HRED SUS316 WICEEE I BZHEOMTET I &, BT
RTHHIBEMESAEEBRERT, BEBEOPFLMBOZRKEFIHO 01us TELK
60%TH 5. FLEHOBEHEEREE Y MEDIZ4um TH D, BLOERFAICBNTHT
O—a @Oy MESIHEum EREINTBY, £¥Ialb—a  OFKBRITE
BRERBICIWERETH 5. Fig36b 1d. KEKBICOWTHEREZ/NTA—FIZL TS
Ralb—varUEEROBEEREEFRY. B UEREE TIE. K& DKEBOHIEM
ERBIIKRENDE, B—NTINOBNIEEDS I 2 L—a VRIS, NTIOREE
EiIAEDBKBOFEMNBNWD, BREMIZEITI 700y NOBRAHICES—E%E
DOEMEHBIIF um SIFIEAEDME /25, Fig36a KRTEBERBOKREN 2EAO
FEL M E SR SN EEE ORREL L E Figd7 IKRT. BhS. BEERIIRLBX
D470V bOABMEEDHERREND, EFT BRFMIIAOERHL. #2. #3)0E R
OBEICER T B OIR LT, IR #23., #25)13 0.25 s DRBENE B o TERT S,
i, 170z y NOEmBERBROED. RLICEMENAEN S0 EEEER
EE2GETDEAER. TABESENTEH LD ABIS AR E < DBEIET S
BDEEZOND, INODOANZXAFEMRT DI L. 4. By b OEHEED 2
HEZRXLEBET 2 L TEERRETH 5 BEEEEIIPLENE < ~10' BEOBEE
EEEIETDIN, SEED 10 BEEOBEREFEE THS. chH5DYIal—var
ERERLITOIEDRE. ~10°BREORREEREER COEEMBEL TV OBELE
HEWT — 5 2 BHTDHEND D, ‘
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Table 1 Fitting curve of heat deposition

*Fitting for x -y distribution.

Ampl = 400.0, = 5.0, ﬂl =22
Amp, = 6133, a, =100, B, =45
Oy, = Ampy ><Exp2[- ((x/ o f + (y/ﬁl)z)]
Oxyy = Ampy x Expl=\(x/as V +(y /e ]

* Fimring for z distribution.

a; =1.2891, a, =1.7942, a5 =~0.16017,
a, =10.136, as = 0072889, ag = -2.4339
0, = (1.0~ aExplas (2 + “4)])EXP[“5 (z +ag)]

*3D distrivution

Oz = (0xy, + Oxy )x 0z

*Total heat energy

80 0
Orota = f JS Sf Qsystixdydz = 378.122 k
z=0Jy=-5Jx=-10

Table 2 Material properties

Property (Unit) SUS316L Mercury
Density, p (kg/m®) 7890 13285

Bulk modulus, K, (GPa) -— 25.5
Young' s modulus, E (GPa) 188 15.3 (E*)
Poisson’ s ratio, ¥ 0.303 0.4999 (vx)
Thermal expansion, a{1/K) 18.1E-6 61FE-6
Specific heat, ¢ (kJ/kg/K) 0511 0.137
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Table 3 Analytical maximum stress at center/corner and upper plate in two type window.

a. Stress in center part of window; t = 2.5mm

Window

Maximum stress ( Mises stress ) :MPa

: Range of
type Beam profile | o press. Tsn?égwsal Prvc‘algglére : pressure
0.5MPa wave
(X 1.1) (X 1.1) (X 1.1)
G . Max.:137.8 Bend.:103.1 Benad.:190.9
Semi- aussian (159.9C) Memb.:85.4 | Memb.:129.8
e Max.:34.1
cylindrical Unif Max.119.1 | Bend.102.8 | Bend..192.3
furorm (146.3C) Menb.:82.4 | Memb.:128.2
G . Max.:172.2 Bend.:90.2 Bend.:138.6
aussian (159.7°C) Memb.:29 Memb.:40
Flat-plate Max.:85.6
Uniform Max.:161.3 Bend.:91.8 Bend.:142.0
(146.2°C) Memb.:31 Memb.:43
b. Stress in corner part of window;t=2.5mm
Maximum stress ( Mises stress ) :MPa
Window Beam profile | |nner press Thermal Pressure g?ens%ig
type 0.5MPa : stress wave wave
. (X 1.1) (X 1.1) (X 1.1)
X Gaussian | | e | e e
Semi-
cylindrical )
Uniform | | - e e
Gaussian Max.:96.7 Bend.:118.3 Bend.:168.7
i (64.0C) Memb.:27 Menb.:40
Flat-plate Max.:180.7
Uniform Max.:89.9 Bend.:117.8 Bend.:168.9
(61.0C) Memb.:27 Memb.:40
C. stress in upper and under piate near the moderator;i=7.5mm
Maximum siress ( Mises stress ) :MPa
Window Beam profile | |nner press Thermal Pressure ?raer;%%g
type 0.5MPa ‘ stress wave hpip
: (X 1.1) (X 1.1) (X 1.1)
. Max.:53.7 Bend.;104.8 Bend..204.9
Semi- Gaussian Max.:74.4 (50.0C) Memb.:10 Memb.:20
ot ax..74.
cylindrical Uniform Max.:52.8 Bend.:105.6 | Bend.:206.4
(50.0°C) Memb.:10 Memb.:20
. Max.:51.9 Bend.:111.9 Bend.:225.7
Gaussian (50.07C) Memb.:10 Memb.:20
Flat-plate Max.:75.8 YR Bord 1126 p———
. ax.:53. end.:112. end.:229.
Uniform (50.0C) Memb.:10 Memb.:20

- Benb.: Bending stress
* Memb.: Membrane stress

* 85.6+172.2+90.2=348MPa<3Sm

* 1.58m=172.5. 3Sm=345MPa. 2Salt=330MPa
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Table 4 Arrangement of experiment result concerning cavitation damage.

Total Negative Testing time: ]
No Freq.; ] Depth of erosion: | Estimation of erosion depth on
.. range; | pressure: Hr .
Liquid |kHz . mm target design : mm
4m MPa (repetition: n)
. | #99kHz -4.0 Design repetition n=1.94 X 10°
Design ) .
Analysis Analysis (5cycles/pulse)
-4. .0%1.94 % 10%/(3.08 X 10°
1. H20 0 2391(1)1‘8 . 1.0 io94;3 10%/(3.08 % 10°)
145 |40 ' 0.6-1.0mm oo
(Hg) SUS304
8 (-50.0) (0.63mm)
2.3 % 1.94 X 10%(7.2 % 107)
2, H20 -6.5 2.3
(72%107br) |22 H /0 =0.06mm
8.4 %x1.94 X 10%(7.2 X 107)
H 20.0 51 -80 8.4
8 3165S(U-M) Hm/hr =0.23mm
Hg=3Na - 1.73mm
3.Hg -180 Multiplication rate of Hastelloy
25.0 44.5 (9.0 107/ hr) used
Na ? AISI-316 26.7 4 m/hx 26.7 % 1.94 X 10%(9.0 X 107)
=0.58mm
Hg Hg
-45 =0.0499W2 0.205
4 Hg 21(20W) y o
20.0 47(40W) -100 -2.1225W+30.1 0.675mm
’ 74 (60W) -150 y=0.771W 2.220mm
H20 H20 -9.5467 H20
-3.5,-7.5,-12 0.158. 0.574. 0.985mm

¢ Generating the negative pressure solved the wave motion equation by which the
displacement boundary condition of the sine wave was input, and obtained pressure from the
displacement response.
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Table 5 Analytical item necessary for target impact analysis and evaluating cavitation damage.

Analytical item Analytical content Analytical | Note and
code necessary data
Fluid-Structure interaction analysis which *Nonlinear EOS
i . , : . AUTODYN
Interaction of uses nonlinear EOS of Hg which considers of bubbly—Hg.
o , o DYTRAN
bubbly-liquid and | dynamic response of bubbiy-liquid. RADIOSS » Direct coupling
container The macro behavior of the bubbly-liquid | g of bubbly-liquid
is simulated. equations.
Xﬁznslz;bble Formation of micro jet when bubble FLUENT Is it possible
P o of collapses in mercury. FROW-3D because of the
Formation o (Stagnant and flowing condition) Etc. potential flow?
micro jet
*Nonlinear EOS
Elasto-Plastic interaction with solid wall | AUTODYN | of bubbly—Hg.
by micro jet when bubble collapses in DYTRAN = Strain rate
mercury. RADIOSS hardening.
| de/dt = ~10’
When bubbl
e ollze:;) sel; © Elasto-Plastic interaction with solid wall
. by shock wave when bubble collapses in | Ditto Ditto
Formation of mercury.
shock wave.
' ' The plt progress is e'valuated b.y the There is a -Process of pit
Evaluation of pit condition of the design analysis result necessity for
. ? progress
progress. (negative pressure) based on the developing i
experimental data. the code. *Pit profile.
Fatigue damage evaluation by which .
Evaluati ¢ irradiation hardening to load cycles in There is a Irradiation effect
valuation 0 target operation life. necessity for | . ok growth
fatigue life. ) ) ) developing
Fracture mechanics evaluation by which the code. rate

“Pit+Crack” is assumed.
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Triple-wall
Vessel

Fig.1 Schematic drawing of the structure of mercury target

Pulsed proton beam | Stress wave
1us Qin the vessel \

Accelerator C>m

40ms v \nirered
o5Hy ™ | Target Ess;ﬂ

Fig.2 Pulsed proton beam structure
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Flat-plate type_._____[ __ ut- Hg . H 9 ..
window

Inner vessel

Outer vessel

Liquid
or Gas

t

Semi-sylinder.
window

ype .. [.

Inner vessel

Outer vessel

Fig.4 Comparison of structural concepts of semi-cylinder type and flat-plate type.
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@ ___5_9.470“1

10mm

Brade
10mm

Vessel
Smr ->8hell element

-

8.5cm A \
Protor—Beam Hg=>Solid element

Fig.5 Analytical model of target.

Generation of pressure wave in target and action on
target container. (For 0.91MW/25Hz)

Injecton of pulsed proton beam(ius) :
36.4 kd/pulse.

-

Heat generation by nuclear spallation :
Q ~ 14.6 kd/pulse.

Proton beam v
AT 0n=11.7°C

.

Max. heat density : q ~ 18.5 J/cc/pulse.

.

Max. temperature rise : AT =q /p C,~ 11.7 ‘C/pulse

-

Max. compressed press : P =a AT Ky~ 47.4MPa

-

Sound velocity in mercury : V ~ 1400 m/s

-

Action on target container.

-

How does structural integrity of the target
container?. ?

Fig. 6 Temperature rise distribution and formation of compression field.
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150 : ,
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§ 93.6MPa 7 C
50 A
0
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-150 . .
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Time (us)
Fig.7 Analytical stress response at center of cylinder-type window.
150 . .
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0§
-50
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-100 X |
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Fig.8 Analytical stress response at center of flat-type window.
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—11.5mm I ----- t1.5mm
Stress| =——t2.5mm| Disp. --==-12.5mm
—&—14.0mm  --E--14.0mm
T 0.15
Easo :
i ‘h::‘ SU8316 = - 0-@4
N E=188GPa /
/043
: 1012
4 0.11
] 10.1
- 10.09
T A 1 0.08
01 0.1 1 10

Normalized elastic moduius of window

(ww ) wewsoeidsi(]

Fig.9 Dependency of stress and dispiacement on elastic modulus

in the target with semi-cylinder type window.

------ Cylindrical type window
Flat-piate type window

600

- +Bending stress

N " Max. of stress range]
v (Memb.yBend)

‘B-..

Max. of Membrane

\

,. __:&:;;E---- e - i
B T D---—«-—--—mfl
100 |
N7
o _Max. of Membranestress
15 2 25 3 3.5 4

Window thickness ( mm )

Fig.10 Dependency of stress on window thickness.
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© Max. stress intensity = 119MPa

150 Max. stress intensity range = 163MPa
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Fig.11 Analytical stress responce at main part of target container
and state of deformation when the maximum stress is generated.
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Fig.12 Analytical pressure response at center in flat-plate type window.
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Fig.13 Analytical displacement response at center and upper plate in flat-plate type
window.
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. . . . |
Heat convection coefficient measurement result in mercury flow
by fundamental test device.
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Fig.14 Relation between flow velocity and heat convection coefficient of mercury in window.
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a-1. Semi-cylinder type window
Gaussian distribution

159.7°C

b-1 Flat-plate type window
Gaussian distribution

146.3°C

a-2. Semi-cylinder type window
Uniform distribution

b-2 Flat-plate type window
Uniform distribution

Fig.15 Steady state temperature distribution and the highest temperature in outer

surface of target container.
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137.8MPa

a-1. Semi-cylinder type window
Gaussian distribuiion

172.2MPa

a-3 Flat-plate type window
Gaussian distribution

119.1MPa

a-2. Semi-cylinder type window
Uniform distribution

161.3MPa

a-4 Fiat-plate type window
Uniform distribution

a. Stress contour on outer surface.

b-1. Semi-cylinder type window

Gaussian distribution

110.9MPa

b-3 Flat-plate type window
Gaussian distribution

83.2MPa

b-2. Semi-cyiinder type window
Uniform distribution

112.4MPa

b-3 Flat-plate type window
Uniform distribution

b. Stress contour on inner surface

Fig.16 Analytical displacement response at center and upper plate in flat-plate type window.
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Fig.17 Relation between window thickness and window center stress change.
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Fig.18 Relation between window thickness and temperature/stress distribution at window center.



Alternating stress intensity; Salt (MPa)

| Fig.19 Stress amplitude range at main part of target container and design fatigue strength curve.
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a. Maximum stress ranges(2Salt) at main parts of target
container by pressure wave, and allowable stresses.
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b. Design fatigue curve of SUS316(LN)
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Fig.20 Relation between window thickness and window maximum stress.
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The average erosion depth was estimated in the target life period
(25Hz X 6month) based on the experimental results.

N
o

| S S S S AN T { S LA B SR
. '

-.Deéigned negative ress. é't'Windbw.--;r-«--:-
(Anaiytical estimation: -4MPa)

[ - T Ry LT B

Erosion depth estimation for target design , mm

100 1000

Negative pressure , MPa
(Analytical estimation)

Fig.21 Experiment result of relation between negative pressure and erosion damage.




JAERI-Tech  2003.093

Isolate pit

Surface is peeled, how much ?

Cracks propagate
at the bottom of pit ?

Fig.22 Onc example of experiment result of erosion damage.
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Fracture toughness applied to failure due to pit formation

Stress intensity factor of pit is equivalent to plate with one side crack.
Linear elastic fracture mechanics (LEFM) is applied.

K alh

a=_«/—‘2.7—zr_f(0)

F)

—a N K, = F(Ao,Jna, A=alh
A ~ F(A)=1.12-0.2314 +10.554* - 21.724 +30.394'
— s . 0<A<0.95
DSy RIREDRS A% for Q<h<

Fig.23 Concept of crack and linear elastic fracture mechanics.
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Fig.24 Relation between initial crack length and stress intensity factor.




Crack growth rate da/dN
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Crack propagation based on Paris’s Law

Crack Growth Life Integration

~K.or
Instability Paris’s law to tiredness crack progress
da ]
Region-1 Region-2/ / / egign-3 AN A(AK)
< AK = F(A)Ao,Nma, i=a/W
F(A) = f(a,a’,a’,a")
~
3 Life cycle Na) is obtained from
3 limit crack size a,.
80
)
- g =i(_Ka
" m\Ao,F(A)
Nf=fvde=f”f L —
; 0 o A(Aorp)" (ma)" " F(A)
Extrapolation 1 p da
approximation = A(AUT)” (ﬂ)n/zj: a”/zF(/l)"
Stress intensity factor range, AK a;;Initial crack size.

(log scale )

Fig.25 Concept of crack growth rate and crack growth life integration.
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Fig.26 Data of crack growth rate of SS316 material.
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min

Range=AS=S__-S_

Stress

Time

a. Nomenclature for constant amplitude cyclic loading,.

Fatigue crack growth region

, S_=compression
0 4 ;n P
Final fracture %) N N
17
o
=
Fatigue crack §
nucleation 5 S =tention
o g : b
N Cycles to failure, N;
b.S-N schematic of fatigue crack nucleation, c. Effect of mean stress on fatigue life.

growth, and final fracture.

S
yielding  |° S,

Modified Goodman eq.

+S,, Sy Sy

d. Fatigue and yielding criteria for constant life of unnotched parts.

Fig.28 Concept of relation between stress cycle amplitude and fatigue life.
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----- Inner surface
150 - Thermal stress
Pressure wave + Thermal stress
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500 1000 1500

b. Flat-plate-type

In the case of the flat-plate-type, no tensile stress is on inner surface under normal operation,
because of compressive thermal stress.

Fig.29 Combination stress change of dynamic thermal shock stress
and steady state thermal stress: vertical compenent.
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Fig.30 Combination stress change of dynamic thermal shock stress
and steady state thermal stress: horizontal component.
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Effect of pit on thermal cvcle fatigue due to beam trip

Window wall t=2.5mm oT A 9T 0
ot —CPp ax2 - Cpp
10000W/m?/h
i 7 00W/m*/nr A=15.147 /m/°C
1abatic 9
Hg. 50°C
9.50 cp =0.511x10%7 /kg
o
/ 3
= 7890k,
Q=255W/cm?3 P glm

Temperature distribution
Outer sufface 160 C
~

Assumed number of beam trips/Life time of 6 month ( > 3s period):10*
25Hz x 10s x 10¢=2.5 x 10° cycles

25Hz x 10/3s x 10 =8.3 x 10° cycles

Fig.31 Calculation of temperature change of window wall when start and stops.
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Fig.32 Crack growth evaluation when starting: allowable stress cycles.
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evaluate damage by cavitation erosion.

* LEFM: Linear Elastic Fracture Mechanics

Generation of Pit

Progress

v v

Local progress

onnnncannsnsnss  UNIfOrm progress

(Pit diam./Depth) (Window thickness
I decreases)
Steady state Transient
by beam
é trip

High compressive
thermal stress

:

Acceleration examination
Low thermal stress

v
Evaluation by LEFM*

No crack propagation

Crack growth rate

Stress evaluation for

decreased window

4 thickness
Estimation of fatigue life

I

Evaluation of structural integrity

Fig.33 category to evaluate damage by erosion.
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Frequency response of single bubble; f=9kHz
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Fig.34 Dynamic simulation of single bubble under cyclic pressure change.
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Fig.35 Relation between impact velocity and impact pressure.
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| Analytical result by AUTODYN |

- a Analytical displacement

Strain hardening of SUS316 is not considered.
Elastic perfeci-piastic material.
30 ; — ;
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Fig.36 Analytical evaluation of pit formation by collision of mercury micro-jet to solid wall.
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b Effective plastic strain rate.

Fig.37 Transient of effective plastic strain and effective plastic strain rate:
impact velocity, V=150m/s.
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{5: 3.6x10¢ 3.67098%10° 1 8.59999x10° 341213 2.65522x10° | 2.24694 x10% = 4.1868] (EEBXELE)
it 3
. 418605 0.426858 | 116279x10°° 1 3.96759x107%| 3.08747 2.61272%10° gk | PSUAE )
o 1055.06 107.586 | 2.93072x10™*| 252.042 1 778172 6.58515x10% - 75 kgf-m/s
1.35582 (138255 | 3.76616x1077| 0.323890 | 1.28506%107% 1 8.46233%10% - 735.400W
1.60218% 107" | 1.63377 x1072°| 4.45050 x10-%| 3.82743%10°%°| 1.518657x107%# | 1.18171x107"*° 1
74 Bq Ci 1% Gy rad gfi C/kg R faal Sv rem
5 1 | 270270107 @ 1 100 i 1 3876 2 100
He # '] &8
3.7x10"° 1 0.01 1 2.58x10™ I 0.01 1

(86412H26 HETE)
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