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BRATIEAL, BIC BUBHREAE B5, 7Kords L OYH
BRI A RS o 7o 3B A X% UFA B & Ak ¢

20mm X 10mm O FIFZIR, BIC HIIEEE o = 1300 kg/m’,

BIC &K MC=11.1 % & L7=. 3Bl FIoR
TIREZHW. (@) TF/UE—Kome LTHRY, B
FHE~DIREDARTAE T 220, (b) @REVERE (&<
B OJEFET AN OB D, (o) KDz
FBBNIERET D05, B0 IRE L OMEIZE 72
I BUSENEERE L7V, (d) K533 L OSSOl
B EOST A—4) 13TNENT L= A0 TH
%, %% AT % LI BT BIC IIEE bt S5

(R UM AT AR T B2 -2 72 . ()
BRI AR & 0 3BV RT3 5728, IRBHIEAR
BLTD (BENIDTD). () RBOBWIEEOEE
RIFPRIEB R L2V, (g) SUEHINENE ZR i | I 2R AT
LPEERT 5. WBNEO= 3N —RF, Koy L
TN D E R ABE L, BfiRks A Ta
B LR AT o 72, SRR SR G Es A
B EERRE SR L (L BMEEER, TR, ¢ ;

RV < U TEH, Ts ; BIC 3UBHINEAEIRE) , fhiinmaiil©
T LT,

AWFFECHER L7241 & KU BIC OBMSEFE(L B L
OHENOIERATH D03, WITRT UFA TR & A
fRMTET V7% AR RS R OBOMRT A D e — 2
W80 5 L ) B2 7= 2B, 2o oM,
AREHTH L TEI BT DI P ORFITNE 2 L D12k
Z, A=2200X%10*W/mmK, C=1300JkgK & L7=.

43 BT A R ORI b

IV UFA % WGBS L &, AR CHIV o fif
HreT M L DRSO A T o 72 X 1312, Ik
BT 50 kW/m® D& O iz 73 FHRICE W b
T RN, /IVE UFA SEBREAR & b U Tkl oBR%E
REAR X O B — 27 ICE T OZERIT A 55 OO,
P E R &2 R T D 2 LAV d. BIC kD
LR ENDH A ORGy-HE%sy) BlE, IEBLA) S
2 AR A — ISR MEZ T, T (K13,
47 min. GFRME) #Ol%) SNl v —2 289
[FIZHICH51F % BIC sEHNIRIRIE D2 GHERER) %

X 14 1 R9. ABFFECHEM L7z BIC iEHIAROE &
(10 mm) #Fib, M okDER 10 wFEEEH T 5.
IKGTDFFET BHIREE 373 K B OREHER 2 /.5 &, R
BHERN 373 K BLEICHIEVE D £ CTORT b Hak
B DK NFEIET D £ TORMITIR L% 47 min TH
52 NG, £17 47 min POl TR B EHERE
FRBAOND. 2O b, AIRE SO BIC #EHE
IR 2456, BRI D% > T 2 RN
DIRSE FRIEINTH D8, KSDRT & >0
WRIRE FRRROND X D275 2 L3 05nh. IC
BIC RBIDMEIRE S 24 L COABAIIE, B0
ERRSE FRE T A B EDE AT S b0
LT EEND. BIC BBIDKSHHGTE T DA H A
TR ORI IFEHR SWATR CTH 5 Z LITA LT
WHEEBZBNDID, LIEDE Tl I ORI A
TR RS 2 50 2 ARG ORFENZ DV TR D

24

w22 .
220 Calculation result
LS
g
2 [ Experimental
g2
% 10 result
3
s 8
= 6 |

a4l

2

0

0 2 4 6 8 10 12
Time min.

13 FERIER & S ERER DL

RN ORI L& D
% TORH (= 4.7 min.)

10
g 9
E g
§ 7
bl
3,
3
< 4
E 3
g,
8 L% T "
£ 1 1 : &1 923K
B0
a o 5 10
Time min.

14 BIC SHPEREEZEIL (G0 ki/m)

1512, BIC &R0~ & OFH5 5536 L OVKS I D
FHREREI A R IEBAATE T IR ORI A 0,
T DOWARRINT RN LD, g ik
SYOBHIZ TN TREAL, TR (1.8 min,
FREE) (/NS —2 ZoR LT ISR/ LT
5. HH35 K ORHEREE & [ R L7228, gk
BLAT% 1.8 min.2>S 4 min DRNTHAY A JiHHEEE | 350
DN LT —J5 THFE 4y /KT HIEE—E Ch
L2 L, TRbbLIHAT APOKSEGITEE—ETH
DT EMPND.
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|
12 12

|
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£ 10 10

l g

e 8 8

] Volatile H <

2 5 [ 6 2

o ] K

§° ‘2

=, 2
0 0

0 2 4 6 8 10
Time min.
15 BH 77 RFROIESESY 85 L UK 5> (B0 kW/r)
14 14
i

@ ! Volatile / Water ratio 2 o

P i H

E 10 10

@ g

T8 8 8

2 =

S 6 6 2

2 Volale | k]

s, ! Total 4 39

; >
2 2
== -,/:"Z»_/ Water
0 0
0 2 4 6 8 10 12 14 16 18
Time min.

16 TR ARPDBREAE LUKS (25 ki/m)
18 18
16 ! 16

VolatileMVater ratio 2

” 14 1 14§

i H

£ 12 ! 2 g

210 Volatile 1 10 S

5 =

E =

s 4 4
2 | 2
o L o

o
~
w

4 5 6 7 8
Time min.

17 B AR P DIEFE LUK (100 Ki/m)

44 FGFRAT A~ OB R D5

X 16, 17 {2 25 kW/m? 33 L TY 100 kW/m?® D85 R %
ZFNEIURT. MBEGEFAV NSV 16 25kW/mD) T
W15 (S0 kW/m?) & 13570 0 R i H MR B

U SR OERHORTE D R O ©— 27 13 b7,

Z AU 25 kWi DA IIEEFRHAY N & <, BIC il
ENEIITOIREE BRSNS Z LIS X IR A A JikH
HENDTZH EEZBND. ZORR, Htd Ahoff
By RGBS L, ZO%RAICERTHZ L
272 %, —J7, MBEGRHRMKE K 17 T, IEEHA
B O RN IERE Sy T A ORE 722 — 27 238,
Wl ASGHBEE bR & 70D, ZOWE, 57 A i
BRAAE DRSS/ RGPS X & PIRFE—EDfET
Hefp 9%, TRb b 2hoASEEGIEAE < 2L
LTV & DS AKGIE 3.7 BETH
0, BIC AKDfE (7.0 FRE) (ZH~TRE L, AKHE
FONTATU TSN TWD Z 20382 5. ZOHA
& LT, BIC OEMLHEENR /R & < BB
FEO R ET 2 K 0 RN K 78RR 12
HELHWZ ERETOND. KSNETLTHRIEShS

W2 e, AFEOHFATILZ OBIFICE L d
JAVE, BIC ROy /IKEIR D TRREND &
D HAEK, REELER R TH D EEZ LS.

5. #5

AL RV EFERE T 2 S EER A A~ AT ) oy
NBIC)DEMiE, 35 KE K OWREERFE R~ T of
B, B KATOMBVEIREIEGER) 2 BIC INHRIRE /A1
Tt A RSy (353 ARGy EIEY O TIdsE kg RER &
OYRBERHEICR & BT 5 Z L Vb o Tz, 414 BIC
OFFERZEED S BT, Zh SEWEE & BIC filiE Eogs
P20, Fo 7o it - AR R A A3 D WA B A 9 .
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Properties and Processing of Metallic Glass

Takeshi TERAJIMA*

1. #E

BB T AT E|INT 7 ABEDOPTHEHIT T A
BREDNE <, BRI EIRRE 2 R TG B ORI CH 5.
EIEH T AT DORBRANC Y TIEE DREDAAHAK,
IZRNTEL RNZEnna®?,

(1) 3L EDZ TR THS

) HERRIF T DT E MK 12%LL ER 72 D
() W TERENADRAEE LD, (LAY X

NF—ZLETH D

BIfE £ Tlo Mg 2O, Zr 2849, Fe 2567 pd £, Ni £
UL LESROERT T ARSI TS

— AN SN BB AT T A NTIAE O IRk R 7 i B |
BT B I DIC ARG A SuEE L CER 5. &
JBHT T ARG X0.6 FREE DR KEREIEI 23\ CTHEL B /it
WHWREENFIET BT DRERD T N7 7 AH4 L Ik
LCTEAT 7 AR (BT AL L. Kho
JRT 2R % PR R TR ANRAE L C, TERENCADHA
VERIAMEN T BIEIR CII T I S £ 5 L iz
D RS ATHRIRRE DRSS & 1357 2 BHPHAE ALVE
REFfo b DIT D Z & MNEFBEL X RRETE R £ %
FAWREERTIC L D DM ST B 2ok
B IR R L RS R LRGSR ORERANN
SIS, FIPEREEDMK T U ORISR 5. Fdd
(L& =4 7= DI IR A O A FESNETH DA
PEBEEDME T LT DB AMKEE T2 OFF RIS AN R
ThHHDEBH T ANITENT 7 A% LG

H T AFRREEDO R & LT LIEUIEY 7 AR
HWE R AHWGND. 1 ICRENRERBA T ADE
B/ R DR L, BESDEIREE R, A LTz, 15k

R B
Associate Professor, Dept. of Mechanical Engineering

D Au-Si BT ENT 7 ABEDRAIETT Kis A ETH D
DIt L, Fe 288 07 2D RATHKI 1000K s, Zr F24 /A
Z AD R.1% 1-100K/s, Pd Fe@J@ AT AD R 1% 0.1K/s T
HDH. WEROTENT 7 AEEIT R BEWTZOE S
50um LL R OFERFCELE 100um LLFORE LGS 7e
oI, BB T ATHRANE R HEE T H T 'L
T 7 AT DT Lo TUTErFA— ML
WDORE S &For Ny TENT 7 ZMEOVEINTRET
b5, SNV BRI T AOHBULT BN T 7 AEEDE
HICHEIERT B2 T, AN LA RRIC LT
RCHEERERERFD

2. ®BHSR
2.1 BARGEE

1 \IZ&B AT T ADMRR BT AR LT, &R
T ANIIEEHEC b 5 72 50[F UIREE T bk b
W LTEGE L, SR DI L2568 CIafaZs e o BE
BRIRD. OF VHHENBERT D L LT /2RI HIR
AR CTENT 7 ADOF VAT 5. — T4
JBA T A BRI SR NN TN & H T AFENHR
JE TABIIZEB O CREL L CGRMEMRIEICRE T 5. I
SR U ChESAIREE T, 10T 5 L E DI L TR
T-HEFINC X DA L — % fift L7 s SE) 52

® 1 EERAS AOFEKH S RLERE LERFAHRE

All Maximum Critical cooling
oy systems thickness (mm) rate Rc (K/s)
Au-Si 50um >10000
Fe-(Al, Ga)-(P, C, B, Si, Ge) 3 1000
Mg-Ln-(Ni, Cu) (Ln=lanthanide) 7 400
Zr-Al-TM 30 1-100
Pd-Cu-Ni-P 75 0.1
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Rapidly quenching

Amorphous | [Supercooled||| Crystalline
(Solid) liquid (Solid)

0 Q
9%%%

R.T. Glass transition ~ Crystalline Liquidus
temp. T, temp. T, temp. T,

1 &R 2 DREIEE)

W72 A B A AT 5. RO T 'L T 7 A
BT BT 7 AEH S BRI D DLkt
L, BT ARG HIREZ R T OERET 28T
KA B2 5. B ELREE CIREEIC D LR T 2 —A
VA BDREEOTREE A R 2, R KD BIKWEE T
BRI T A7 ESWHETH 5. NIRRTt
BRIZIIAFEL RN, 2<H LWL 1 2ADF]
IR CE L. BBA T ADT LT 7 AFH L EH
REEITFIWAICHERE 32 2%, —EEfki b2 & TR
MOEEFRGHIEE R U ETEG LARVRY 7L T 7
ARTITR B 72V ZhS&R A 7 A8, L4 i
L LTW5.

2.2 5

B2 (BB T A L fldha RO IR 720G ) — B ih
AR Uiz, BB T A AES DS AHRNE CRE D
TR FDMFTE LR DT Hfia A L 0 bk
JE R SRR S, BT L TRl CRPEmIc
BT 5. ET-RMERIELT D aa L g LTl
21,3 THOHIPSEMEIL3 BEHT 5. flziEMg &
LDIRFEN 300MPa T2 DIt L Mg =A@ AT AD
HREE I 800MPa Tdh ¥, SUS304 AT > L A§fiiAS 1400MPa
72DIZxt L FeCoBSiNb A& 4 7 A1 4400MPa TH 5.
LB T A VTR AN E N2 O BT R X —DEFE

Metallic glass
(amorphous)

Stress

Crystalline
metal

Strain

2 £RAS R EERERO—ARE
FEHAVT HHER

FRA (K2 oY S5ELEGY) BEL, ATV o7y
OEBFMEE LTERLS T,

FIBRA T AR DMEE LN LDy
BRI A IR 5. DT80 Zr, Ti, Cr, Al 72 &
EELAERY T ALMAMEICm CTERS. BEIC
FeysCrigMoysCisBio B 7 7 A1%, TIHOIXA IO
APNEEL LTEMAMEL TS, Lo LR SIEMEICE
N5z L, BERETENSMEICZ LW ETHHY,
AT BE NN EE2BIRL TS, IRAREEZ
REICT 2R A 7 ADRILEN W IR T 5.

ZOMIZ AT/ T T ATAEW RN, KFEEEE,
HRBERRAHEY 7 8 2 oRd. 20T ORBEMEL, IR
HER(MEMS), BREFEME S L — 4 K 3R BT,
MR~y R, EEH: £ ORI Y B CRERIE AN
HrEsh 5.

ZD XD IRBA T A& IR A RO,
BES hhh &3 D FREHARAENL L CUR o FERML
PN T, OB LBEE Tz L—) g™
BB ATREEY), BERRERECO Y, BRI S,
BEREED, SOV ARBTHED 2 LI L 58BN T A
DEADRA LI, AEOFE L K& JITHIRITA 223
B LT 5.

2.3 EBHSRADES

LGB T A EfEME SRS 2 L IE RS A= 0IT1E,
T OVERIE A SR AR R, UL L CRMT D 0EN
BB, B LR LV BV EE BT LT 4B
{bEWZEARRT 5. SBRRUEEOARITRT % g9t
T HIOEFITEEN V. T TINETICERT T
ADUEBHEPN O SN TE -, BATRITREIC X
S TN, IWMENRIAEES, INRRESICRAI SN D.

3ITBIE N T AO—)7e CCT Gl HIFHZSRERR
W) HERE R L, BT T AL HIBHET HERC
IREEIEIEAY CCT HhifREL 0 b AMZEIUET 'L T 7 A
IR L, ZEFITANEZBEVSESEEE T o
F VWA T CCT HfED SR/ — ANTARE L
RN K D e HEE CRam T IUTHR ORI AR <
EMTE D, Lo Leh BEEHOE 0233 s
HHAZ)MFE L, Bl IR L 722 < CTHIREEEREA CCT
MR A2 T U LT 5. TARINRI AR & > T
TEEROBIRES I S 5708, BB IREEER
HEAT LT TV D DO TREMLOIEE R METH 5.

WHABEA OB & LTI L —VVaEERe, BT B — LE
T2 ENZET B, BUEE T o e — K4~
L— MEBERARETH 5. TN HITmEdcmtE T 5 2 &
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Crystalline
phase

Tx H <

Tg § lic gl
{ Wook etallic glass
’,:’ \ (solid)

. } t
101 100 10! Time (s)

3 £RAS ADETAEZEAEMIR (CCT B
) ERIEESEOEERE

BHEETH DN, —FHTL—HFE—ANEET 5 RS
TERAC L T 7280,

IEAHIRAE T BRI CCT ity » HEEITHIE
THIUTIBHEMRIEA D Z LN TE . ALOFEHEIC K
> TIES ORI & 5 oSSR OER LA &
S TR 22 5. IRED T, LA NIZ/2 5 &2l Thy
MEBMET L, T, LEIC2 D EELICHERETS. 207
DOWRHIURIEHE A I THETF OILE Z T, 235 T, ORIFHIH
T2 NER S 5. WHENRAEES O] & L CIIEEET
B2, BRESHREEG, MEMEBEE T DD, TR
XA TR A AR RO [l SO AR U T R
THEAT DEAIETH D, BT & v B3R 5
W, —HTH T AGAHREETET 5 LIATIREE iSRS
U ORISR T 95 7o OB N5, A5 RAIC
INBONRT U ARET BV, EFIEA T AERALOREERT
T BN D & SN TN D, BB ENRIEO KM
TEhZFIH U CBEA 21TV, IR EI ORI TGS,
ZIEDIUTEHT D LR TENT 7 AOMFERD
ZEINTED.

KIREAOHIE L URIATZEAENETONS. 1TA
RS (B 20F SnAgCu 1A TZ DREAIRE TR 573K) 1%
BB T AD Ty (Zr FBBH T ZD Ty 1359 680K) A T
Ehi SN DD THEBH T A BN HEM LS D Z Lin
SEEEWFRETH D. T8RN T AR I3 108
BTEBME—DHERETHS.

BRI & D AR T ASHEIOMER, b5t
B, MREMEE, mIEREORER IR Elcisn T
TEROERABITITR SNV R E 24 LT\ 5.
INOSOREERHL CFa—rar® 217757
~y RO F=2F 7y b, #EESHERD, %7 7
A NS—gEGET, HE TP LSS TS,
INHDOELINIEBEY 7 AREEZRA LI DO TH L3,

ISR EIAT DT3B 7 A & W CHes
LTHEENIZHWIONENTHH EEZTND. 0D
T-DITER AT T A% INT. (BEA, YIE, ki &te) ¢
RTAUTEAM A 555 = LITTE 220, ROFE T
BT AINLO—dE LCEBH T ADER a—7 4
VT, ROEH T ARKIHD Cu A X T A REfET 5.

3. EBRASRAOBHF—T 1Y
31 BETL—LBEHOF (2L 2EEEBASAKE
DER

EIEH T AR AFHN LR A 2R I & R - 3%
TEOT AR FHEN 7= ORI E CREETE 2 L CrEBRE
THD. EIFEERIN N2 ORI RINE Z v 12<
<TEEMIENS. 2O X5 BN EF S8R
T A& BB BERINC 2 —T ¢ > 7 RUT R O
BAERF LIRS DRE S LM RIEE 4595 2 &3 T
5.

7 L— AP HVOF (High Velocity Oxygen Fuel
Spraying) (IR IENEA EHEICIR HIND Z LD EERE
FTHEH &N TS, HVOF [TATiHI72 & OB 2R e &
W27 L— MBI AR ARG L OB E A1 T
W, B ISR E M CRIEA S AIRAETH D, 7T
R2VRE 5 0 BRI 7 L— AREEAME N = & TR
23850, ABFZEIZ HVOF % I\ 7= FeygCrigMooCisBio 4
BT AVEY R EDIERL, J O WC/12Co F— R » K&
BAE L CE OBEBMRER DI & THEEFEME D7) E 24T
ZEEREMELTNS

3.2. Hi&

WC/12Co H— A v MOHR(5-25um)IFBERs /L7 935
1&hE L7z, FeysCrigMoisCisBro @B 7 ARy (910-25um)
X7 — 7 R CAREIL LTEREEN DL AT b~ A Rk
TIER L 72, REEBHAENE (DSC)THIE LT
FeCrigMoi6CisBio BB 7 AD Ty, Tl EENEIT5K
941K Th o7z, REBRCTHWZEE T L — ARpEE
OEFEE K 4 1R 1BE LT EM AR 24T A5~

Supersonic velocity
—
MG Gors

Coating
Substrate

FueltO2 Combustion flame

4 EERT L—LIBS (HVOF)
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L—AZEA LTV 2 L [RRA B & ol L C

FAUTE IS D 2 & TRIRE RS 5. Tk
75 A ML L= AT v L A4 SUS304 (B2 5mm) %
AT, VERL U 7 SV RO T A AR T- B
85, JEFWEREE, X REHTXRD) TR L7z, S iTE
Tp— RN SRR T T - 7. FEUREAE & BERE T
I, R T 0 A7 EERER RS L AR TEEARRE ©
117

3.3, EEAHEEL BT

JFUEHYARIC WC/12C0 % 0, 5, 10, 20% DR TRA LT
IS5 &, FZEH0,2,4, 8% WC/12Co 73 ZEIZN
WENTZ. BRLZFEEHRERED WC/12C0 EAFRD 40%
DB IAEND. B D WC/12Co DEHR R
7 L— LOBBEREE & EIF BICHEVIN B8, 7'V
7 7 AP FeyCrisMo1¢CisBio B 5 B AV IR EE G 18
JEED LT L—ARED FREZRL RET HLERD
D WC/12Co D% & DR T S5 2 &1L 5
FAZAAN

512 WC/12C0 % 10% & TR R & 15 S it
FEfo> XRD Ofifz R L=, [Biff 35005 50°127 &
NT 7 AR O/N—m— RS — U BBIER SIS, U
JEEFD FeygCrigMoyoCisBi B 7 AR N T |V T 7 A

EAERF LT R ERIRATERR L TVD 2 L A ER L TN 2.

HVOF {ETITRESr OB T AR RASIZE LT
BT, WNENRAKER (AT=T,T=66K) TiR{TL7%
D35 HAN B HE I, R L CH T AAD B
o0, VEE BT % RN AR O AR 72
PR & B UL, W EIRIE TR R I A R o R
H T ADEEE RPN LR oS LI L x5 2

T T T T
= \l Y Y WC/I2C0

Fiov, ! Vo
(powder)
8% I l #‘J Ao
4% l MI
o 4 |
—0% A.m Jowantven]
| | | | |

20 30 40 50 60 70 80
20 ()

Intensity (a.u.)

B 5 WG/12Co~ Fe,Cr Mo, LB, A
STRIED X #gEH/ $2—2 @

6 () O%HC/1200-FeCr,Mo,C,B BTk ()
8WIC/12Co—Fe,Cr Mo, C.B B AL R RE DM
SEM 1%(31)

ERTE D, WHENR S CILRm ORERNOTY)
BIRT E|NT 7 AD RN IR NG D Z T
5. ZIUTEEI T AR OMWE AT L=
Bt ATHD.

6 12 WC/12Co %(a)0%-, K UNb)8% & WC/12Co—
FeysCrigMoysCisBio 4@ 1 7 AREA VRS RO WiiH 55 % 71
L72. WC/12Co 728 0% Tl T A 4RO FeysCrigMoyCisBio
BIRA T ASEIN KT N—A T LFEAE e o TRk AT
L, BRI Z < osEmagism s, —HT
WC/12Co % 8% &ML L T . iy iHlh
% F52 WC/12Co 7¥ FeyCrigMoyCisBio &JE Y 7 A & ffiy

1200FT T T T T 4
< 1000 - N
<
g 800 - N
=
=
. 600 N
2
2
> 400 —O— Cross section |

—&— Surface
200 = I ! | 1 o

0 2 4 6 8 10
Volume fraction of WC/12Co (%)

B 7 WC/12Co-Fe,Cr Mo,C.B,, 1RE RS
RIEDMTED Vickers FES @
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1Lox107* P T T T T Tos
E
z 08 _
‘= 5
£ 3
=z 06 =
E 2
=3 3
E 04 £
5 3
H o
2 02
::2-
s 00p 1 1 1 1 00

0 2 4 6 8 10
Volume fraction of WC/12Co (%)

X8 EEE{RE& LRSS

2% 2 LIC R 0 REEA RS L CND. FAUREN
F25TF 0 Vickers £ S b 1A | LT, WC/12Co DEFEE 0
5 8%IZHINNT 5 & BN D Vickers i Si 660HV
M5 870HV 12 E&H-UL7=( 7). —J7 CHiE o JaN s &
I, WC/12Co 22 B4 53 660HV Al TZLORIHIT &
A EEDST= T HDEIFIHT WC/12Co DR L
TRIEZIERR L T A Z EITF LT 5.

8 ICIHEERER: & BEEMR S A R LT, WWEERE R
WC/12Co % 0 25 8% ZHINIT 5 & 0.8x10*mm’Nm 25
0.1x10™*mm’Nm (ZAEJ8~ 5. BEERELS 0.65 75 0.5 12
I & WC/12Co BRDEEESRHTH 5 042 1Tl L
TWL ZERThoTz. 9a) IZ EEFERBR % D
FeysCrigMoi6CisBio BJE ' 7 A DEFEER %, (b)iZ WC/12Co-

B9 EEFEAERIR (@) Fe,CriMo,CiBy, (b) 8%
WG/12Co—Fe,Cr Mo, C\By, 12 & B 5T R IE

@n

FeysCrigMoysCisBio BB T A E RO FEEEFER 27~k L
77 FeuCrigMoyCisBio B 7 T A DEEFHEIZIT—EHC B
ROEDHBIERS T, FEREIC X 2 R E & 20 X
D IBEEIREEIZRAT LT BT T ADNEEE LTzT=9 L
HIL TS, —J5T WC/12Co- FeysCrigMosCsBo &8
T ABE BT AR AT T A BR L D B3RO EEFES ) T
FieE A TBER SN TN D Z L b WC/12C0 DO—H)
D L CESEICE S LTV H B HND.

BB T AR OIS EMREE R 74 R IUE R E
TRTEINT 7 ADRNEE RIS 5 Z L N TE S,
FleP—RA v MREEE LT IUEER T 7 A BB
FEREME, 1 X, EREMRE O & ORFEZ BT 5 2
ENAHETHD.

4. EBRASARAD (U AZ254X
4.1. EBHS ADERES

BIEH T ADOWNRIHEGEE L UIATZES RS 5.
AR DA SRR S SR 2 & Th 5.
BIZIEER T U —IT A7 Sn-3Ag-0.5Cu 1349 573K THEADY
AIEET, ZIUIELL OEBH T AD T T AR LY
BN OB LA 2 2 < AT L
NDTED. L LMESIT Cu-zr REBH T A WlZE
CuseZrsAlsAgs) DEEITIRE LB LI TEDIL TS
TeDIFATEREL BN ETHD.

IR T A DRI L (XA T2 X DD BRI
DWTIEHBEICES»LORENRH L. A Imai 51T
CugZryTiy BEA 7 A5 L CBEEZE FC Ar A 4
E— DAy & ) AT WK O IO E 21T
Sz F I Ag IR A B nm HERE S D & REUTIR LT
B HITATZ L DN BAHRT-ND Z L 2 BT
L72%. H. Nishikawa 53807V =TI L B5M4
J&A T ADYRWEIZ DV T 21TV, Pd FELISL D Zr 3
BIBH T A72 EIIRRALPIEA TR 7272 2 e 2
EERELTWD., 2 L TBRLEIROBREE HRE LT
KT T v 7 AOPH7e £ BB T D 03U % gt
T 5 E TITIEE > TV, H. Abe 5% Cu-Zr-Ti 74
JBH T A% 7 RRITIEE LT, A A ALEBOE DS
Zr & Ti % 8RR U CERIEIC Cu A HT S ¥ 59
LT, 7272 LB BT Cu MIRIZZFE CTH
D, W HDOEEA T AOB I EICHERT L T zizd,
Cu XA TNCIERET D S BRI R LT
A B L3 ARIEN B 7=, S, Tamura B, XA
IR LT Zr 2RI T 2Tk LB 2 52 TF
Y BT =V a VI L PER R LA bR B
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FBREAT -T2, ZOFERIT AT 642 LT3
L 72 DSBS — o ORBI R D Fr U SR B Bns 7
VWir CEATECOREITIZ. Zh S IHET DA
I, SR T ARKE & Bl L C— R L TRk
% EBRETHYREE AT TH 5. F 2 THoe 3R Ly
DIERLT D HIOUEDBMET Cu fEEEET 5 Z & Tk
{BIEDTRRZIET DT A T 4 T2 EMR LT ABT
13 CuseZrusAlsAgs B A 7 ANZxE3 % Cu fEDOEAE, M
A, RSB S 2 L—3 a3 LATOWTERL .

4.2 FRMERAE
CuseZrssAlsAgs (atom%)FEE-E AL 99.9%LL LA
SJRE T — 7 VR L CERL Uz, SRS EAEEIIE DSC
TTORE LT CuseZiusAlAgy BB 7 ADEWMEREI
T ARRE Te=682K, iR Tx=787K, FiitH
DOWNEAIEREE Tm=1143K TH» 5.
o Ar e

o JJ. © [nduction

° o furnance

CuZrAlAg melt

o L7/
Cumold Cu thin film
(2um) W thinplate
(100um)

CUZAIA Cuthin
el Weid film

Cumold

(b) :
Cooling Heating
QZrAlAg
BMG
©

Reaction layer

10 Cu #8254 X CugZr Al Ag, EBASZD (@
AL b Y5y FEEOER ©FT

Cu {BEDOBET 7 AVTEZER M N CIEM S 412 DORRE
ZX 1017 LT (@072 R E &2 Cu R OMIE
{2 "30x25% 2mm OMIAZ YN LY %. Cuff (1R%F 2um)
Y ZHEY BT 2 v 7 AT SR (BUE 100pm)
TEZEDOMBEZENTREET D, D% CuseZrsAlsAgs
HeEARE ) VN THEIMBEMR L C, BEHN
1473K 272 5 T REAUC Cu RO M2 & Cu i & DRI
FHHERET 5. (b)Cu TS 1356K)TIAL DA EL Tl
R L CRBY 7 ARG L AT 5. — Tl
Cu B PHAS N CRBEHE T 5. (REIRAIZ Cu D
WAL CuselrgAlsAgs BaD T T AL % RIRHIHEIT S
DT ENTED. W IR EW T O I TIXEHE
RAGHT, % CEHICER AT Z LR TE S,

Cu fB & CuseZrsAlAgs BJEH T A OV St GG
I LEEAE T EE TEM (JEOL, JEM-4000EX), A4
T - EAMEE SEM (HITACHI, SU-70) % FV N Co3dr L7=.
Fiz Cu WEHEBUC K DI A DML SR 2 ARRES
B ITA—Y =B 143 AES(ULVAC PHI, PHI680S) %
HAOCCEEREORERS 707 7 A VEHIE LTZ. ¥
FUEIE CuseZrgAlsAgy 4508 7 7 A _EIZ Su-3Ag-0.5Cu 1T A
72% 543K T 1 ST b L7-H%IChIURR Y 28l L
TR L7z,

4.3 BEBEOFEAE

Cu §53 LU CuseZrygAlAgy BB A T ADNAEIBRE TR
TAREBIR A D 2N T 5 T2 Ol — IR TR W BMmE R
HEtTol. BBH T AR ILTHE-HE ("30x25mm)
Wt L CES (2mm) AVhE W2, [BER T Ed s L
e RITET VL Rie Uiz, MEHRSY & EEIZEE

A B c| D
Cu mold Cu362r48A18Ag8 Cu w
film | plate
50mm 2mm 2um|100pm
>
11 EBEDREETIL
=2 MPT—4
iti The 1 diffusivil
Region Material Thickness Initial orma 5 l., sivity
temperature (K) (m’s™)
=
A Cu 50 mm 300 1.2x10 S(3001() R
3.3x10°°(1503K)
2.8x10°°(300K) -
B CuseZrysAlA 2 1473
B " 5.6x10°(1475K)
=
C Cu 2 um 300 1.2x10 ((300]() -
3.3x10°°(1505K)
D w 100 pm 300 6.6x107(300K) -

3.5x10°(1400K)
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UK 11 EFR21CF LT, KOFIEIZ Cu # (BA

50mm) " CuseZrssAlsAgs B A 7 A 2mm) /Cu § 2um)
W N (100pm) & L7z, ZRENDRTEE LTz
Ay vall7—VxOX (1) & LML VIR
FEDRFA LA FE LT

2

%{ _ "27? tq (1)

ZIZTTtx q alTTNEHURSE, BaERH, A0, N
FE, BILHERTh 5. VBT 1 ATEZER AN T T
bildl-H Cu L W HEIROSMEE W & L.
BEH T ARG ESHA/T BN Z t=0s & LT, W50
BRI 1473K & L7z, Cu ##, Cu §f, W i1 300K
L L7z, CuseZisAlsAgs BB A T ADBILEEER (300K~
1450K) V3L U 72 RiPE 27D CuseZrssAloNis G@ 4 7 A
DA% 51 L7209, Cu OBWEHERIZERD O £ T
T L2 IREER(300K-1505K) TZ D HEA & BB RO
PHEH LS W oBIEERE S FRICE L L
(300K-1400K) . FEP-AHrEeE CILJs 1-Eeg I OREERERAS
HELeRC RS D 7o ORE LI E S B (DSC Gl
TE LT b= 2L E—13 AH=3.6 kl/mol®) [38E<
F I AHBEEE DS R O T TN L Cu .

4. 4 B7E R EOMHRHER

VERL L 73R OWE ISR 2R L, IRIE LMD
R Lic. K12 13 Cu fEiAFE CuseZrsAkAgy B8 AT 7 A D
W7l SEM & Cdh 5. o B Cu 5T, T
DIREERIIH CuseZrgAlsAgs BIBH 7 AT D, CufhL
CuseZrisAlsAgs 4B AT T AVTIEHIFH TRA RAMEM &
NP SRR SERICEES L OV 5. Cu fElEsEalc
BETHZERLIBEELTODZ DD, MkOMA
PERBOHET AN CIRE DTS T Lz L HEI S D, —filc A

B 12 Cu A2 54 X Cuglr Al Ag, EBHS R
ODMTE SEM 15 ©

Reaction layer

—_—
CuygZrygAlgAgg

13 (@) Cu A8 54 & CugZr Al Ag, £EHS A0 TEM BI2R

Mg 0, ©, @FEhThEBHIR, KB
Cu SEBOEFEHRY.

Ry B ) ITRAyFICED Cu a—T 4 T DOEHEIL

TN E DL DOTH DN, ARFIECTINE L 7-iwE D

B8 HixsREGTHD. TOD Cu L

CuseZrgAlsAgs BB A T ADFEFITHE TH D, £71-KE

DA TNV AT PR B A77E L2V,

13(a)l% Cu §fi & CuseZrsAlAgy BB T 7 AD Sz
ST~ A 7 ay 7Y v 7 Lz findiklo TEM
HIREHECH B, 2um D Cu D FIZ dum DT > KT A

N ORISEATERE L, FIZ 2um Ofish,/ 7 ENT 7 AR

B, CuseZrsAAgs G H T A~ & e < Be7 iRk Bl
a7, K13(b), (d)1F CuseZrsAlAgy BB A 7 A% LY
Cu B OBEAREWTCTH Y ZNENTENT 7 A%
L Wcubic-Cu TH D Z LR Sz, K 1333
DOEABEHTTH L. 4 TTRAEBOITVHHRIRDT=DIE
FiaiE| Eiyet e (ABAVN T e NG AN R (AT R

14(@)IZ Cu §EEAE CuseZrusAlsAgy &8 77 A0 AES
IIWTRERZ R, WA L EEOREERI D IX
Cu-LMM, CKLL, O-KLL 2M&HH &hiz. CidftE LizF
BHOMETH L. CulEf@a A3y 2 U v 7 TR B
< & Cu-LMM, Zr-MNN, Ag-MNN 23 RH &7z, [X] 14(b)
R E Ay Z Y 7 LRBOHIE LT AES &
077 A NVERT. BREIC Cu ORI BIER S
LM E AR ITBE ORLEITBE I Lol
CuseZrsAlsAgs )8 7T 7 A VTER LRI 2 RS~ 2 AT OVE
BOBEIET Cu i & 195 L, F D% Cu fBI3me Lo
REPIEST D EEN R LI- B2 B3,

B SNz Cutz A8y # Y o ZHER] 0-50min (Cu {EE)
TIX—EfEEZRL, A3y &Y o 7IRH] 50-140min (K&
JE) TIREFE T SR 72708 HEHIINT CuseZrysAlsAgy
EIBH T ADBIINHT 5. T Zr 1% Cu 8 Tl
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T T T T T
Zr-MNN

-/ AzMAN (/""'-MM -
’:? N ORI Sputtered|
& oKLy
5
g
As cast
| 1 1 1 |
@
200 400 600 800 1000 1200
Kinetic energy (eV)
ul T Al =
Cuthin film ~ Reaction ¢y 7r Al Ag
ayer 36 488
;: Zr
z
é -
R} Cu
| | | —
) 0 50 100 150

Sputtering time (min)

14 (a) Cu * % 54 X CuyZr Al Ag, EBHSAD
AES AR kL. (b) AESEETO 774 L9,

HE &S, SUGE CLIERA R 2 BN U C ik
HIIZ CuseZrsAkAgy BJE A 7 ADHRUIURT 5. 22
TCuff@ (B 2um) DA,y & U 22T 50min H¥)>
HETHRBIFA Ry XY T 0.04um/min & 5L
LD ENTE, SUSEO Ay Z ) > 2712 90min 7>
MEZEMBEDERT 3.6pm LHETES. ZOER
1 13(2)? TEM HIREFH M DRI > 72 7 KT A b
FOGBDEAMAHE—BL L, MRS & SR DD
BURAVRIE SN D, Cu-Zr REJEA 7 Aldfai e LA
DT D & BT AR AR T35 2 &3
MOENTRY, FELEED Cu DI & - TH T A
FRAEAMIET L7 oy M d b LTz & B2 b
2.

15@a), () I& Sn-3Ag-05Cu X A 7212 & %
CusZrpAlAgy & )8 T 7 AWK, BL O Cu {BEEH
CusZrgAlAgy BT 7 AN &~ L TW5,
CuseZrusAlsAgs B A 7 ABRMIZH LTI &2 4 < R
72V, Cu BT CuseZigAlAgs GIBA 7 ATk LT
IRt A3 200 Tl E L7z, Cu fEOREIC L D
FVER KIS E SN D Z LG ST,

15 Sn-3Ag-0.5 [FA DN (a) as—cast
Cuglr Al Ag, EEBHSX, () Cu A554
R CugZr Al gy, EBHS W,

4.5 BEBREDRERRE

TREEREHEORMRE AKX 16 17T, K33 S Cu
FPU(Cu mold),”CuseZrysAlsAgy 5345, Cu §&(Cu film), W
HERR(W plate) & L7~ CuseZrisAlsAgs 1555 % Cu I IEA
L7cilith% 0s & U CHIRREET 1473K & L7z,
HRIBEEETAS 75ms F TlE CuseZrusAlAgs TR E_EIZMODIR
JEST AT, ZAUE CuseZiusAlsAgs YA D AEND —H]
D CufBIBEAL TWDHZ EARLTWA. Cu i Wil
MDIEIN T CuseZiusAlsAgs VA5 & HLle L TR 20 530 1 T
HY, FIHBEIWEE R CH D72 Cu JEITEEIZH
1B9%. 100ms AT CuseZrusAlsAgs TATHT T Cu #7E
WX > THEASND T2/ TR T30 OIRE %7~ L7
NHEHBEIEND.

17 13 Cu fEDIXHN T S CuseZiusAlAgs %35, Cu
EREICEET DAy 2DBERBETH 5.
CuseZrisAlsAgs ISR 1370K F TIZHHE L T 50ms

1500} compreeen

1300 ; R

1100 [
900

Temperature (K)

700
500 e W

| a0000000000570050 : 50ms o
300 ¥ Coooooomoooooooooo

T T T
Cu mold Cu‘qurx AIs Agx Cu film| W plate
(50mm) (2mm) (2um) | (10Qum)

Mesh Number

16 Cu #58Y, CuyZr,AlAg, ®BHS X, Culh,
WERDREENf GHHEE) ©.
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1500
Tm (Cu)

1300,
Tm (BMG)

=
S

Tx (BMG)

1200K/s

Temperature (K)
=3
(=3
(=1

Tg (BMG)|

-
=3
S

%3
=3
S

(%)
=4
S

0 200 400 600 800 1000
Time (ms)

17 Cu SEDHENRERE GTHE ©..

BRSNS, Cu DElVEIT 1356K THDHZ ENBZD
SIS Cul30AT I L CIAENTE T 5. £ D% =200ms
T CuseZrgAlsAgy I8 AT 7 AV ORlSE Tm(BMG) & T4
HEh, £650ms TH T REARE TgBMGIZEI#ET 5.
Tm(BMG) 7» 5 TgBMG) £ T O m #l #H & %
(Tm(BMG)-Tg(BMG))/(650-200) & 7EFd 572 51, Cu 95
DWHBEEITH 1200K/s & GRS, CuseZiusAlsAgs 4
DH T AMUEEFEHBEE 64K/ % K& < R 53EET
BHRINTWDL I ERGDD. ZRHDYIalb—T g
L OFERIND Cu fEDTEE L, CuseZrsAlAgs DT E
NT 7 ATERANERE D 5 BIZ[RIREET T LD Z &3

5. #&im

WAL & L Cliifr s ng TR o 2] ok
R, R o —7 ¢ v 7, REYEIZ DUV TRRE
L7z, @B T ATRHAEN TR % R o O CHAL G
T 206 BV, BFEEME S #:6 LTI 22Ok
D, BB T AN LTINS 5035 S HA
DEETHD.
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Sequential Multiple Encryption: Security and Application

Atsushi FUJIOKA*

1. [XL®IC

1970 AEARICABRSERT S O E MR Shio 2 & 23
BRI SRR IR L C& 2. 20T, &SHi=
HAoxt U CRAMEREREIT, £, TORE
PEZ T A B DDOEEEA) R R I8 S8 5 FEH AREZe &
MR S o2H 5.

W0 b DA BRI LRI OIBET D70
12, B HR A WD Z L3k < Amb TV, T DR
HEH L ZEHE OB CREBIIC I STV D IEHR 8
& LTHF b2 9 b ONKBRIEE CTH DA, 0
FEEHAWZGE, RS EOEBICHW R &5 0o
THETDHNEN D, Wbwd, SEFEDMENTES
5.

—J5, PHMEE LZEHEDMRFF L QD8 8-
BHLONNEHEES THD. ARER S TIE, HH—
PSR & RO~ T 2R L, AREZ AR L,
DOL—FR, ZOZ2—PIZA v —T%HE LW
BITNE, T OB B A VTR LA T, =Y
VX E B LAY S e\ VS VN CR2AE LTS B304
FTHLENI O THS. THUT L B ORIEA i
W B ENTES.

INBREERE SARIRIZ RN T, EOREGOIRUME LIZS
<, BB 2 an s, RSO
DB SND LWV I MR IR STV, UL,
BETIE, ZOHADBSNTIGAT, A b0
B IREDIRARE D = & ZoRd 2 & CRF S Ed R4
PERFAL LS &95, WhW3d, FFHARELSM D
ZIFBRERETRoTND. T7bh, & DEFENE

AT EW AT LBIER
Professor, Department of Information Systems Creation

DRIFVREETIH D LAET D2 LT, ZAUTTE S
BHANOREMEZTEA L L S LW HRATHS.

L EWE-S(ME: Multiple Encryption) [1,2] & 1%, Z DR
S S AE L EICHWTLEEM LR LS 5RATH
D, RELHUTEEOHRIHESINL BEHE
(sequential type) & 3511 E (parallel type).

m c c, Cpt c

& &

1 BENREERES

EFP L, W3R & D ARG 5 OB 5L T v
Y RAEY TR L, D) % IRODABRSERT 5=
ORFALT LT Y XE~DATTE LT EIT O D
ED)THY, —J, WHELE L, RN DD E—
ZITHEILTENEND E— A E L L U THEEOAH
S S RO AL T L T U XA TR ST 5 6 D(X
2)ThD.

m Cy
4
ny %3
m ‘2 c
Z\. =l p A =
1 7al wma
m, C
n n
é

2: WHIRLSERES

ek, FARRD HOL B HATLZETRN L
DEERSILTER Y, FRC, EFPZERS T, FHic

L 2N BH AT AT hybrid type) IEET %
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GHETEE LT FRO BN L ER 5Ol 2 D2
BREES B- DL 2VEIIRAE TE D Z EBREH S iz
[1].
ZOZERFEOISHICIIE 2 e b ORH Y, ZTOHIZ
EIRABIRS B3] 3D 5. ABISEME S CIE, ZIEHITA
HORESECZAE LI B LR E LIEST5 2 LN T
N, BHRABGS 5T, HARNEIEE LT
RE SIS, SZAGE IS & FEE SR
BT DM RO E RS SCEBT 2, T7bh, 1B
TE SN E CEBMTRABRNENI LD THD.
Z DORFBRABHSERG S ORRIEL "2l b, 5
e BRI IS W T BRI A 14 5 BARmY
HERRTE & ARG 57 & O— i S A A

B CHFIRABIENG 5 AT — A RIED M ES D,

AFaL, X0 TRV IO ESIRIZ EE S
DORERRIE[4] & ZHUTES < BEIRABISERS 5 0 —fRAOHE
RIESEELDTbDOTH .

2. BFMIR

2.1 &iERE S Hi
/N FASERE S (PKE: public-key encryption)& 1%, #H5H=2—

PRI ph & RUEBHE sk DT AR L, pkEBEEHO

TEAGRAIERELT, IDIEIREFET)E & BITABL, fll

DO2—PR, ZO2—WIZA v =) m Z4E L

TEWGEITIE, pk AW TR LA T, 2—W3ay

LEIB 72 sk 2 W TG LIS e 218735 &

W HLDOTHD.

AR S X PEE, IFDO=2D7 /03 X4
MH2R5.

AR (pk, sk) — PKE.KGen(1Y). = 2T, Afldt¥x=
VT4 NFG ARk L LcEXIZ 1 & k @F~7=
Lok LRI D).

EE1t: ¢ — PKE. Enc(pk, m). = Z°C, AFTTA B pk,
S m.

155 m'=PKE. Dec(sk, ¢). ZZ T, AJNIFEHEsk, W
He.

HeEhiAvye—idm ThA.

ZIT, B Eo0T7 AT RAFANEICETS
ZIEAWGFE T LY XA THY, FER, k1T 2HE
RIFE TN TY XL/ h. b — AL, 4 A%
a b LTh BT D7 NI AL THDLZ L%
EIRL, b=A() 1%, ADBHEEHTNLIT) AL THLZ
LATRLTWA, FERIT LAY X 0%, T8 LF
SrafANTh=Al@;ntEIZLLHD

LU, AR5 T, EHITEE OID & AR

BT AFRED I L 72D, B A RIER AR LI AB
FAEMADID L V7 SELTENTENL, £DID
SEORE I BHRICEZTTAHZ ENTETCLEINDLT
b%. £ T, IDIFERTESHEERBERSNE.

ID 1E$RIZE D < B§S(IBE: Identity-Based Encryption) &
X, SEERRDS, AP params &~ A 52 —FLESE msk
DT HERL, params 2B L, =— ID {2k LT
Flgsi skp 252, fO1—H0, Z2O2—HFET m
BRE LT2WEEITIE, ID (& params) % FVCTRE S L%
1TV, —IXAEH LS 72\ skp (& params)%
TRELESX e 25 T2L0 I b0THL. Zh
(2 &V ABISERREDORIEA MR 5 Z LN TE S,

ID {HFHICHES SR IBE 1, Fold->0%
TEABFH 7 LY X L0575,

EXTE: (params; msk) — IBE. Setup(1Y). = =T, Akt

k 1TEX2 VT 4 /RF A—=X).

FIRAEBRAER: skp < IBE. Extract(params, msk, ID).

Z ZC, AINTABRIER params, ~ A 2 — Rk msk,

ID HHD.

E51t: ¢ < IBE.Enc(params,ID,m). ZZC, AJJZ
AR params, 1D 1R ID, T3 m.
8% m’ =IBE. Dec(params; skp; ¢). Z ZC, AJNFABRAE

W params, FEGE skp, W55 3C c.

HEENEZA v = Th5b.

2.2 BEORLM%

EROREMIRATERSNTODA, BIfE, Tk
Lo TV D ERITHHIARAREMEIC IS D TH .
HATAREE L 1, HOHREMIET 57— A8 T
B (AdV)S Z DD X, x1 (KT D EH B DG
o (BEEE S X L MHIN D) B2 bivic & &, ZOK;
FIXNRELLDFLDEDH)ELETDH I ERTERND
EERND.

ZoblE, BEEFIIHLT, INiieiERE 5 x e
H D% EIRFILHE(CPA: Chosen Plaintext Attack), B
F i BRI (BRI 5 SCAS D) 5 STk~ % 3L
TERDH T LT EIRES XHKE(CCA: Chosen
Ciphertext Attack)MFET H(Z 2T, BEEEH LD
TR S ST DL EBE R D5 TAT 7 v LI
&), FHZ, BB XA EGRIORSZ ENTED L OEHE
TOHREIRIE 5 U EE(ACCA: Adaptively ChosenCiphertext
Attack) & J UV, CCA2 &FEd 252 &bdH DA%, € H TR
WHDEIRELT D Z LB RWEAITIE, HIZ CCA &3
LZEbb2s.

PLEERD, AR FZBNT, ZoDOF L% KR T
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7R E X IND-CPA 2 b\ W\, WEE T 54T o
N b2 THRBIITE A & ZIND-CCA Ll ) (X
3).

FERZ, ID [EHICES < HEEIZd8V T, IND-ID-CPA
BZEDE TN,

pk

c (o)
PKEDec [ | A(z’: e (F’hKE-OE:rc](/;k x;)
o = -

b

3: IND-CCA &'—Ls

ZABASERE S0 D IFHIZ IS < IF 238V T IND-CPA
ZRIFTADG IND-CCA LR HFAEMRT 5 Z LT,
—HRAPNITHE LV, T H AT I IVETIV6]E D
REMRIET N EZ D &, WA ICEHTE %
ZERHLNTND., ZIT, FVHELATIINETIV
LiL, BOBBOHNERREIIEY THETE T, 4
B bZORREME L HhRTUER BV L) %e
PEFHET T, BIZIE, Ny Vol EE2 T 02 N
FT7 I NE LTS Z LIS K DV ERMEIAZITY 2 En
EANN

T, WEOEEEART NG A—FETERLT
Bk BEX2 YT 4T A=, PKE=(PKE. KGen,
PKE. Enc, PKE. Dec)Z AR 5 AL T 5. G2 bh
7=x €{0,1}*, y €{0,1}*, PKE. KGen(1)TAk &7z
PRASE LT, Pifr <{0, 1}® : y = PKE. Enc(pk; x; 1] %
g(x, y) TRe (2 2 Crlen(k) 13k \CBT2ZEXTHY,
W EAUICLE R T o  BFHNDR S Th D). ZDL X,
EEDx €{0,1}*,y €10, 1}*, (pk; sk) — KGen(1¥) (5t
LT, glx, y) =y YO BIE, PKE Ty —H
HEFFO & H[10].

ZOER glx, y) IZNEB Tk, sk) — KGen(1%) (2R84
DHERMIIRIE 21T > TV D RICHER Sy, 378b
5, OO S AR, X2 VT4 NTA—H |k
B CIECE DRE ED y — Rt E RO L &, £<
D pk lIZH L TIRTE DA REZLRDHDTH- T, T
T pk %k UTHY SEOMEHTTR0 .

2.3 ZEFSOREMN

SZEMGS T, RIS 5SRO ST T O
BIRFTREMEZ B A CH 5. bbb, BREIIH LTS
EF ST 2@ AT I/ ANEZENTHLbD LT
2.

7, M 1ITBWT, ZNENOR S EAINLIZ TH
NCWGaEE25.

ZIT, BHRBEONGS En \Txtd DANEE sk, AT
L72(E LIS ORMESRI T 5720 ) BE 240§ 5.
ZOYRE A T, PR SO P E RS
ZEIETERODE LIV, Fh&B: En ICBLTiE
IS ARECTH D, T 2T, PRI zxt LT, sk, %
FAWTES L, TNEHE En IZBL CTRES(L LIZHA,
ZOWEEIVLIR &b IND-CPA & THHIRBLIE, &
Fa VT4 RT A= L TERTELIREED
y AR RFODT, R, 15O S SEm iR
TR S0 E I e D 2 LIS D. BT, ZOWE
XEG AT I MIFRDZE TELEAFTTHIEN
TE, BN, ZEE ST DB rTREME 2D
ZLEINTED.

IR B RABEESERE L VW, R ES IR
SERFSRIT OB LI TH Y, T
2, TRABNDLTRPNEL 25,

2.4 ZEBEDEER
ZER R ME™ L, LLF O =2>DLHEXIEH 7 /L

TV XLNBRD.

BEARL: (PK", SK") — MEKGen'(1Y). Z 2T, AME ¥k
¥ a )T 48T A=),

EE1t: c — MEEnc"(PK", m). Z 2 C, AJJFABRSEPK",
S m.

58 m' = MEDec"(SK", ¢). Z 2T, AJNIFWEsit SK”,
K553 c.

ErShiAvye—m THD.

SRS ME™M TR RAeME LT, Sl
WA XD ICLEEFICKRIT BEBAT 7 VDR E%
HIVTWDETANRE X HILDH([H 4). ZOET MIEES
LM, MNLITIRE S, £, IND-ME-CCA %2
£ME[1], WMCCA Z&M2] & FHENTWA. ZD%4s
P, B WFNNFHORI DL TR B T 5.

PK"

[ g peer ——  aqv o) L MEEncrkr x,)

(b=0or1)

4: IND-ME-CCA #'—Ls

WIZ, WHPIL BRI U COIER ATREZR L 21
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T D, WMCCA M CIILERE 5B D=
xR E AT ABETH S - DITK LT,
MCCA ZA2ME T, HWEMECE) TR, Fnisy
F L7z b Ol 2 OF BB AFTE, sMCCA 24k
TlE, ZHEMSICET D5 U 2 RS20 T
72, (BERESERER L TWD) (84 OLABREE 5125t
FTHEBFERBAFCTED LN IET L THD2].
INHOREMOBIRIL,

wMCCA (FIND-ME-CCA) = MCCA = sMCCA

LY, ZRHDOHTIE, sMCCA ZZaMEdsi b iy VE2
275,

2.5 ERAFAGES

ABHRESCRBVTIE, BEBSUE AR Lica—W 1T
HOMEG#EE O EBICLEEEITH 2N TE 5.
ZIT, EROZ—YTH-Th, FHESNZEAET
HIBDMT Z 72V RERABRSERS B3 B R S .

B/ \BEE S (TRPKE: Timed-Release Public-Key Encription)
&V, BERRIAS, ZABRSE pk & AR sk DT BAERK L,
kBB, 85— AR upk & RS usk D
TERAERL, wkZBHOID AL, thoo—
P, FOZ—PIZA v E—TCE) m 5 L2V
BTN, upk, ipk & RZING#R T 2 VTR BAL 21TV, R
HTAE LT B, RERRARELISE s, 29617 L, =—Wi%
HE LG sk EFATINIZ s, ABI T2
ik HANTZIB LIS ¢ 25 T580 9 HDT
HD. UKV Tk DE T, e sShic=—V
IR L TH A =V ORENE RO Z ENTED.

ZoLE, BEMIIRERRICHT S b O L —WFITKt
THHODFFEEZ HLNENRHD.

ZNEIUTK LT, BISHREIRIRT SSCBER O 5t Rl
RAfReEame Z ENEE LL, Fo, 20K, H5A4
T MIKILT, R lea—HOAREE RS X5
T2 L0 MNEEEEBET H0ER S D.

2.6 R AFIRESDER
IRFRRABREERE 55 TRPKE 1%, LFOHHDDE

TR T LT R BINSR 5.

SR (pk, sk ) — TRE. Setup(1). = 2T, AT 15k 1
X2 VT 4T XA—4),

FIRERERK: (upk; usk) — TRE. KGen(ppk). ZZ T, A
FNIHERSFO LB k.

fi#8&: sy — TRE. Release(tpk, tsk, ). = ZC, AW
JROUBREE ik, WERJRORESE sk, WEZINEH T.

EE1t: ¢ — TRE.Enc(ipk, T, upk, m). ZZ°C, ASIHF
HWIRONBGE pk, WEAEW T, ——F DOABREE upk,
3L m.

82 m' =TRE. Dec(tpk, sr, usk, ¢), NIRRT D28
ik, Wizt s, , —F ORERE usk, B c.
HEESNEA =3 Th5.

R ABRSENT Skt g- D et & LTI, i, il
=& IR 2 b D L a—PITHT D B oD
R E 2 DN D DD, TNTIUS DO
ERESN TV,

IND-RTR-CCA2 ZZ4MH[ 713, WEROmsa a7~ 72
BB ISR RRA RS 5 OFKA A ATREME 2 A 5 &9
HHDOT, EEAT 7 A~DOENEHEICEIC, e
¢ L3R, IS T L F OB SLOZEFRITET B
B usk T HET IV THS. —J, IND-CTCA %
BN, EEAT 7 A~DRNEDRICENC, ZEH
BT A usk Tli7e<, ZAFHEITRIT 5 A0
upk ZHINT 5E7 /L ChH(X 5). IND-CTCA 24T
1, BEEE L upk (TR OREREAFL TR TH
<, 207, IND-CTCA Z414i% IND-RTR-CCA2
ZRPEL D BIRWE A RGECE 5.

"« TRENc(ipk, T, upk’, x,)
(b=0o0r1l)

5! IND-CTCA #"—Ls

IND-CCA-TS Z24[7, 8]1%, RNIEZRFRAENIER O~
— VI B 2 RERABRSES B OFBI A ATREME 2 A 5 &
FTHLEDT, HEAT 7 NA~DOENEHEICEIC, BEE
e LRI, BEAIGR T LRt s 2159 5 ET LT
BB —J, IND-SCCA-TS &M, HEAT /v
~OWERIZENC, Rk s, T3, ZEEICB
7D N wk ZANMTLETLVTHD(IK6).
IND-CCA-TS 4TI, BREIIEE Shiz2—HiZ
B9 2R L T&E 72 =8, IND-SCCA-TS ZZathix
IND-CCA-TS Z&M L ¥ bIRWVZEM A RIETE 5.

2 Cathalo |ZJ % IND-CCA-TS Z2MEDERBITIL, sp AN
LTWADIZH LT, Cheon 5T % IND-CCA-TS Z&MDE
FITIL, sp BRILTORN, UL, BRI 2240
ZEBLTCNDDT, sp AT HMET/R2NZ L ICERE S
Y
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Ipk, 1sk, upk"

(upk, T, ¢)

TRE.Dec \
m

(X, X1, ')

" — TRENC(ipk, T, upk”, x,)
(b=0orl)

K 6: IND-SCCA-TS 7*—Ls

PLELD, WefRABREEE SO 2 M HI LU T OB & 72
5.
IND-RTR-CCA2 < IND-CTCA
IND-CCA-TS = IND-SCCA-TS

FTo, TNENOLREEEROBENER T ITELEDT
BL.
®1: BRAFSESORSN

EF B AEX PER D) 7=
IND-RTR-CCA2 ZAEHE (usk, T, ¢
IND-CTCA ZIEE (upk, T, ©)
IND-CCA-TS IR (T, 51, ©)
IND-SCCA-TS REHRR (upk, T, c)

3. BEIEZERSO—EHE
3.1 =

FAL R B 2 B 57 2 TR 5 LR Ot LT
T/THY, INEERETHO0FE LT, BEIEILHR
FBT BB ORI NS e T & DICFH &
IHBTET DRI MER STz,

ATETI, ZOMRNEL D b X0 B RESIEIL
FHAUTEL, BRI LB I TIE R OB 530720
TEWFAA RN L, Z0FHAD IND-ME-CCA %4
PEITINZ TR BRWEREMELMET D2 & 2RT

3.2 IND-sME-CCA &t

WHIPL ERE= 52U LT, SERE AU
DIFE UK DESRERIT T, (ZERF %
HERL L T2 2 DRSS 5 2 26k~ D 1 i o
BATTE D L) sMCCA ZRMENER SN T,

ZZC, ABECESRIZ ER AU LT,
DOEEMWEERT S, T7bb, SEEHRICETS
SR BRI Tl (ZER T a1
B LT D)l 2 DB 57 Ukt 2 SR b
AFTEDLLTHHLOT, Zhk IND-sME-CCA B2
LWV S (7).

o) .
dv ¢" < ME.Enc(PK", x;)
- (b=0orl)

»

7: IND-sME-CCA #*—/s

ZORAPEE sSMCCA ZaMEOMEAIL, 84 DR
S 55U BRI 21854 T 7 JW(PKE. Dec)lZxf 3 54k
IEFIECH 5. sSMCCA ZZ&METIE, PRk B 0cBEd 2%
F OB 5 U WA bE AR 2%t LT,
IND-sME-CCA %M Clix, Hkikms 5 XD FF(c* —
k= e o) BT DR ) EVEDET
DT EIFFFE .

3.3 ELEEHIRAERL

LIFIC, BELEEERAERL & M2 TR B OB IRER &
R R

PKE ;= (PKE. KGen,, PKE. Enc, PKE. Dec) (1 = i =n,
n = 2) ARG S AR, H, (1 =0 = n) {0, 1}*
DHA0, 10~y v a BB, 22T, Hengk),
ilen(k) 1% k (BT DL, ilengk) 13Ny 2 B
AT v I ADEE, rlen(k) 1% PKEEnc, THWHND T
VERLFFNDOEED LR, b 13Ny v a BoA( T
v 7 ATV {0, 111 23558 1TN 5.

Zokx, ZEREHRA ME™ =(MEKGen", MEEnc”,
MEDec") ZLLFD L 5 ITHERkT 5.
AR MEKGen™: AN 1F (k 13EX=2 YT 48T A—

)
Step 1: PKE. KGen, (21X # AHIL, (pk, sk) ZERG =
1...,n).

Step 2: /v ¥ 2 BIODA T Y 7 ARE (0, 17 0% Z
U NSEIRG=1,...,n).

Step 3: PK; = (pk, h), SKi= (sk;, h) \ZR%IE
@=1,...,n).

Step 4: PK'=(PK,, . . ., PK,) \ZR%E.

Step 5: SK"=(SKj, . . ., SK,,) (ZE%E.

Step 6: (PK", SK") % /7.

ME™ DB PK", %I 2 RS SK* TH 5.

3 TEMETIE, SCHRANCRDE S SLE AR & - A
IHA10]2 B LI b D E e > TD, ZOEFICLY, ks
F &9 T IND-CPA 470 ABHEERS 57> 5 IND-ME-CCA %4372
LEEFAMRTE 5 2 LMW THERSh T .
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EH1E MEEnc": AJNEABREE PK, A vE—Tm,
T LICFHr €40, 130, 2 Z T rlen'(k) =rleny(k).
Step 1: PK" %(PK,, . .., PK,) \ZJ2EH.

Step 2: PK % (pks, hy) \ZJRBRAG=1,...,n).
Step 3: co=m | |r IZFX7E.
Step4:i=172"0n FTLUF &40 KT
¢i=PKE. Enc(pk, c,; Hi, (c.))) %FAT.
StepS:c=c, [ZREL, ¢ ZHII.
c Bm OWEEILTHS.
185 MEDec”: AJNIINEHESK", H553Cc .
Step 1: SK" #(SK,, . .., SK,) \ZJEB.
Step 2: SK; % (sk;, h) \ZJRBAG=1,...,n).
Step3:cr =c IZRLIE.
Stepd:i=n N5 1 ETLUTF &MY IRT:
¢,=PKE. Dec(sk;, ¢}) % F4T.
¢, =PKE. Enc{pk;, i3 Hy, () DRRSLA R,
REGSEO¥AE, L &) LTI
Step5: ¢ % n |l \CEBIL, m %,
\EINEAYE—2ldn ThA.

3.4 EAMENERIBRIC X 2B EREDOREN

FLEERAUERRIC X 2 2B 5 OB SRR T,

= PKE. Enc{pk, . ; Hi ¢’ )) DIESIHERS LD 8
DD, ZOWESIIATLC (2B L THEERNEME
Lo TnD. T72bb, Pk S Ca B 5kl T
FEDOREFESUCRD Z E1272 0. Z UG S b3
BNTITR RN EAERL TV D.

KB, EEMIHRE R L B S E O,

DTO R GE s,

EE 1 BRI PKE,, . . ., PKE, (mn = 2) M
9T IND-CPA ZE&THHETH. ZDLX, Ll
R ME" BT E AT I NETNADILET
IND-ME-CCA 24: L 72 %.

ZODOWIRE AT D Z & THEAETT .

O, ME™ O IND-ME-CCA LAl 5 Yot
B PKE, @ IND-CPA a2l 2 B 25k
HHDT, o —olk, ME™ @ IND-ME-CCA 224t
L KEEE DS PKE, 2=i=n) ® IND-CPA Z&Mt
TR D BIRE T DD TH .

B TE D LD Z i, PKE, 73 IND-CPA
BETHHZ LKL, £oT, 20X I ME"D
IND-ME-CCA ML Ak 5 BHIRE DFAE LW & & E
BRLTWS. #E%, ME™D IND-ME-CCA ZAaMENSGE
BEN-Z &ich5.

ZIT, EYEuoEeh, PKE AtFa VT a8
TA—H LT TCE D RE S0y —HRlEE R
DT EEFFFICAA LTS Z & &R L TBL.

T 2 AR S PKE, ..., PKE, (n=2) 13
T IND-CCA ZETHHETH. ZDLE, Ll
EHR MENZ TG X AFTFT I NLNEFADITET
IND-sME-CCA 24 & 72 5.

ZOFER G ZODOBIRE RN T D Z L THITE 5.
Trebb, —ol%, ME™®D IND-sME-CCA ZZ&M: %A %
YEE D6 PKE | D IND-CCA ‘22 A4l 5 B a4
T HHEDT, b9 —olF, ME™D IND-sME-CCA %
WA D BEEE S PKE,; 2=i=<n)? IND-CCA %%
PEZAE D WRE AT 5D TH S,

4. BERABAREEDO—HERIE
4.1 =

FETDT2 LD ITHRERABRSER 5022 M & LTl
TEFEE 22> TDHDIT, IND-CTCA 224 & IND-SCCA-TS
REMETHD. ZOmE T HRE LT, 546
ORI S FRDMER SN TN D[94, ZiuTE
ISR Tl - T, ARETS 5208 ID ffc i<
5 A A G AT 5 & 9 Ze— iRk <k
ot

ATECIL, FLEMER SRR IS < RERABREER 50
ERIEIC OV TRER T 5. AdBRaE, TBoTUEERR
WRICBWT, —BH% ID FRcES<EEHR, =
Br B 2B S L e 2 3 CE B ZOR
FEM RN T, Ny Y 2 B~ DO AN EE
BIDTEREE S LN UIT L & T v F LT s
L72 b DYDIIBRE L TR FARICL TR T o & AT
B AR LTS, 2 2 Rk g 2 R A BHERS B-0>
RERIEICRW T, ERIOBFRICNZ T, ZEE DA
FECRIEHR b /Ny v a B~ DA E LTS, 2D
FORETEINZ D Z E12X Y IND-CTCA &M<
IND-SCCA-TS Z24:CoRed BTN BERE ME A
Z 7 AN E D D I BT\ CABRSEIREZIIE 3
FHBICRSZENTEDL W) RUCKIETHZ LR T
5.

LinL, ZD70IT, ARSI ID FHIcHES<

ERAIROLNDOMEEE LT, X2 VT 43T 2
—% kB TR TE A RE XDy —HiEERD)
LWV BOIEFTIIART LY, ek ki Lz

MERCE HRE SOy pk-— AR LWV HHH
BUFEE 725, 22T, ypk—kRbELE, v-—FRMET
TEFE ST glx, y) D _LBR v 23T =T D ph \Z5%F L ThHY
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VIHOLLebDE LTERSND. T4bh, T
T ORE Oy —HRIEE RO NBREN 5 HROBE, &
TEDBOABRES L TE, vy DEHTEHRES
EATHEWA, EHTEHRE SOy pk-—HMtEE
FronBgs 5 i 056, TN TOXREBN Ty 2
EAITE HRE S LRLRTUTIRSI20,

4.2 ELBEAFRERE AR R AR S

PKE = (PKE. KGen, PKE. Enc, PKE. Dec) % /ARRgIs
5757 IBE = (IBE.Setup, IBE.Extract, IBE.Enc, IBE.Dec)
D HRITIESSHER TR, H), %40, 1}*25 {0, 1} *r®
~ONy T2 B, Hy, 610, 11#35 {0, 1Re® ~ oo
v a5, 22T, ien(k), ilenyk), ibe.rlen(k),
pherlen(k)% k (2RI 5 2B, ilen(h)iF N > 2 B D
AT v I ADES, iberlen(k), pke.rlenfk) 1% IBE. Enc,
PKE. Enc THWOND 7 v X AFFIOREI D ER, K
By VaBBOA VT v 7 ZATH Y {0, 1170 i
s, Zokx, £ OARERT 54 ID R
SMEFFHANE S TH DL HIZ, pk X°params 7HE
X2 UT g NT A=K | PEHTEDL L ELTEBL.

Zorx, WFRARENE S5 TRPKE =(TRE. Setup,
TRE. KGen, TRE. Release, TRE. Enc, TRE. Dec) #LL D
F O IHERT .
% TRE. Setup: ASIE 1¥ (k 1TEFaUT 4,85 A—

)

Step 1: IBE.Setup (Z 1° & AJI L, (params, msk) %5k

Step 2: N VA BROA LT v 7 A Ry €10, 1B L

Iy €40, 1}10% Z o 7 NTEIR,

Step 3: tpk = (params, hy, hy), tsk=msk |ZF%7E.

Step 4: (1pk, tsk )% HH77.

TRPKE (BT HRERROAEE pk THY, xt
I DB L 15k T B,
FIREBRLER TRE.KGen: AA1T k.

Step 1: ipk % (params, hy, hy) \ZEBIL, params 75H&

X2 VT 4R A—H k ZE,

Step 2: PKE. KGen (2 1¥ Z AL, (pk,sk) Z/ERk

Step 3: upk = pk, usk = (pk; sk) \ZFXIE.

Step 4: (upk, usk) % Hi7].

TRPKE \ZBT HFIHBFDOLREL upk THY, *xt
I BRESEY usk T 5.
#ZBR TRE. Release: AJJITHFHRIRIODLARE « B8k, tsk )

LIRFAINE R T.

Step 1: tpk % (params, by, hy) (ZJEBA.

Step 2: dy=IBE. Extract(params, tsk, T) % 3T.

Step 3: sr=dr IZFXEL, sr ZHITI.

WEZIE R T DL sr ThHD.

& 51 TREEnc: AJJIIRERJR OABRSE wk, REZIEH T,
FIFE OB upk (= ph), A vtE—Tm, 7% L3
FH r €0, 1377,

Step 1: tpk % (params, hy, hy) (ZJRBH.
Step 2: LA R & FHHL:
¢=IBE. Enc(params, T, m || r; Hy (pk| | Tl | m| |V))
Step3: ¢ =PKE. Enc(pk, ¢; Hy, (okl| 71| ¢)) %35
Step4:c= ¢ IZREL, ¢ ZH.
c Bm ORI THD.
8% TRE. Dec: AJNIRERROLRRGE pk, WA sy,
FIRFE OREGE usk, W53 c.
Step 1: tpk % (params, hi, hy) (ZJEBA.
Step 2: usk % (pk, sk) (ZHEBH.
Step 3: ¢'=¢ IZFRIE.
Step 4: ¢’ =PKE. Dec(sk, ¢’) &7t
Step 5: & = PKE. Enc(pk, ¢’; H,, (okl| T1]¢")) oisz
ERGEEL, REOLRD, L &AL, #Eik.
Step 6: " =1BE. Dec(params; sy, ¢') % &5,
Step7: ¢’ =IBE. Enc(params; T, n ;Hy, (k|| T|| m )Rk
SNERGEL, REOLRD, L AL, EiE
Step 8: m’ % m” [l 7 1z p.
Step 9: m” & 7.
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GD =1 +—yD_,max (X)

YD(x)

ThY, KEIBLUKE2)EEBLTUTOLIIC
oI5,

GD :1+2gD]Z\”+RD (529)

L7=MoC, HR & 2472 0 OBBIRTHE Wy (x)
BENFRHSE— A > b ORIT A M p(x) 35 £ O

(5.28)

ROy ARy MES 6pp ZELFO L S IZED
SN,

Wip(x)=g,CpD-(Gp -1) (5.30)
Mp(x)=Mp(x)-(Gp-1) (531)
6up =aup(Gp —1) (532)

5.2 REXARMORGELGEE

2 EZBWT, M ROBERAIREDR | &R D5E
DOFHISATE wix) T8 THRDOEND Z L &R L
Jo. ZoORUAQRI)EBET HLEUTO X ) IcHEEHZ
bND.

w(x)= @®pA- u(x) (533)

Z O E RO W & - DEA ORI
L OMELEZET D E, JABEA MO 1 KIEBOFEA R
Bk £, RIE— N () 25 L, IBRIC X
B W & 472 ) QBRI Wy (x) 1 ZEAFO X 51
FHoIhb.

Wy, (x) = (27ﬁ )2 pA-Yy -y (x)

M (5.34)
=(27.ZfL)27'YL g (x)
0.26U
- 020U, p 535
L0758 103607 ©33)
Uy =5+3/8 (5.36)
5= dmeLM Li” (5.37)
paD”l

IT, Y, M, U, §BXU¢, L, ki
DN, FMOLEE, WHROTHHREGE, B ERR T
A—2 3 LOBEZZ RO 1 TARBI OB EH Th 5.

IHIL, ZOWEICEDREKRMIFE—2 L FONAh
M (x) BEOF Y b 2K Y MEH G HETFO X 12
KbInd.

M (x)=—-Ely}Y,

x\Ay cosypx+ Ay sinyx (5.38)
— Az coshy;x— Ay sinhy;x

G =Y oH (539

7E, Iy, yr BI04 ~ A4 1F, ZOHICE
T O 2 WE— A b, EEE K, 2B LTE R
BEEB LU EHTHD.



HE R O

ST HE S5 SR 17 55

6. RIBEEHEA A
6.1 ISEIRIE & KRR LRI

JEGH U 71 W25 2R F A OA v b ARy MES
IR Aoy (THRIEZROT, UTOLIICHETE .

AO’k :26-Hk (61)

Z DISEARIEORER UIekA M35 BT, Zafilic
LIFO & 5 IuET 5.

@  FEEEERICIERT S,

@  BJRE CORKIE N E A IRES CRREEAR

P> TR S LS.

INHOMGEIZE Y, BEIFMOEEOMER UIEEL ny
1, ZORGED ZIE(ERRR T & EI7 o EAREK
SpEBELTUTDIICRETES.

n. =Ti fp 62)

Fio, BB NI D IR Oz
WD X H 1B 2 5.

PIEFREDCIE, WEHEDIEAET D FTROEE U, min
A M= S, =02 BLOLLHE=12 #EEL T
PTFOEITEDTND.

Uz 2Upmin =4.2f;D = f;D]1.25, 63)

AR CIETFRD X DIZ, R RS 2 Rk -
HUpmax (CH L THREF125EBETHZ LT 5.

Ur min < UZ < Ur max (6.4)
Uymin =4.2f1.D 6.5)
Upmax =6.0/,D =12/,D/S, (66)

Z OREIRORIENE T, L5 &, BB
DOREAREE /1 ZBE L U TOLIICHETES.

n. =T, f1 67

6.2 RIERFSBIGEOIMES X
WEFHRGITORT.

7. EFHBIGEHEES
1.1 HEEH

R ids L ORI Xy, FEARJRGH U 36 L O
B 500 AEOIH Usy , FRMHRALEDH B2 6D
B Z, MR LOWT, BAEMBN 2T, L
~YL 2 OEGEZE FEGYR 500 FEORIE L35,

R HOR AR 35.6 )

FEAREH U D : 38my/s

FFEIIR 500 4EDEGH Usgg @ @ 42mis
MR« T O
HEAHOEE 0 100m

HBEA - HETF - 076_CT4_015(3 2-1 BfR)
AR N : 100 4

TREEEL 1 0.5%

1.2 EHEOFHE

HbA - MEFRE I ONC SR X 2 B A ER R A
F£TVRT. BB, BHDoyg BEWoyy 13, &5
BIOENFIRIED Im OEEDR Y ARy MNE/Th
D, ZOEBIZOWTLFEM IZLAfETH 5.

RT-1 &4 - BFT

E 2.050E+08 kN/m>
. i) 5
RS P 7.850 t/m
faasy ! 1.5 m
D 0.0763 m
e t 0.0032 m
e 4, 7.349E-04 m’
1, 4.918E-07 m*
H 0.0750 m
B 0.1500 m
ot ‘, 0.0070 m
1’ 0.0100 m
I, 0.0325 m
Kk I, 1.217E-07 m*
n 4 K
a, 0.500
0.0600 m
e 0.0400 m
fEa e, 0.0200 m
1, 0.0900 m
l, 0.6600 m
l, 0.2850 m
l, 0.1000 m
k, 1.0000
. 47300
i g 1314.55 rad./s
fs 209.22 Hz
O us 4.440E+08 kN/m?®
u,(PJE) 1.163E+05 /m
[ u, (PJE) 8.544E+03 /m
J40) 0. /PIE) 1.788E+05 /m?
& A u, (PJE) 6.790E+04 /m
u lu 0.5841
= y ,F 0.5517
c, 4.1902
Wy 1031.64 rad./s
[ 164.19 Hz
Tuw 1.140E+08 kN/m’




56 HZNRS TAPATJERT AT 5 36 5

1.3 REROREEABEOERE

KEHTTRT L DI, BEWRK N FickiT 5 1 FHIC
RE IR EGEORERAIHEIIRIL 2N FTHE L, &
BIREDGFAITIZ 200 FF LN D Z LIl D. WbhidDH L
b2 OJEGEDS AR 500 AFE0EGEI AT S 32 Tk
O THHIIAT DRIR) 0 DBSEERG 6 - A
) OFHHIM 300 EOFGETH HHA, DO
WEEENIRNZ LY, D ORI D et
DRERE &R IR D R EOBRHCARES 3 U
B LT,

LINLR D, BREIOBLENOADL L ZD X5 s
ThHh-oTh, BEHMICRAET ZRBENZ T, P
<EH 1 DDAV 2 DRI K 5 BRI SRS
ERAY S E Y AV AN P AN ECAN SYA AN

Z T, T ZCHHEY 2 BEHERRRL, AN NV
HIZHAT D BN HOFRBEUMNZ T 1 DOL~L 2
DFRAINZ T SAFREERIRR & 5.

(1) BREORKEEDHEE &EHEZEL
MBEHRFESR O/ B S Z 12805 i FHICKE A2
FEOFKRBEU 4 1%, N@dHB L OWHEEHICE S

RED~@EHB L ORGH~GENT LV IERFEETE 5.
BIZIE, 1 FRICKE R RKEGEITLL FO X D IZEET
5.

n = N/(i-0.5)=100/(1-0.5) = 2004F

Ay = 42/38=1.105

ko =0.63(Ay —1)Inr; —2.94, +3.9 =1.046

E.=17x(Z/Z¢ )\ =1.7x(100/450)* =1.258

U,; = Ugkypy =38x1.046 = 39.8m/s
Uy =U,;E7 =50.0m/s
BT, RO (LA FRDTE LT @5)E A
W5, HEERRHIOMERE 0y (=35.6° )& Y RO EREEIZ
X2 EEEIFILL T O X H 12k S b, 2RO K
JEUERS KON L ORERE R R 72 (TR T
C)= min(-0.532+0.01926,,0.217) = 0.152
C,=min(=0.444 +0.02100 ,0.375) = 0.304

0 (¢) = 1+ 0.152¢)expl0.304070)

Uz()=Uzry ()

x1-2 REORKEZREFHEEL

i " ko U Ya 0 10167 | 0333 | 5.5(33 | 0667 | 23.833
(year) " (m/s) (m/s)
U, (m/s)
Uspo | 5000 | 1.105 | 420 | 529 | 529 | 497 | 482 | 472 | 463 | + - - | 149
1 2000 | 1.046 | 398 | 500 | 500 | 470 | 457 | 446 | 438 | - - - | 141
2 667 | 0973 | 370 | 465 | 465 | 438 | 425 | 415 | 408 | - - - | 131
3 400 | 0939 | 357 | 449 | 449 | 422 | 410 | 401 394 | - - 127
4 286 | 0917 | 348 | 439 | 439 | 412 | 400 | 39.1 384 | - - - | 124
5 222 | 0900 | 342 | 43.1 43.1 405 | 393 | 384 | 377 | -+ | 121
6 182 | 0887 | 337 | 424 | 424 | 399 | 387 | 379 | 372 | - - - | 120
7 154 | 0876 | 333 | 419 | 419 | 394 | 382 | 374 | 367 | - | 118
8 133 | 0867 | 329 | 414 | 414 | 390 | 378 | 370 | 363 | - - | 117
9 11.8 | 0858 | 326 | 41.0 | 410 | 386 | 375 | 366 | 360 | -+ | 116
10 105 | 0851 | 323 | 407 | 407 | 383 | 37.1 363 | 356 | - -+ | 115
11 95 | 0844 | 32.1 | 404 | 404 | 380 | 368 | 360 | 354 | c - 114
12 87 0838 | 319 | 40.1 40.1 377 | 366 | 358 | 351 | - -+ | 113
13 80 | 0833 | 316 | 398 | 398 | 374 | 363 | 355 | 349 | - - - | 112
100 10 | 0695 | 264 | 332 | 332 | 312 | 303 | 297 | 291 | - - | 94

() REOZREERAERE

RS DR IHARESRHI T, SO B % 1mis & LT
RO PR ERRR 2 RET 5. BORIiEZ Uy &
T2 &, BRI T i 13Uz — 0.5 m/s LLEAD
Uz +0.5 m/s RO IH & 72 DR O & 72 5. Bz
35 72 D XD ICREORFRZ DG BTV DRI

X, Ug —0.5m/s LA EDREEDEED S Uy, +0.5 m/s
LU EORGEOEEZ 5T 10 f53 i, Bl U 4, 2%t
T REEEHRES B OEE LCTRLRD Z &I
%, BROBEERREORERREE L 7-3 (TR
JEEZZH DTS, RO A3 2 Rk &
LCERT-4DEHIHETE 5.



SR DR O 1 5 70 S R i 57
#1713 REORIE(EREHE (RAAMA)
U, (o GEVE ISR T s, (Min)
L~V 2 58 1 L~V 258 MULAS D2 B aak
53 35 17 10 40 70 0 720 7,390 10 760 7,460
52 34 16 0 40 80 0 1,050 7,870 0 1,090 7,950
51 33 15 0 40 50 0 1,240 8,280 0 1,280 8,330
50 32 14 10 40 0 10 1,720 8,860 20 1,760 8,860
49 31 13 0 40 0 0 2,190 9,250 0 2,230 9,250
48 30 12 10 40 0 0 2,770 9,710 10 2,810 9,710
47 29 11 10 50 0 20 3,280 9,290 30 3,330 9,290
46 28 10 20 40 0 10 3,890 6,130 30 3,930 6,130
45 27 9 10 50 0 20 4,420 200 30 4,470 200
44 26 8 20 50 0 30 4,870 0 50 4,920 0
43 25 7 20 50 0 30 5,210 0 50 5,260 0
42 24 6 30 50 0 60 5,530 0 90 5,580 0
41 23 5 30 60 0 90 5,800 0 120 5,860 0
40 22 4 30 50 0 120 6,020 0 150 6,070 0
39 21 3 30 60 0 180 6,260 0 210 6,320 0
38 20 2 40 70 0 240 6,470 0 280 6,540 0
37 19 1 30 60 0 380 6,780 0 410 6,840 0
36 18 0 40 70 0 520 7,090 0 560 7,160 0
ARt Toum 145440
w14 FRORIEERRE (EESAAR
1. Upnin | Usmax | Tsomr
(Hz) (m/s) (m/s) (min)
ARl 209.22 66.5 95.8 0
S5l 164.19 522 752 10
)  RRALSDRIEVERERER k =k, (7.3)
UK SR G (AT ) 1V, B S H,, =
z H
35.1m)IZ31F % 2008 4B 1 J1~2012 4 12 ] £ CTOFE 10 C= (%j [Z—j Cy =1.556C,, (74)
s N ~ . N GIll
Sy OBIMT — 55 LU FOFIEC X 0 RS0 JHH "
OIERARZEET 5. 7ok, BT — X AR5 PLEIZ ko> TRkdTz Weibull £25803LL T D & 9 2fET
FBUFY 2 G & ENTNDN, ORI SN H5.

LEZ NS, BT —2 NBRROT—F ZE
B < SRR 7R MBI IS T 700

F9, BT —F 220 FEEHNT Weibull ALl &4T
2. Fipbh, FTRABMT — &Ik L CGIERIL, 3O
BRSBTS Weibull 252 C,, LWk, ZHE
35,

F,(U)=1- exp{— [%jk }

BT, Akl LR BB OMERHERX 25
FE LT, Weibull 23ARIZ DS\ @OREE & 7 12
B pIBEERE TATRET .

Fpaiy(U)=1- exp{— (%jk }

(7.1

(72

k=194 , C=3.73 (7.5)

HEAS I N (=100 4F), 2300 ARV E R 238 v CoL
L BT A o RAEER RO A G Toom
(=145,440min) & B8 LT, FEGEICKT 2 BELIS DR
FEIEFRER 2 JBUF %6 L CUA T O & 5 IFET 5.

TDa[ly,k = TDaily

7.6
X FDaily (Uk +0-5)7FDa[ly (Uk 70'5)} ( )

Tpaity = 60%24%365.2422 x N — Tss )

F7-, BT LT, IFO XL 9 IC8ET 5.

TDaily,r = TDuily
X FDai/y (Ur max )_ FDaily (Ur min )}

IBLISHT & 2 REHERRH ORI R 2% 7-5 B &
U 76 (R T

(78)



58 WARIRF TAFRIARTHT 4536 %
£75 RELUIORBHSFEL EATR
. FELIMZED . FELIMZED . #ELIMZLD
Ua | RESAD | mmemem | 02 | RESAD | g | 02 | RESAD | meemas
(m's) e Tnaily,k (min) (@) e Tnaily,k (min) (@) e TDaily,k (min)
53 6.816E-32 0 35 1.361E-14 0 17 3.034E-04 15,907
52 9.379E-31 0 34 7.842E-14 0 16 6.970E-04 36,543
51 1.231E-29 0 33 4.301E-13 0 15 1.516E-03 79,503
50 1.539E-28 0 32 2.245E-12 0 14 3.122E-03 163,688
49 1.836E-27 0 31 1.115E-11 0 13 6.078E-03 318,676
48 2.087E-26 0 30 5.268E-11 0 12 1.118E-02 586,065
47 2.261E-25 0 29 2.368E-10 0 11 1.940E-02 1,016,895
46 2.334E-24 0 28 1.012E-09 0 10 3.170E-02 1,662,190
45 2.297E-23 0 27 4.117E-09 0 9 4.872E-02 2,554,556
44 2.155E-22 0 26 1.591E-08 1 8 7.023E-02 3,681,864
43 1.925E-21 0 25 5.848E-08 3 7 9.459E-02 4,959,268
42 1.639E-20 0 24 2.042E-07 11 6 1.185E-01 6,211,408
41 1.330E-19 0 23 6.776E-07 36 5 1.369E-01 7,179,325
40 1.027E-18 0 22 2.135E-06 112 4 1.442E-01 7,562,550
39 7.562E-18 0 21 6.391E-06 335 3 1.353E-01 7,094,490
38 5.301E-17 0 20 1.816E-05 952 2 1.074E-01 5,631,280
37 3.539E-16 0 19 4.894E-05 2,566 1 6.132E-02 3,214,802
36 2.249E-15 0 18 1.252E-04 6,561 0 8.560E-03 448,812
> 1.000E+00 52,428,399
276 AL DRI (RESTHTD
f[_ Uymil! Urmax TDai[y,r
(Hz) (m/s) (m/s) (min)
Ga ] 209.22 66.5 95.8 0
s | 164.19 522 752 0
1.4 RUISE SIRFIEGETHE AT, (EHL, MFODT T — IR
() RSREEHES TS To) HETIIEHAT 3. BAVSBAR) & L

RSB T D T dRE, kAo & H 7
Miner HIf 41!?07‘:*603 Lo T, FHx Ok
DWVTURENTWNAS. LLARRE, Ao X 5 Zis

BEINEHET DI TSR3 C & D9 57 B LRI
FHZ b S vV,
D= z (79

Ny

Ao "™

p

2x10° —~ Aoy > Ao,
Ny= [Aak ] g ¢

(7.10)
) Aoy < Ao,
ZZIT, Ny s C oM LIENE,  ny 130ET)

IR Aoy OMER LIEHE, Ao, 132X 10° AR TR,
Aae ETOI O IRSYES), mg 1T TH D,

PEITRFHEE N L 5 &, iR 541810 R
FISHFEISNT TN IV /hasnedh s, 37420

B, MFNFECTHHHED, EISHOETiE 2O
FEMFIENTEATAUTZRMOFMI D LEZD
ns.

CHEESF D (=100Nmm) & L, JERIEEE mg 15
mg =3 LT 5. Fio, EHBREHLCITL MO
L LTHOI IRFUST) Ao, &R L, {E1E Miner AIlC X
> CrHliT 5.

(2 RBARFEIZ&LSEHEEE

B ROF BRI T DIEEE, REHTLY g, %,
X(5.15), (5.16), (520), (GANBILVAGB29)NEY F,
Rp, vp, gp BLOGp %, &nlL, AG2nBIW
REIDTL VIR b ARy MtH opp 8L ORK
ZEER Y AR Y MG 6yp DVEBNS. IR
DAy ARy METHRE Aoy, 1T (6.DITRT LS I
ZOT 6 pyp D2EDETHD. FT2, ZD Aoy, DRt
K UEBIAC) TRETE 5. KRBT b
DFHAE, Ay bAR Y MNESOFKAE, ik LIk,
P THARIEE A Rl 2DV TER 7-7 1, T8l DUV TER 7-8
W

ST TS L OSSR RIS D ElE 1
% FRIZET, $lFmOFARE. iU, Siho



HAE AT O 5 70 9% S RN )7 ik 59

BEEZEBE L2 LIk ->C, Tl m oA IREE THD. sl L O R R OE IS HRE 2o
DT DZAUTH U 127 fFREEE & =B R & < an % FEl->THY, FTEI0 RS ZZE LT Miner HI
T &, BENARIERE ORI DA b ARy M) T ARG 2R L7235 EIT, mFRERZ Do &
DT OZ UK L 257 fFE REWZ LTk 5. FHliEND Z LT D,
RIZRZ, S5 HHER AR\ TSN D DA,
90 [RYUET) Ao, 13EEIRIEIG I O%A T 39N/mm’

®1-1 BAAORFRGHEER (201 #HO5ER)

Uy T, 9 % P R, Vo <5 G, O bk ‘ATH/JJ( Aoy N,
(m/s) () | (kN/m?) (kN/m?) | (N/mm?) | (N/mm?)

53 | 6.0E+02| 1.713| 1.4E-03| 0225 | 89.59| 4.791| 2.544 9220 | 14.24| 2848 8.7E+07 | 1.3E+05 | 1.4E-03
52 [0.0E+00 | 1.649| 1.4E-03| 02227 89.13| 4790 2.542 8875 13.69 | 27.37 | 9.7E+07 | 0.0E+00 | 0.0E+00
51 0.0E+00 | 1,587 | T4E-03 | 0219 | 8866 | 4.789 | 2.540 8537 1315 | 2630 | T.IE+08 | 0.0E+00 | 0.0E+00
50 | 1.2E+03 1,525 1.4E-03 | 0216 | 88187 4.788 | 2.538 8206 | 12.62| 2524 | 12E+08 | 2.5E+05 | 2.0E-03
49 [00E+00 | 1465 | T4E-03 | 02137 8769 | 4787 | 2536 7881 12.10 |7 2420 | T4E+08 [ 0.0E+00 | 0.0E+00
48 | 6.0E+02| 1.405| 13E-03| 0210 87.19| 4.785| 2.533 7562 | 11.60| 23.19| 1.6E+08 | 1.3E+05 | 7.8E-04
47| T8E+03 1347 13E03] 70207 | 86.69 | 4784 | 2531 7250 | 1110 | 2220 | 18E+08 | 3.8E+05 | 2.1E-03
46 | 1.8E+03 1291 | 13E-03| 0204 | 86.17| 4.783| 2529 6945 | 10.62| 21.24 | 2.1E+08 | 3.8E+05 | 1.8E-03
45 [ 18E+03 1235 T3E-03 | 0201 | 85.65 | 4782 2527 6647 | 10.15 | 20.29 | 24E+08 | 3.8E+05 | 1.6E-03
44 [ 3.0E+03 1181 | 13E-03| 0.198 | 85.12| 4.780| 2524 6354 969 | 1937 | 2.8E+08 | 6.3E+05 | 2.3E-03
437 [ 30E+03 1128 12E037]70.195 | 8457 | 4779 | 2522 6069 924 | 18747 | 32E108 | 6.3E+05 | 2.0E-03
42| 5.4E+03 1076 | 12E-03 | 0.192 | 84.02| 4.778| 2520 5790 880 | 17.60 | 3.7E+08 | 1.1E+06 | 3.1E-03
41 [ 72E+03 1.025 | T2E-03 | 0.189 | 83.46| 4.776| 2.517 5517 837 1674 | 43E+08 | 1.5E+06 | 3.5E-03
40 [9.0E+03| 0976 | 1.2E-03| 0.186 | 82.88| 4.775| 2.515 5252 7.95| 1591 5.0E+08 | 1.9E+06 | 3.8E-03
39 [13E+04| 0928 | 12E-03| 0.183 [ 8229 4773 25512 4992 7.55 | 15.10 | 5.8E+08 | 2.6E+06 | 4.5E-03
38 [1.7E+04| 0.881| 1.IE-03| 0.180 | 81.69| 4.772 2.510 4740 7.16| 1431 6.8E+08 | 3.5E+06 | 5.2E-03

n; D,

37 | 2.5E+04 0.835] 1.1E-03 | 0.177 | 81.08| 4.770| 2.507 4493 6.77 13.55 | 8.0E+08 | 5.1E+06 | 6.4E-03
36 | 3.4E+04 0.791] 1.1E-03| 0.174 | 80.45| 4.768 [ 2.505 4254 6.40 12.80 | 9.5E+08 | 7.0E+06 | 7.4E-03
35 | 4.6E+04 0.747| 1.1E-03| 0.170 | 79.81 | 4.767| 2.502 4021 6.04 12.08 | 1.1E+09 | 9.5E+06 | 8.4E-03

34 | 6.5E+04 0.705| 1.1E-03| 0.167 | 79.15| 4.765| 2.499 3794 5.69 11.38 | 1.4E+09 | 1.4E+07 | 1.0E-02
33 | 7.7E+04 0.664 | 1.0E-03| 0.164 | 7848 | 4.763| 2.497 3574 5.35 10.70 | 1.6E+09 | 1.6E+07 | 9.8E-03
32 | L1IE+05 0.625| 1.0E-03| 0.160 | 77.79| 4.761| 2.494 3361 5.02 10.04 | 2.0E+09 | 2.2E+07 | 1.1E-02
31 | 1.3E+05 0.586| 1.0E-03| 0.157 | 77.08| 4.760 | 2.491 3154 4.70 9.41 | 2.4E+09 | 2.8E+07 | 1.2E-02
30 | 1.7E+05 0.549 | 9.8E-04| 0.154 | 76.35| 4.758| 2.489 2954 4.40 8.79 | 2.9E+09 | 3.5E+07 | 1.2E-02
29 | 2.0E+05 0.513 ]| 9.6E-04| 0.150| 75.61| 4.755| 2.486 2760 4.10 8.20 | 3.6E+09 | 4.2E+07 | 1.2E-02

28 | 2.4E+05 0.478 | 93E-04| 0.147 | 74.84 | 4.753| 2.483 2573 3.82 7.63 | 4.5E+09 | 49E+07 | 1.1E-02
27 | 2.7E+05 0.445] 9.1E-04| 0.143 | 74.05| 4.751| 2.480 2393 3.54 7.08 | 5.6E+09 | 5.6E+07 | 1.0E-02
26 | 3.0E+05 0412 89E-04| 0.140 | 73.24| 4.749| 2477 2219 3.28 6.55| 7.1E+09 | 6.2E+07 | 8.7E-03
25 | 3.2E+05 0381 | 8.7E-04| 0.136 | 7241 | 4.746| 2474 2051 3.02 6.05 | 9.0E+09 | 6.6E+07 | 7.3E-03
24 | 3.4E+05 0351 | 84E-04| 0.132| 71.54| 4.744| 2471 1891 2.78 5.56 | 1.2E+10 | 7.0E+07 | 6.0E-03
23 | 3.5E+05 0323 | 82E-04| 0.129 | 70.65| 4.741| 2.467 1736 2.55 5.10 | 1.5E+10 | 7.4E+07 | 4.9E-03
22 | 3.7E+05 0.295| 8.0E-04| 0.125]| 69.73 | 4.738| 2.464 1589 2.33 4.65 | 2.0E+10 | 7.8E+07 | 3.9E-03
21 | 4.0E+05 0269 | 7.7E-04| 0.121 | 68.77| 4.736| 2.461 1447 2.11 4.23 | 2.6E+10 | 8.4E+07 | 3.2E-03
20 | 4.5E+05 0.244 | 7.5E-04| 0.117 | 67.78 | 4.732| 2.457 1313 1.91 3.83 | 3.6E+10 | 9.4E+07 | 2.6E-03
19 | 5.6E+05 0.220| 7.2E-04| 0.113 | 66.75| 4.729| 2.454 1185 1.72 3.44 | 49E+10 | 1.2E+08 | 2.4E-03
18 | 8.2E+05 0.198 | 7.0E-04| 0.109 | 65.67| 4.726| 2.450 1063 1.54 3.08 | 6.8E+10 | 1.7E+08 | 2.5E-03
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T2 B E TR D L HERA ATRE T 2 & S F]
HEATHN, FFRHEO X OBEREF LU iikhE
DOHFIEITAES ClEe. ZIUTHARR OKEEED B
SEHBHAADZE, BELLD &ETHZAT LS
P X-OR) A LOME LRI 252 L, ILIITHK
ﬁ%gxwiﬁ BIRFT 572 TH 5. BT X RN
KFHEGEC L0 oy FRICHELER LW EE12E,
T HCIRTE %%ﬁbhiifmlm@l%t@é L7»
LR D, AIFECEALL D LT HRERX &1L, &
T2 DT LV mIRSER LR D Z &R TE D HD
(B & LSS ATREZR SO S ED <2, %@%@aw
DEBIFALT L2 DD, DT RRHRER
i%%%%o%@fh@,_hEiw4x&5wﬁ7v
VAT NHEHRMEE TR E AR A LTS T2 DICARER
WS FREICOMBEREZEZ L. 20X 972 X [F

X D5 FRIHALER A I 5 72 DI21E, X Y]
TR ABANT L ENAHTHSD. Jones B
SBA-15 127 V¥ /L7 X ) F(~CH.CH,CHoNH,) %[ 4

2B, KT 2 T A RIS E D R Y
FIVIE (—C(CeHs),) T LIZIRBECIEE L, & D%
EATHOZ LR, BT X KRS EREET
BESNTNDZEEHE LD, RBEAT LR
HEHN T ESHRNT N SR < 7207 = =L H (-CHs)
O, A EAETICEE L SGE LY 7L
AT 2 BROEERTIDOTLH00, BEESLTHD
572 HEFRTEFHEILTVWA Z & b RIS ShT
W5, bbb, FEEICOWT LB S iR E 1T
RO ENMETHD.

% Z T4 post synthesis {EICEDHHDE LT,
one-pot synthesis I5(Z & DL HER i A VY 24T ) DA
A TIRbND X2l TE T, ZhUuTA Y Sk
VAN, I ORIFTHLBEIF ORET, ““V
HI” LIRDBT N T hFT T (SIOE),) DINK Sy
i« BAHES 21T 5 2 & CEMbS A FE(Si0)D “BE” %

RS T BICHR A RET S L) T RIZ XV
BENTNDHZ LIS bDTHD., 2 THHI &
LTHOWOND bDIEIRY ~—I 8L THSE. £IT,
Si(OEt), |Z%f Uil EOFHERRELZ ST N 7ra®
VT (XSi(OR)) A L= b D&Y I & L,
INERY v— BV ORE TR - BiANES 21T
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I ETHBEERER X 8T A YV BT ) B AV
HAV%. T O one-pot synthesis V5 TlE, X OEARIT Y
IPRICHT 5 XSi(OR); DfESAAIIC L Vil TE 5 &
EZ6N5. £72 Si(OEt), & XSi(OR); 2582 = &
R BEIIRS D GoloRIETY Y DEESHRL S LT
SEMETIE, XOSARIZT o HLRbDERY, X DE
ANEDVDIRMEEBEERE T BE L EL D LEX D
5. 723 SBA-15 OFFRUCKE U CHIEIAIE LTHVWS
NHRY=—I® i, BUkME & BUKMEIN 2 Ddkr
OENT (R (=FLoAdFy DHERY(Tur Lt
XU RDT |y 7 JEEE) AR CBUKMEN 2 PRI

W TRIE TS LTS B E R o TV D D TH D,

$it> TZDRIAIT Si(OEL), & XSi(OR); 2V5ERE L72F%, BR
REETH HAE R X TR Y =~ — I B L OPERIZ )
STER LT, ZNEMHES L ThoIchH LAY
~—IBNVERET S Z LT, MALNBEC X BEE S
TAEEAR S SHILD. 2 ZIZR Lz one-pot synthesis 151
L 0L BIEHER SBA-15 DO b, TAFILT VR
F& (CH,CH,CH,N;) {&#fi SBA DA%, AILFFZED
AR=DHHD 1 4 (FE) BHELLIZbDTHY, *E
BRI U AP I T DHEAB LTI Uz X O A
HNTRETH D Z LR, FOFEEREICIHBNTT & A
PREEAER STV D Z E b LIS TN B,
b X o el saliE x, ARERPFFETIL post
synthesis 7%, one-pot synthesis VDM TEIC L 0 BHEFSE
NEZ IR U7 A Y S Y AR SBA-X (X =
NHy, No)ZFHf U, 2 OEMTERER X 2 3 SIS mvkiERE
{bZ Mg 2 & C, Bl B Uiz, FHZ 2012 4D
WFFE UL, AERPIERAE 2 i L 7= bl B 2 B 0 RLATZ.

3. 1. RUYRTF FEhiAVEIAES Y AL DTHE
T/ ERRSIEOEE & AR OAZEA

-7 X BTSN EDOREAERERTH DN, &
RHERREER & U CHEARFHED O L DI EME (T U
TADBDD. ZN BT 2T I RO b,
SRR Y 2 & RS 19 REEOMET X BT
(T DIEAR(L AR) DIIS T 737 DRSS & 73
VA2D. OIS L I ENLIRHZE M T 54
RNEIETIE, %< DY AELORBIA T2, 4

SBA-15

ZAXEIREL DB E TR R X DA BEPEOE AVE
C 5. it CaEfthMifE b e (7 7 A v v
R) DHEFEBISCI, — 7 OXHEARO D% BEREIZIED H
T ONEER SHEATE B, Wb b REfE”
IZE B AR v ALE 72 BRRRE L 72> TN 5,
BB RIS T B Al Y, $5—R500
VT3 S DB BSE R TR CH DA%, 2
NEER LTS 2 LA TEIUE, o B
FArEOM BIZ K0 EHEARARFIROA IR D703 5.
2 CREAHEAE EA~ORFE S FRBEOBEEIZ K DAY
— A DO BIR DR BN TE Y, ZOEEHED
FCHEHER SN TWDDIEA VS A THS.
ZUL, T ax TR (EOALEMERIES T ) T
A =R, LD RESICL Y B Tx T
U7 4 — %R ALY AT D53 F) DZERIBLE %
[R32 Z LI K o THEBI O EAREIRIEN A 1975 2
EBMOENTEYS, XVEHMET ) IRETDHT ) A
A — )V ORIFLIZ =R TG D ELE ST RS Ze i 21
HETHOITHL TS LEEZLNEEDTHS. T T
ABFFETIX SBA-15 D A VHIfLE R Y 7T R CIEAd
% Z LI K o TERGEARF USRS O S A FHE L 7=

3. 1. 1. BaOR) RTF FiEkH SBA-15 DERL
AYVR=F ALY I~DRY T F ROBAE, ML
WNET 2 TR LIz SBA-15 LI L LIZT 2 VR
TdHNCA #, BKTHF 723y oty er s
HASEDHZ EICEVITo72(K 4). Jones H DN
iy, SEVREEEZ AT D7 2 BERH A VLT
MANOT 2 BEEEBEAINT SE5 2 LT, MfLA
TORBAR Y XTF NERZWIFE LT, NCA I, &FET
2 MR(Z==NT Y (Phe), RV (Po), TT=
V(Al) & MU RATUORKISIZE Y AR L. T
RETR DFREHZ DOV T N, WERERIELC & 0 K
T, HIFLARRE, ML E, FMEFIHR T CTO TG H
E L CHN JEROHT L W MFLNICERR LT=AR Y 7T K
DT EAEZWE Lz,

FHEAR Y AT F RCIEA L7z SBA-15 O N, WA HRIED
FERER LIRT. 7T REARNI A CRIAZEM
FUAREDS B L= Z L0 5, SBA-15 ORIFLN TR Y 2

Oy-0,

OMe A3 " OMe 000 A n j\: > o

" MeO_J ‘| . OMe "4 _ OMe N 1 QMe R
0, —OH Si_~_Nx O HMDS 1O O deprotection ", 0.4 RTH (NCA) 0.4 H *
#1,{—OH + MeO Tolene™ oSNy —_ _ o S~ NH, T —— oSN N
o O O rt,24h ., [TOTMS O O """ OTMS orpyicne - Tt-otms o M

SBA-polypeptide

B4. R RTF FEi SBA-15 DER
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TF FENMBE LI ERRALNE ol ZORS,
SBA-15 RIZFET AEABIEAIOT X/ EEITx LT
J=—"Th2% NCA OUYNNEZRETT 5 Z & THIARS
LR A I C& 7. SLERIICAE @MW T ==L 7Y
T UHHD NCA TliE, M/ANCA OENVEYT X /3D
ENHD =60 DRFOECTHEIESFEN 18, M/A=30 DFj4
L7210, NCA OSUSEEMEL , OB ESE Bk o7z
—J5, VA RO/NENT T = HED NCA T,
M/A = 30 DEFORY 275 REHEDS 29, M/A = 60 DIF
2340 720, FEWNCA UGS E R Y XTF REOMH R
DS NT-. Ei, BTV A ZADBEEOHETHL T
7 UV ClE, NCA OSIGEROR U <7 F REERITEH
DOHFOE 7257

1. SBA-polypeptide D N, ¥FRILEAIEFER

L L

MA® fﬁf R P’
Jom’ g /nm
SBA — 713 1.28 79 —
SBA-NH, — 566 1.07 74 —
SBA-poly(Ala) 30 269 0.59 73 29
60 243 046 6.0 40
SBA-poly(Pro) 30 294 0.61 75 2
60 266 046 6.7 35
SBA-poly(Phg) 30 412 0.82 7.1 4
60 303 0.53 6.1 18

“M/A=NCA DENYT I ) DTN
" Dp= HoTHEALKE

3. 1. 2. RYRTF Fi&i SBA-15 ZRALVFF LR
FUARE

TR 7227 F BIER SBA-15 % FVW V= ARE SO
MEAToT. £, RYSTF MERIO T 2 ok
Sfed DA A W U C e RS (T v UL
R F—7 = F—F IS, = ka7 v R—/VEG)
ERETLIZD, WTNOR U ST F RESG SBA-15 & 2
OO EEZ RS IpoTz, £ TRYATFF R
DREFEARE L CTHERETIZ RO TS
Julia-Collona =ARFIALKINIIEH Lz, ZOKIGIE,
NaOH /KVAK & FRHEAIEO MR T Tt HEESLT:
T O LAKFEN AT D HOO BNETFREDA LT
g o EREMINT D Z & THEITT RO, L, T
F FEfii A YV R—F AV B ZARORISITHN = &
Z 5, SBA-15 ™ NaOH /KER~DOEENEEZ Y, KIS
HET Lo Tz, & 2 CIRREE T CIUE AT o 1.
THF ¥, BEOHL =, DBU, FREBIREKSE

£HINA (UAP), CESESED) 30 OFER Y ATF R
&8 SBA-15 ZM A CRIEIC TS EIT 2L 25,
SBA-15 [HAfRES, WIHoOR Y 7 F RiEffi SBA-15
ZHOTZERES 90 %Ll EOIR TR F v v a L ing
LT, O NFTAERRRITE () RDIEZAH
R T T = AER SBA-15 12T 82%D ee MBHII S 7=,
ZOMDKRY XTF RiEfi SBA-15 Tl 7 & IR LA
DI DoT2(F 2) . RIS TIEAR Y RTF RED o~
Vv 7 AMNEEN S K KEREGIC L W E & HOO %
FEEL, ZHABRFHFEICORNDZEDNHLNE o
TR AEFEHR LEZRY XTF RETIRI 7T =
VIR oY 7 AREEERD 952 nn, AT
T = B SBA-15 DRI E ee /R LIZEEZ HND.
TR AV R—F A BHIELN~DY € 7 EE % AN
TR Y AT F REOBATT TS ST 520,
FERRC Z & AW AE G & F2BL LT Bl AR 23 91]
DTTHHMP.

2. SBA-polypeptide L fz Julid-Colonna TRF1k

o  DBU (2.88 mmol) o
UHP (2.88 mmol) (0]
Ph/vL h g Ph Ph
atalyst (100 mg)

(Chalcone) THF (1 mL)

0.24 mmol rt., 8 hr.
Catalyst Yield (%) ee (%)
SBA-poly(Ala)sy 94 82
SBA-poly(Pro)s 98 0
SBA-poly(phg)s 92 0
P oly(Ala)30 55 89
Without peptide 93 0

Wi, WU T T = A5H SBA-15 LEE(L L T
RY T T = OOl i 2 7o T F REED
BLOT T2 (8 3). KU T T = fEHi SBA-15 T,
SEIJEAE 10 DIFIZ ce HREEIED 91 %% L= D%t
L, BEELTWRWRY T Z =2 GRIEIREE) T,
A 30 ORFZ ee DMmEZ R LIz, Fiz, FHEE
HER 3 DYFE, SBA-15 IZEEL L2 H DT 43 %,
ELTWRNE DT 18 % & SBA-15 ~DEEIZ L Y
ee MARMEIZIA] B LTz, 72387 X/ HESf SBA-15 12~
F REFEABIEDOTE T3 FIEDT 7 =V &ifit ¥
HOEAHRMRL, FEOKRECTRIGEIToT2E 2 A, eeld
DIMA % EE o, R T T =V NEERa-~Y
v 7 AREEERIB T HT20I2iE, 10 BRBREDO_TF R
FHEMVEOTH S Z LN TEY, 3 L TIHEE
REDTZDIZ 0=~V v 7 AR TE T ee DINIBICIR
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®3. BRROBHESUKREHRY 7 5= ORIS

Catalyst DP“ Yield /% ee/ %

3 63 43

SBA-poly(Ala) 3b 30 4
10 91 91

30 70 81

3 36 18

poly(Ala) 10 30 80
30 60 92

b

“DP= HCPHEALE, 7 ~TF REHEARIECTHELZH0

TLiEEZOND. Lo TRY 7T =565 SBA-15
SREE L TWRWRY 77 =280 T, B EAEN
3 THHOTHHIRED ee NREILL TWDDIE, HEAE
TAE L T DD N RESER Y ~TF RS,
SNTNDHDOTHD EHEE LT, FREE L TN
RYT T = ANZHARTRY 7T = UAEHf SBA-15 TEY
Y ee VIS V72 2 0, I — R COEARISIC
), SBA-15 IZHEESNTWAT R/ HAaBlAAIE L
723556, AELOANY OfHE72 EOT 7B AMED @ T L
J 3 ECOEATISIERANTEIT LT <, fiRe L
TT7 2 /L NCA OIEAHENVHMEL THESHARY
NXTF ROERENSZ N ENFREEZBND. -
R T T = & SBA-15 T, $HEDS 10 DR H W
ee MBI A, $HEMN 30 LLEIC/ARD & ee 1K T L7
ZXUE, BEEL TCORWRY RTF ROEE L3RR D
HEWTH D, ARSIFERTF RBFELRWEET T
HOO L HENKIGL, ¥ 3IfEk% 525, LizioT
SBA-15 HIFLIN CTREHD R Y ~FF REEAERL S D &
HOOHE @m7%b@77tx$#ﬁTL1mok
HEOEBERISIC LA T8 KOS T 5 7-80
e MEFLZEEZBND.

3. 1. 3. URTF & SBA-15 DARK & ARG
WWNT, 7 X BEBARAN 2 5 le- Y AL Ak b ne
SBA-15 IG5 E2BIELC, TrY &7 AR

O Boc

DMF

OMe ¢guooc

T XN 725 T T R H-Pro-Asp(OH)-OH Cf&fifi
L7z SBA-15 DAk L, ZORFMBERELZ MR LIz, &
DIRTF RIS TR 1 DDA I 2 e 2 5D H LR
FUREFALTRBY, IVRXTHEDH B 1 D% SBA-15
EADERRTANTY, —XDA I FEE IVRF I
DEEIFT 5. ZOXH%7 el koA FEE
REVHEEFFOAY AT F RIL, Tl UEERCT IV
R— VRS D R A Ay Al L UCHRET 2
ZEPIBTNHB,

SBA-Pro-Asp L, <7 F FEFEGRIEDOFELIGH L,
7 2 FHER SBA-15 DT 2 HTH L, XTF FES
ﬂ%mwr7 J ARG G SEH Z L TR L

72 (4 5). %W: SBA-Pro-Asp D7 N{&ffims
CHN 71:%:)3\4‘# DHEHLIZEZA, 026 mmolg Th
STz,

AH L7z SBA-Pro-Asp ZHNTRU AT AT RE
TERDT IRV EIToT2 (R 4). EORR
SBA-Pro-Asp (235U T 72 IFfH] CULE 27 % (ee 13 %) T4
BB, AFMBESISSHEIT L7, [EE ik
ERGEES A2, T I AFLRY ZAF L LTy
ARTF REAERH L7z b D(resin-Pro-Asp), K& * SBA-15 ~
DEEDTDD Y o H—% i L TNDT AT X
OO DNV RF T EE XD 2T E LT
H-Pro-Asp(OBn)-OH % 1\ CFIG O e#e 21T - 72.
resin-Pro-Asp %, SBA-Pro-Asp & [FIERCT Vv K—L %5
2T, WRITB L2 IR T L. ZhoolEE

x4, URTF B SBA-15 ZfliE L LI=7 )L F—ILRIE

(0]
@H +

Catalyst

(2 5 mol%) w

1.0 mmol 51.4 mmol
Catalysts Time/h  Yield/% ee/%
SBA-Pro-Asp 7 27 13
Resin-Pro-Asp bo) 14 s
H-Pro-Asp(OBn)-OH 7 46 s4
oy
g:s‘i/\/\NJj/N‘Fmoc Piperidine p NH,
o DMF o

TEA
- & k/{ TN
""" OMe  hooc

SBA-Pro-Asp

5. URTF B SBA-15 DA
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HEZHETSE, T AFLRY ZAFL U LIUT
KERASOTZ LVDIZRI L, 72/ JfEAfi SBA-15
13566 m7/g b OREFEE AT Z &5 5, SBA-Pro-Asp
DFFH resin-Pro-Asp [ ZIEAED DT F ROBELH
R Cholelodm W EEZ R LIz b o EHE S D.
—J5C, H-Pro-Asp(OBn)-OH Zfilft & U 7=¥)—RR0in g,
XK, ee 3T SBA-Pro-Asp OfER% > Tz, Zi
X SBA-Pro-Asp Tix> U 7 & VT F ROBIVARF
B L OKFREGEA LTAEIERS, B EE
SNTZZ LI LS TIORTTF ROy T A—a U
B SD Z & Tee DIRFEHNZZENBZOND.
FEHNZ oW ERR T TH D, @

3. 2. TUREMBMA VSIS Y hERAVEEREL
Fi G LTS

AT BT D BALKFE~OBEFRIIMNRIE, E
28k - 7 & OBEBEE VG D &3 2 EER IR
BEEIC L0 il ST D, R O R R 7 USRI
X, TR T 4 U T EORIR G TR X
S T ITLIRE L OE T 00 I8 S 7= 48
FeNr 45 (A mssR) (0L, ZoEPAZ Y %< =kt

RSB LY b2 S D . =YorZERRIGHIE,

FE RSO TEIE - IS CRKME: - BUKME) Ol
&V o T MR B IC B 2 EE 2R 7 Th
5. TR0 BEN K VB SN AEIE T T2l
ZNE B FHEJELBR OMECHE b BT 2 0B
HBHN, IR =RoeEEEm L, ok
BRI K 2 BRI 2 Zeb8BE DA 503 ATRE 72 [H
EREOTEADFNTHD LEZ DD, ET-aEEsA
SR TSN T AL P R COAREN VUG
WCEVIIELTCLEY AR H D, Zhapi<icg,
AR A~DEERS T OEELD AN TH D LEx DL
5. FEIARH CIIANEE BT AR R A L T L&
RH R-OH
RH R-OH

\ Y 4

BE sz F b - A BR L FFERR : ALY

BB
B F PP - $R 0 @
Be i fa ISR (A (FRIE )

6. ERfrFEERERE S Cr-SiEs Dl

O KOG TTY, FUNL 1A FEASRI i A R A R
S TCHEETEIUE, TN ARFISE (A A RE C
TR &AL, LavbZEORRETIEYT 2 2 & CHEARRRET
M AL OGRS (HEL A RTE & SRSRAOAID 3T b
WRFCcE 5 (™ 6). S DICEIEOREEIEILT, [l
R EITHERED BT B 4 JESE I 2 [ EA L L 7oAl S0
ADHEE L AREIC/2 D EB 2 bD. LLEORBEDT,
AHFGECrIshiARsy 1RO [ E LSS A~ R A
Pl

3. 2. 1. EEBAMEDIRET

BHARBE A RIRICHEET 5 2 & T, FOfBETEROR
REAKRESELTLES 23D D, FOERDO—HEL
& LT B -E oS - B L, HIE~DREE
REEDHT B, FOMIE, O BT & RARNEE
TRIHREAIC L DiERE SN D Z &R0, @ flTtEm & e
548 ORI A EIFIEE & AR AN E AR A VB L7
W2 &, EW oz f R LT BT, O B A
Gl kR A o CREE L, HINZ L7-sbiAmiynia s L
THERES BB 5 L& 2 1207,

& ZCAMTECIIARET ¥ RIAERGA Y S UES ) A
7V (SBA-Ny) DEARIRE 35 Z L &FHHE L7, 7Y R
137 v A L O Huisugen[3+21BRALAINSIG (2 U » 7
FIIIZED 123- ) 7Y — M CE 5. ko Th
JB T HFROAL T IS RIS T L 2 AL A A T & U,
SBA-N; OF#ET ¥ REL D7 U v 7 ISIZ k> THIK
D IFHEG N LT EELSERLTE D, T2 TH
W= SBA-N; 1L, 7 b T & T 2 (Si(OEt),) 12X}
L EEDOR (7 A TN, 1% ;x=0.5,1.0,2.0,4.0) D
7YV R7uv b bRy T v
(N;CH,CH,CH,Si(OEY)) iR L7 T/ — /v AT )L
REOME, $FHULRDRY ~— I RV OLHET ThKSy
fif - BoKMET 5 2 1T K OHEEE L7Z SBA-15 FEfRIAT
5. Z O one-pot synthesis 1512 L 0 FHHL L 72 SBA-Ns—x
%, BT Y RIEOEBRIENFEER T ) — VAT D
HHAZEE x IZ L D HEEICE 5721 T, ATV RE
DBHINT o H B THD & R 0.

Z D SBA-Ny—x [ZEET DENLFITNE, RMT v
HEE~OFEREL IR E AR Y VAT )T I UA#E
BHAEKRET DO UL, TN KR
(At & U-CHRE T2 = » 7 VBB D& B ST Rrl 1

FUR(EY DA RAFANT I (=TPA) DE Y DLHD |
27 e VX NVHICER LD TH S, F-HIRE
ERHZZ U 7 IS LV AERT 2 MY 7 UL,
Bopr1- & A% DR Y v i— & L COMRER R S 721 F
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Pluronic Py

BO, OB | EOgnmy, RVt
Eo0” “oet  Et0” Okt 1) H,0 / conc.HCI

2) Soxhlet
(100 — x) mol% x mol%

20

1) "Click"

o DL
&
-N

§ N-
Si/OEt //—> \S_/ é/OE‘ |
H /\ / \ - \ 4
00 0HO 28 57 bd oo™
VAN

N

H
SBA-Nj-x SBA-L2-x

X 7. one-potsynthesis ;%12 &k % SBA-L2-x DFFEHY

TR, RIS E > U BENR L 725 2 & bIEE
LCW%. 7B FEER DRI~ FH A F oy
FH 2 (MesSiyNH) ZEF S¥ 5 Z & ¢, RFIFETFL
TWBKEEFEE Y AF LT UV TRIEM L L2
SBA-L2x ~EFELZ(XT7). 2=y Ihd 5
W= L NIDERBE A ER S ¢ 2 Z L12kn, xbid
2 [EEA LSS M/SBA-L2-x & 72090,

3. 2. 2. {EALOEMTFECEE L AEEHEOEE
P72 M/SBA-L2-x OB {4HFFEIY, SBA-Nyx
BT Y R AT SR x (1T U CHFRICE L L C
VW2, BRI FHERRR &R A AU EE RO SR
FEEFRICIS U TR > T2 (3 5)  NISBA-L2-x (23551
HENL TR L = > T LA A UEEEOHIE, x =05
~2 CIHHFZL2 : Ni=1:1 THOTZDOIZH L Tx=4D
HOTIE L2:Ni=2: 113 Ze o7z, £72 Co/SBA-L2x
TlEx=05 TEL2: Co=1:1 T= v /LOA L[AkE
Thol=N, x=4 TITL2 : Co=14: 1 T= v /Lyt
LR TEBOLENE N2 (K 5. LIAT
SBA-Ns—x (T8 X T tert-7 T /LT ¥ R((BuNs) & DU
X OB 125 2OV CRIREBISAE Gk L,
Z OWSERT 21772 9 Z LI X 0 IR RIS Tn
LEERFEOREEC OV TER L. = v 7 UBERDEE,
ST T TL2:Ni=1: 1 Tob H[Ni(L2®")(OAc),(OH,)]
(=NVL2®; K 8@) BLUL2 : Ni=2: 1 OB
B[NI(L2B"),(BF,), (= Ni2L2®"; [ 8(b)) 7355 HU7-73,
EB ORI TH N T Y U AT = v VAL
PELTORNZ LI L7=Y, —J5 =90 Mk T
MU T UNEES 2L M A A UATEES LT L2 BT
T2SDUEE X L — b & U CTHERE L 72 [Co(L2®")(OAC)]
(=Co/L2™" ; [X 8(c) LN ®. HE- CTHIBREIZLY

#£5. M/SBA-L2x [ZBITREMFH L UEEEER

Catalyst Lﬁfgﬁ?l/ hﬂﬁﬁ?/ L2:M
Ni/SBA-L2-0.5 0.072 0.08 09:1
Ni/SBA-L2-1 0.13 0.14 09:1
Ni/SBA-L2-2 0.25 0.22 1.1:1
Ni/SBA-L2-4 0.33 0.19 1.7:1
Co/SBA-L2-0.5 0.080 0.080 1.0:1
Co/SBA-L2-4 0.32 0.23 14:1

(a) Ni/L2 (b) Ni/2L2 (c) Co/L2

(Q\(} Ar@pO (TQ

ey Sy o
W5 T oy (e
Ao CE A

8. L2™ &EMIF LT DEADS THEE

L2 OfEAHEIE R > TR Y, M/SBA-L2x IZBWTH
AR 2SS AR AR TN R ST D H O L HERI L
7.

ZNE OB SN T, mCPBA ZMLAIE 537
A R TR A L5 2 & T, R E R 1
[ ER D S R T T RBE R Lo 25, &
JERRIC &0 BB D Z LA SN o T2 (3R 6).
=y NERLERE LTSS, Ni(ClO,), O i/ 4
R AEME AR S A0 2 L BRI S TR Y @Y,
TEPEDFEEU T U 72BN LA DA E T D, AR
FECHBRARK U785 Ni/L2™ 2 fildt & U7 b —%
BUSEERLONTHEIT L, BORBREA S | BEtIc 7 m
ANEY S = DA BN EE D 72 0 O fl E S
(TON) [ZHAFE L CHI 600 [ENZiE L7- & 2 A TRUSAME LR
L7z, ZAUSHRCRANCHE Sz 7 v KRk
TEVEZ R = 7 VESIARRMEE (TPA. A FNL &3 5=y
VBB O L RS DRIEIETH D, —F, [ babAfl
BETIIROSEBE IR T LCUE2s, B 31
HFRILS L TEER R 2> TWEZ L Th 5.
NU/SBA-L2-x D5, I ERINCIST 57 v 2—)1(4)
L7 MK BIOEOBRUMETCHDLT 7 b L) D
T, EAL RIS X 5T NVL2™ S TPA $5ROEE
ERELSBELTOARNWI E0D, FUGA B =R LA
—THDHEBZZOLND. Lizido TR FEE &V D72
WA (x=0.5,1,2)121F, Ni/L2® & AR 7 ST L 7= 88k
SR DML STV B T DI SIRIR R & AR ROG
HEHEELTWESDOD, B TFEEENZ N
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6. M/SBA-L2-x DffsEME
mCPBA OH o 0

S —MONORC:
il (2 umol)

CH,Cl, (3 mL) / MeCN (1 mL)
e

E=
RS TON
ik &rga:;t“] A K L

none 3 8 5 0__
Ni(OAc), 3 18 7 0
Ni/TPA 1 587 69 nodata
Ni/L2Bv 1 599 56 25
Ni/2L2/Be 1 647 56 20
Ni/SBA-L2-0.5 3 534 17 34
Ni/SBA-L2-1 3 377 14 22
Ni/SBA-L2-2 3 261 10 11

3

Ni/SBA-L2-4

Co(OAc), 0.5 368 80 7

Co/TPA 3 ~600 no data no data
Co/L2"B" 2 604 98 14
Co/SBA-L2-0.5 3 577 138 6
Co/SBA-L2-4 3 745 80 25
Py
o, P
N—Ni—OAc N—Ni—N

U \\
h‘{ kP{ Py
N,
N

O/py %
Py N
"o

Ni/SBA-L2-0.5 ¢<—>  Ni/SBA-L2-4 \
& BL L F b B
=l b3 i

9. Ni/SBA-L2-x DHEEFEmiEE

N
N{
N

Ni/SBA-L2-4.0 TiE, L2:Ni232: 1ITEWZ &b,
IRE ANV IATE VAR SEATEINI(L2), ] 232 < TR L T
HH0EEZBND(X9). EZATL2:Ni=2:1Th
285K Ni2L2™ (AR — R 238 T NiL2™ &4
< 7o R BEIREZ R L2 D, IR Tk
[Ni(L2P9, P 12361F 5 2B AEHEIETH D L £ 2 5N
5. L/ L Ni/SBA-L2-4.0 CiE L2 AARICEE Sz 2

& THBPEMNMET U COFHRREE R & < B Licldll,

FRIRFR ISR S N2 INIL2), PR E AR TEE TS v fik
BEEPES L1320 272 o T2 b O EHEN S 5 M),

—J, L hERLERE LIESEAITE, =y
bl S IR RAe o T, FPRE BN TEMA 2
v MNIDEDSBES AT 5 Z & TH DO, H—Rick
WLz VL b A AU DSEL T 128 IR SR 2 &
IZE0, RIEHENEEIUR T 5L L bicTLa—L
ER OBIREN M B L7, 2 L CEEER

Co/SBA-L2-x [Z36UNTIE,  BOf71-HHira: & by
BEMSHIR D = » 7 /Ui Z i & I X O 27K LTz,

BURZRANZ &1Z, mtRFRD b 0 (o= 4) D3RI A -
T LT —) LRI L 1 Co/llL2™ it & 5 ) — RN
IELY bR ol R E AT 5 2 Lok
D ERE LTI CIE, I L7290 b A U OfERIC
X0 fERISAEITT D b oD, A S5 T LA
—VOEEPD L T2 2 E2 D L, KL
(B IR DB L2 2S00 b A F o D
ZAEIL, BT L2 ISP S U7 BEACRE & LRI
T HERF C & - FNEbEm EOEIR LB 2 B p®

A IR LT HBIR BNy [ B A MBS K
IETREBOMEY, —R/ITSEREIOS U CRE R
RO PSR L OBV TR D 7230 LFIRCE D8
R-[E S (R —3R) & WIRIREE (B—R) TIT T rzd)
WEIRD Z & BRI DO SERF- L go T D b D L
HZEIND. TeBEEEERMBEOBTE L WATL T, =
o 7 VBB 1 5 REER 2 LA & 9 D IUN T
VT KBS ORI AT 0, Z< Kl
AR S DA RS C BN THIT L TVD 2 & AR
FHLEAS 5 2 LR, MBEROSERE TAERT 2 A OR
HUZRF L7=PB. 2 & O 34 8 SRl -k
B TRRAHC X D AIES L ONAERINGY 72 7V » /KR
(AR CX D ATREMEZ R THOTH Y, ZhéR
FFFEDRR L AR DR D ETT 7 A U7 I HNAVAD
Bk 7 1 R RTREZR AT R A LAt D BRAE A3
FCE 2.

4. fE8

ZHIVETORIIET, A VLA U BHERDF ) 25
— VLB OGRS B RER C K DL HEME 2 TN
ZEHEF LT AT D EREAE ORISR S
UC, TR LI ES ) I EnSEVWERERR S H
THYT LNy T ) U TRIOMGEIZ L B post synthesis 15,
HDHNTV ) DT T RO BRI A BT 5V T U
v 7 T HlEFTEOEIEG TEAT S one-pot synthesis
RIS X 0 HRA~OFRESE AT A L7z, ALK
BRI A ROSBIGR L 95 2 & T, MILNBEEZ AR Y
NRTF RCER LIRS 2B AL LT L A,
REURY 7T RO 3G SRR T 2 I ERERAED
FELLUT, SRRRRELRIEETT 2 2 LS
IR ST, R ETORY <T7F REEOHIEE
WMETT DITITE S TR, FRFbE S L CHRES
B URTF MEMT ) I DBIFITEI LTS, H—%F
BT L A OTEMEZ 1R 5121, %< ORERED
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fAET 5 Z L bHLNNT ootz — T EE SRR
ONWTCHE, HE~OFREREABEIIS U C, B
UL TERE L7 A RS AR RS S L ORI A2 b
T HZERHLMNTRY, EEeEE AT 2 IR
TOMBEEEZRZ S 2 &L, EAfl~ & B2
ZENFHETH D Z EMNEFETE 2. 2O
K2 TR ~NA 7' RO DR R AT
TR ) REEHRE R A A - LT D ORI
LA ).

ARITAFR TR LT, R EG R OB~
02 ADRERIZEER L 2 D il 5 70 2 mtERE b A HE L
HHDHELEHIZ, TNFETITEE T SR ok
B RERICEDAMRE D LI, TR
DIFEFUZENR L % DAEOBR H1T72 > TO L EHETH
5.
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Development of Electrocatalyst and Polymer Electrolyte Membrane for Air-Battery

Futoshi MATSUMOTO -+ Manabu TANAKA - Noritoshi NANBU - Shin-ya KISHIOKA

1. #
7Y, VT U AT RERO B & RE RO ZE
KEHNTEMEES Z &2k, VF UL kil
LIRBYEO BT & AR o®E (Fig. 1) &/e->TH
0, BEHAEDY F U LT REMOFIEERED 35U D
REZ AT 52 LPDIFER SN T B[14] . BIfE,
%%%mi SRR O 1 IKEM & L TlEDIL TN DR
TS E LTOTRMIIE Y, ZOBHIE, SR
BT LHFE « BERIGEAR BB TR 2922l 72
MRV RNERR2NZ L7 BIC L B[5,6] . & 2 TAIIZE

5

1]||||

3

Cathode Anode
0, BE
+ : Zn 2 Zn** + 2e
H,0 e RE
um!ﬁ 7 EINET
BE

FIH)BEREM

O, +4e +2H,0 2 4OH bty

Fig 1 7ILAVRZERE MO

10 e RN L e bR
Associate Professor, Dept. of Material and Life
Chemistry, Kanagawa University

20 B ERBRSE AU RS BB A e oy
InNjiles=

Assistant Professor, Dept. of Applied Chemistry,
Tokyo Metropolitan University

3 WAl AUR LR L EmBR I bR
Associate Professor, Dept. of Life Science and
Sustainable Chemistry, Tokyo Polytechnic University
4 R BRI R R

Associate Professor, Dept. of Chemistry Faculty of
Education, Gunma University

TlE, 22X BT HZEEMR I T 2 fbifp ) 2 i
&%@%ﬁw&<f%%ﬁké%mf%QMH#%<@
FTEB L ITEHEET NV VAR E L OBk
WA A ARERY), BRI Zn O & 5 b @ Alig
a%ﬁ%@@%%%ﬁ%&bfﬁ EEATo TG, 20D
EHIIIEREE 2.5 V, FEAEA L 860 mAh/g TH Y

ﬁT@)?Wﬁg&%@ﬁﬁﬁ§§#ZMm%@fbé
L EBEZDEIFOREEFFOILIRD. ARIZY
F U LERET WD, EMOMEGRETEILY F UL
BBREFEST-HEITHAR LT VBNV, VT T LE
JBIZ X DR OERRIENR 72N ERRERFETH .
Fiz, BEEREE LTEaIEERNDZ LIk D%
K BIKROFEGHEDERD Y F 7 2 Z @ TV b
5 X0 IR AR A DA TS B T E
LRMCHD. ZOT VB ) KRR E T 2K O

Crystal Structures

Pt/Ru

(a) PtRu - Pt structure (fcc) (b} PtPb - NiAs structure
® ¢

[surfaces | Pt RuorPb

S

{c) PtRu - random arrangement  (d) PtPb - ordered structure

Fig 2 Pt-Ru &2¢& PP £ERMILEYMDHEREELREE

-
=
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®
© ‘T’
(o) O, O,
GOOEG)  OE®  CEH®

Fig 3 B&BIB LD CO DRE

FERDT=DIZITE L DRIZBWTHREBLETH L,

AFaY s N CIELLTFO=Z>OEHEEHHICHOWT O
BBHFE & BRI 21T > T 5.
(1) Pt 72 L O @7 B O R4 )/0 7 < 3 2 At
R OBA%E
() 7 =AU IHE S T REME OGS « T = AR
% 10° Sem FREE AR5 D, ZER AT AN D HAIC (L
R % RN Z BRI B Y SA FE 72\ I 5 12 AT A 55 bl
BEZ AT DRHEZ R 5.
(3) il L ~DEEFEH 2 D453 7afibfd, BRI
T DK EA A Ofli I O BAFEREE THA
DRI R e SR 25 T filist/ R AR = JE R
DL

AT, BEHEEIRQ), QITOVT 2012 RS LT-
FERICOWNTHE 5.

2. &ERMLEYERVVERETAMEORS
PSRRI X Pt SO DALTUNDDY, P A VAT
BTh, @A U DT ORI L Vie FORTE
WS TUND, Foxld Pt _—ADEIEEH LA ARERTODERR
filglt UGl 2 2 SlC k0, TN S ZolEtEoZeEtt
REL AL BT A Z LS L TETWS [79]. IR LAY
13, AEE IR, 2 3DV T 3 FREEDTTEABHIEL
<EFILTHY (Fig2), BHIELESH D &ickY, K&
RN IVEL D, SIERHEAS, FrEDTTHED
HBEPE O 5. BlziE Fdsh (PPh) D%E0BlE
Fig2(b) BEO () {T~7~. PPb SEHEArals, Ps 1
DR P S ME FRINRASN AT 5. 20D
RS PSRN C E T3 o QG D2 A 7D CO WA (Fig3)
IFHEZ Y36, COEIRRSND LB DI EMNTED.

BGjomation of Ptpb intermetallic = 51 kI/mol & AE = +260 mV
Pb dissolution Ag/Ag ref Pb
from Pb metal electrode from Pt metal
hift
L 1 1 1 1 1 1 1 |s 1
-0.2 0 +0.2 +0.4 +0.6 +0.8
vs. NHE

Fig 4 Pb DiBfEEN

F7o, FEHEED IR EET 5 Z LIC ko CRE L
L4720, BRI Lo i s b3 2R
IHEEAER N BRYUFHVHBLRO R THL &, P 13
RO, BRIEFITAR LS TOERTHY, Th
FTPb 2 VALATIHIEEL L TEBRESIVC I /272D
1%, OB THD. L, SIERteoARIck
DLEELIBHRIZ LY, Po SERYLFIUTAHT DB AE
IEBNAC 7 B L, BHHES Y FOR VRIS e Z SR
AR\ YT PP filiEs U CZER B Z LAV CED. 2O
DEIERN AW AR 2RI e LT 39S D8 ThD

Fig4) . PoIIRIERRTINT, 013V (s NHE) (BT TR
it 5. —J5, Pt_HTHDIERD SN P T (7 K7 hAPb)
DA Pt LIESAHAIERT 20T, 258bL, TiRERANE
BAAZS 7 R L, ZOMFI053V ThD. S OICEIEITL

/\ 900 °C

= N 700 °C

S 300 °C

% — N\ Carbon Black

2 | cwAutype 111200 Pt Ti
190 1 0 |

210y 220

10 20 30 40 50 60 70 80
20/° (CuKa)

Fig 5 SRL=&EY LT ILD X $REHTEIR

Average particle size (nm)

Fig. 6 &RLT=PtTi/ CB (2)&1 600 ° C(b),900° C(c)TF
——)LAEL 1= P3Ti/CB 4> 7LD TEM B K UHIFES
1. (d: 900 ° C TF=—/LHLELT= Pt,Ti/CB Y 7 L DEfE
R TEM &
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BTS2 BTV U, ) -51kmol' THY,
O UF026V DIREBN DT 7 NAES T 5. OFY
SIFE AT P 1308 V (T E TS5 2 &880,

ARFFETIY, BRI B (935 70(ORR)fil
B ICHEHE L, MEREOREEG, BREEL s
W5 LILE T, BRETCIROMBIEER ED X5
WZEALT B OV TIRE 21T 72, Sk
(PtTi/carbon black(CB,Vulcan-72R), PtPb/CB, PtPb/TiO,,
PtNb)DJ~ /KL -(NPs)DEflE, 7T Schlenk line &
ANT, =i, NEEFHK R TiTo7. Ailkis LT
PtCODCI, H,PtCl,, Ti(THF),Cly, Pb(CH;COO), % FAU -
S BIZPETINPS IZHRW T, Al Sz o 7 & B
S 721BEE(300~900°C) T7 =— VAR Zfi§ = LI X
O, FRTRFEOE2 57~ NPs &157-. EIBAITM:
DOFHIE, B 6 mm DF T v —H—iR R
Nafion % VT NPs/CB & %\ N NPs/TiO, % [E/E L, Bk
SEFFN 0.1 M HoSO, /KA TRV T, 200 ipm, 10 mVs™
DEME AW CEEEEMR L Z o A N —&FTo7.

(1) P&Ti-NPs Offid#iEE L ORR iEHEDRER

Fig. SIZAR L7 PETi B L OKHIRE C7 =—/VILBE L
7= 7o XRD JIERRE~T. PuTi &R LAY
DFFD CwAu A 7 OfERR CHE SN A(DHD E
— 7 N A0CIZBNTT =—/WREO_EFITHEIN LT
WAHZ EMEEI . 2O EDE—2 1 Pt
& Ti BARANCAEATE FCC 2 A 7 OFSRIBICRBAN T
BELSND A, 700,900°C TY =—/L LY T IO
53 TEM {8(Fig. 6)7> 4B LT, Pt & Ti 2SRRI
NIEERBUEEWER L T D Z L ZHERL, 7=—
JUREED FEFIZfE- T FCC DD CusAu i§1EIZZY L
LT Z enbiolz. EBIT, XPSDT—E b
VTR LCEECLTZ PRTi & PLTi NPs O 3d #luE
DOE—7ER—E L2 LD B(Fig. 7), 900°C TF =
— L LI=H 7B T PYTI &JBRLEMN AT

Intensity (arb. unit)

2126 2124 2122 2120
Binding energy (eV)

Fig. 7 Pt/CB(a), Pt,Ti/CB (900 ° C T7=—/LAME)b), Pt,Ti &
BREEEY (/L) ()D P3N ZBET S XPS AIEHER

ETCWDHZLEMER L. £, T_XTOY 7Tk
VT PGTi NPs £ RS, fEfbEE AW OHD L
LCWD Z & BRI DR L72. Fig. 8 1I2Zh

0.0

Pt/CB
0.1+
op L 700°C

As-prepared

< -03
£ Onset potential
: -0.4 As-prepared 0.76 V
E |:300 °c 076V
-0.5 500°C 076V
-0.6 hl 700 °C 0.72vV
900 °C M3V
-0.7
1 I 1 1 1 1 I
0.50 0.75 1.00
E/Vvs. RHE

Fig. 8 Pt/CB, &RL1= PTi/CB RUZBRETUELS
Pt,Ti/CB O ORR j&EHIZIT ZRILAES S L

0.1

0.0

-0.1
-0.2
-0.3
50
~ -0.5
-0.6
-0.7
-0.8

oob 1 1 111y
0.0 0.1 02 03 04 05 06 07 08

E/Vvs. Ag/lAgCl (NaCl satd.)

Fig. 9 Pt/CB, Pt/TiO, R\ PtPb/TiO,? ORR ;&E{IZRET %R
WAET S L

5OV 700 ORRIEMEAIERE R A 779", ORRIEMEIX
T == VAT T IR b L, fhs{bo
FEGUVDIE K 725 ETEMEAME NI 2 8Bl Sz,
Z ORRHE TEM B0 Hid LD RV DIRE < 12 D1T
E~>C, (111)&(001)EZS NPs REIZEH L, ZOHED
T EAMERN Z LI kB B L.
(2) TiO, B PtPb-NPs @ ORR &) | & 22 b
Fig.9 |Z PYTiO,, PPb/TiO, D ORR (ZBHF 2R A4 € 7
< 2, Fig.10 IZ PY/CB, PYTIiO,, PtPb/TiO, % M\ T ORR
TEPEZRIE U 72 RpoDis et i n MBl4E S 5 B8 (Onset
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potentia)\DERIHA 7 MIxT 52 AR T, PPHTIO,
% i\ 7= ORR (2895 Onset Potential 78 0.66 V [Z#1%%
STV DH A, PUTIO, DIFEITIZ 049V Lo THY,

PtPb/TiO, 1ZF3V T ORR 2MEE STV A AEREIEL X
N=(Fig. 9). & DIZBAAA 7 VB IR LA, ¢
k%0 PY/CB (Fig.10-a)i 3 Onset Potential 23Kk & <K F L,
MRED AL E /R LTV DD, TO, ZHEHRIC AW Z5A

0.58

a
0.561 1

0.54}

0.52

0.50,

-
—

-
-

0.48

0.46

Onset potential (V)

0.68f

by by i
T 1

o
[ o

0.66

.64 . Y v .
06 0 10 20 30 40 50
No. of cycles

Fig. 10 Pt/ CB (a), Pt / TIOb)&R U PtPb / TiO (o)l =& 1+57HR
T )L A9)UIZHES Onset Potential DZE1E

(Fig.10-b,c), Onset Potential DI FIEBIEL S vien o7z
Z OB AT D121 50 BA 27 L% NPs DIZEE
BEAIT-1-L 25, PYCB DA, NPs 2NEEL TV
5T EpEIERSRh, —JF, PYTIO, PPH/TIO, DEFE I
NPs OEHSEITEL ST, TiO, 25 NPs OERE 2[5 < 2hi
o CND Z xR AT Z LN TE T %O
LTEURD 2 fUZHOW TR 21T 5. 1) PaTi OffdRER
H & ORRIEMEDBIRZA ST 5. 2) NPs Z4HEF3
LEBE U OFIEE T %, AJEER Y & At RS
REH LT 5.

3. £ER4EWE L V= Bifunctional BRAMIEDBIFE
2B IEREE & LR oz, iR
FNFEBITT D LI Lo THRERITH 2 &b, Li
SREBIHND LD Y F 0 NEMO 10 {520
DIV —FEE LR T HERE LR S
[10]. LinL722ndn, FRMEICEVIRELEEZET 5 9 2
12, BEDRHIRNZ &2 OBEMBIROKE ZeiE s

Tpo TS, ZOMBEEMRERS 2 7=0I21T 2250287
D EEFEDIRTTIUS S O OISO % B3 2 w43
B D. IHE, MnO, il & L CEKEIHAAA
RS, HEEMEE SN &V HERER 250 T
WB[11,12]. & 2 CTAMZETIE, a-MnO, D—4 % FLfEoD
BB CEBTH LT, MIEMREOE 2 DM EARS Z
LERAME Lz

0-MnO, I, Mn(CH;COO), /KK & KMnO, 7KIAHR % X
i ST U7l Al - Yeig U714 350 CC 10 h &
KT D2 LTl AR RK—7 Mn B
Mn(CH;COO), /KIARIC BFE& R O b A Nz 7= £ T

w
o~ |

‘ | | Ru0,ICSD) |
L 1 L

Intensity (a.u.)

a-MnO, (ICSD) |
1 1 L

10 20 3 60 70 8026 27 28 29 30 31
2607 °(CuKo)

0 40 50
20/ °(CuKo)
Fig 11 &RLEz&EY LT ILO X #REHTER

KMnO, KERIHE & B SHT-. #6580 T KOH ZKIi T Hfn
L 6hfitf L7k, Al - Pefra {T>T350°CT 10h
Bt Z Sk AR LTz, RuO, 1% RuCl; 2K ICIRD
L, NaOH /Ki&iR% pHI~8 12725 T FL 110 °CT
—WpizEA%, 500 CTS5 hBER LA L. ARk L7zt
£HZOWT XRD, SEM, BET %W\ CTHtREm 217>
7o FTRERAEEOE LT A2 U v I RLE A b

0

-0.2
Ru 40%
04

3—0.6 - 0-MnO,
w08 |
L

-1.2 F

Ru10%
Ru20%

Ru30%
-14

16 , . ,
0.9 0.6 03 0 03
EIV (vs. Ag/AgCl)

Fig 12 BELESEY LTI OBEETRICIZET 2RILE
E%4'5.L.01 MKOH (0, 5K T)
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Representation Theorems for Quantales and Complete Idempotent Left Semirings

Koki NISHIZAWA *

1. Introduction

This paper shows representation theorems for quantales and
complete idempotent left semirings.

Quantales were introduced by Mulvey"” in order to provide a
constructive formulation of foundations of quantum mechanics.
They are complete join semilattices together with a monoid
structure satisfying the distributive laws. In the literature, they
are also known as complete idempotent semirings or standard
Kleene algebras®.

There is a relational quantale whose elements are binary
relations on a set, whose order is given by inclusion, and whose
monoid structure is given by relational composition and the
identity relation. Relational quantales play an important role in
computer science. For example, they are models for the
semantics of non-deterministic while-programs®?, they also
provides a sound and complete class of models for linear
intuitionistic logic®®, and so on.

In Stone's representation theorem for Boolean algebra or
Priestley's representation theorem for bounded distributive
lattices, a powerset is regarded as a standard Boolean algebra
or a standard bounded distributive lattice®”. On the other hand,
since a relational quantale has been regarded as a ‘standard
quantale', some results called ‘relational representation theorem
for quantales' have been shown in the literature.

However, relational quantales in their results are not equal to
the standard relational quantales.

)

For example, Valentini® shows that a quantale Q is

isomorphic to a sub-quantale of the quantale whose elements

AR TR AT SRR
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are binary relations on Q. However, the order of the quantale
is not given by inclusion, but the opposite order of inclusion.

Brown and Gurr® show that a completely coprime algebraic
quantale Q is isomorphic to a sub-quantale of the quantale
whose elements are binary relations on @ and whose order is
given by inclusion. However, the unit of the monoid structure
of the quantale is not equal to the identity relation.

Palmigiano and Re”

give a sufficient condition for a
quantale to be isomorphic to a sub-quantale of the quantale
whose elements are binary relations on a set and whose order is
given by inclusion and whose monoid structure is given by
relational composition and the identity relation. Indeed, this
result means ‘relational representation theorem'. It is important
point to embed a quantale Q in the relations not on Q but on
the set of all atoms of Q.

However, the result given in the paper’” is a relational
representation theorem for ‘unital involutive quantales'. A
quantale Q is involutive if it is endowed with a unary
operation f.suchthat, forall a,b € Q andevery S € Q,

L f(f(@®)=a,

2. fla-b)y=f®) f(a),

3. fV)={f(®)|aeS}

This paper gives a relational representation theorem for
quantales which are not in general involutive. Similarly to the

papers(lo,ll)

, our representation theorem shows that a quantale
Q satisfying some condition is isomorphic to a sub-quantale of
the quantale whose elements are binary relations on the set of
all atoms of Q "',

The main theorem Theorem 4 of this paper says that for a
quantale Q, the following are equivalent.

1. Q has a relational representation in our way and it is

CCP-invertible.
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2. Q is isomorphic to (X) as complete join

semilattice for some set X.

3. Q is atom-algebraic and it is a frame.

4. Q is atom-algebraic and its atoms are completely
coprime.

S. Q is completely coprime algebraic and its

completely coprime elements are atoms.

6. Q is is completely coprime algebraic and the order of

its completely coprime elements is discrete.

This theorem asserts that a quantale has a relational
representation, if it is isomorphic to a powerset as complete
join semilattice. A powerset quantale has four other equivalent
conditions. The notion of a CCP-invertible quantale is defined
in this paper. When a quantale is CCP-invertible, it has a
relational representation in our way if and only if it is
isomorphic to a powerset as complete join semilattice.

Powerset quantales are examples of ‘completely coprime
algebraic quantales' which is the sufficient condition given in
the paper”. However, our result is not an application of the
result in the paper” to powerset quantales, since our
representation theorem embeds a quantale Q in the relations
noton Q but on the set of all atoms of Q.

Similarly to quantales, we also show a representation theorem
for powerset complete idempotent left semirings"”. Complete
idempotent left semirings are a relaxation of quantales by
giving up strictness and distributivity of composition over
arbitrary joins from the left. We show that powerset complete
idempotent left semirings can be represented not only by
relations but also by multirelations.

This paper is organized as follows. Section 2 defines
completely coprime algebraic quantales and Section 3 defines
powerset quantales. Section 4 shows that a quantale has a
relational representation, if it is isomorphic to a powerset as
complete join semilattice. Section 5 shows that a quantale
satisfies the condition, if it has a relational representation in our
way and it is CCP-invertible. Section 6 shows a multirelational
representation theorem for powerset complete idempotent left
semirings. Section 7 summarizes this work and discusses

future work.

2. Completely Coprime Algebraic Quantales

In this section, we recall the notion of completely coprime
algebraic quantales and show some examples. A quantale is
called completely coprime algebraic depending only on its

underlying complete join semilattice structure. The

terminology in this section relies on the paper®.
Definition 1 (complete join semilattice).

A complete join semilattice is a tuple (K, <,V) with the

Jfollowing properties:

1. (K, <) is apartially ordered set.
2. VS is the join (i.e., the least upper bound) for each
subset S of K.

A complete join semilattice must have the least element,
which is the join of the empty subset. We write L for it.

A complete join semilattice must be a complete lattice, since
the meet of a subset S is the join of all lower bounds of S. We
writea A b for the meet of {a, b}.

Definition 2.
An element x of a complete join semilattice Q is called

completely coprime (or completely join-prime), if’

xSVS@ JaeS.x<a

for each subset S of Q.

We write CCP(Q) for the set of all completely coprime
elements of Q.
Remark 1.
1 is not completely coprime, since L= V@.
Definition 3 (completely coprime algebraic).
A complete join semilattice Q is called completely coprime
algebraic (or CCPA) if for each a € Q, the following equation
holds.

az\/{xECCP(Q)l x<a)

Definition 4 (quantale (or complete idempotent semiring)).

A quantale is a tuple (K,<,V, ,1) with the following

properties:

1. (K,-,1) is a monoid.

2. (K, <,V) is a complete join semilattice.

3. VS)-a=V{b-al|b €S} foreach element a and
each subset S of K.

4. a-(VS)=V{a-b|b €S} foreach element a and
each subset S of K.

A quantale (K,<,V,-,1) is called completely coprime
algebraic if (K, <,V) is completely coprime algebraic.
Example 1.

For a set A, the tuple Rel(4) = (K,<,V,-,1) forms a
quantale where

o K is the set of all binary relations on A4,

[ ] < isthe inclusion <,

° V is the union operator U,



108 NN KR TAWIERTRT L 5 36 &

[} R - Q is the composition of R and Q,and
o 1 is the identity (diagonal) relation on A.
Here, the composition R - Q is defined as follows.
(a,b)ER-Q & 3Ac € A.(a,c) ERand (¢c,b) € Q)
A binary relation on A is completely coprime in Rel(4) if
and only if it is a singleton subset of A X A. Rel(4) is

completely coprime algebraic, since for R € Rel(4),

U{ 0 € CCP(Rel(4)) | Q < R}

- Jut@apiw@an e

={(a,a) | (aa) € R}
=R
|
The powerset of a monoid forms a quantale. This paper
gives only two examples for monoids.
Example 2.
For a set X, the tuple (Z*) = (K,<,V,-,1) forms a
quantale where
L] K is the powerset of £* where X* is the set of all

finite sequences of elements of Z,

[ ] < is the inclusion <,

o V is the union operator U,

L] R-Qis{om|oc€Rm€EQ} and

o 1 is the singleton set of the empty sequence on A.

A subset of £* is completely coprime if and only if it is a
singleton subset. g2(Z*) is completely coprime algebraic.
Example 3.
The tuple (Z,) = (K,<,V,-,1) forms a quantale where

[ ] K is the powerset of the  group
Z, = ({01}, +,0,-),
< isthe inclusion S,
V is the union operator U,
A-Bis{a+b|a€AbeB}and
L] 1 is the set {0}.

A subset of Z, is completely coprime if and only if it is a

singleton subset. This quantale is completely coprime
algebraic.
Example 4.
The tuple N U {w} = (K, <,V,-,1) forms a quantale where
L] K is the set of all natural numbers and the additional
element w,
[ J a<b if and only if a=w, a=bh, or a is a

natural number greater than b,

® VS is the minimum number of S except for
Viw} =V = w,
° a-b isa+ bexceptfor w-a=a-w = w,and
L] 1 is the zero number.
This quantale is completely coprime algebraic and CCP(N U
{oh) =N.

3. Powerset Quantales
In this section, we recall the notion of atom and define the
notion of atom-algebraic. We compare a powerset semilattice
with the four conditions based on completely coprime elements
or atoms. Finally, we define the notion of powerset quantale.
Definition 5 (atom).
An atom of a complete join semilattice Q is an element x with
the following properties:

1. x #1.

2. a < x implies a =1.

We write Atom(Q) for the set of all atoms of Q.

Definition 6 (atom-algebraic).
A complete join semilattice Q is called atom-algebraic if for

each a € Q, the following holds.

a:\/{xEAtom(Q)lea}

We also recall the notion of frame.
Definition 7 (frame).

A complete join semilattice Q is called a frame if’

a/\\/S:\/{a/\s|s€S}

Jor each element a and each subset S of Q.

Example 5.

InRel(4) of Example 1, o(£*) of Example 2, and $(Z,)
of Example 3, an element is an atom if and only if it is a
singleton subset. They are atom-algebraic and they are frames.
Theorem 1.

For a complete join semilattice Q, the following are equivalent.

1. Q is isomorphic to §(X) forsome set X.

2. Q is atom-algebraic and it is a frame.
3. Q is atom-algebraic and its atoms are completely
coprime.

4. Q is completely coprime algebraic and its completely
coprime elements are atoms.
5. Q is completely coprime algebraic and the order of its
completely coprime elements is discrete.
Proof.
1=2)
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Asubset Y of X is an atom in (X) ifand only if ¥V is a
singleton subset. (X) is an atom-algebraic frame.

2=23)
Let us show that an atom x of a frame Q is completely

coprime, that is,
xS\/S & IsES.x<s

for each subset S of Q. RHS implies LHS, since x < s <
V S. To show that LHS implies RHS, assume that x <V S.
Since Q is a frame and x <V S, we have x =x AV S =
V{xAs|s€S}. Since x is an atom, we have V{x A
s|s€S}#L1. Therefore, there exists s €S satisfying
x As #L1. Since x is an atom and L# x A s < x, we have
x As = x. Therefore, we have x < s.
B3=4)

Let Q be atom-algebraic and assume that its atoms are
completely coprime. Q is completely coprime algebraic, since

the following holds.

a:\/{xEAtom(Q) [x<a}

S\/{xECCP(Q)lea}

<a
Let a be completely coprime. The following holds.

a<a

<=>a=\/{x€Atom(Q)|xSa}

& Ix e Atom(Q).a<x<a
< a € Atom(Q)
Therefore, a is an atom.

4=05)
Let Q be completely coprime algebraic and assume that its
completely coprime elements are atoms. Assume that there are
completely coprime elements a,b satisfying a < b and
a # b.Since b isalsoanatom, a =1. Butsince a is also
an atom, a #.1. It is a contradiction. Therefore, the order of
completely coprime elements is discrete.

G=1
Let Q be completely coprime algebraic and assume that the
order of its completely coprime elements is discrete. Let f be
a function f : Q — $(CCP(Q)) such that f(a) ={x €
CCP(Q)|x<a} . Let g be a function
g 9(CCP(Q)) — Q such that g(S)=VS. We have
a=g(f(a)) for all a€Q, since g(f(a))=V{x€
CCP(Q) |x < a} and Q is completely coprime algebraic.

Since the order of CCP(Q) is discrete, an arbitrary subset of
CCP(Q) is down-closed. Therefore, Y € CCP(Q) satisfies
flg(¥)

={xECCP(Q)|xS\/Y}

={x€CCP(Q)|IyeY.x<y}
=Y.
]

When these conditions are satisfied by a quantale, we call it
a powerset quantale. Every powerset quantale Q satisfies
CCP(Q) = Atom(Q).
Example 6.
Rel(A4) in Example 1, $(X*) in Example 2, and $(Z,) in
Example 3 are powerset quantales.

We also give an example of completely coprime algebraic
quantale which is not a powerset quantale.
Example 7.
N U {w} in Example 4 is completely coprime algebraic and it
is a frame. However, it has no atoms. Therefore, it is not a

powerset quantale.

4. Representation Theorem for Powerset Quantales
This section shows that a powerset quantale has a relational
representation.
Theorem 2.
Let (Q,<,V,-,1) be a quantale. If Q is a powerset
quantale, then the following function 1 : Q = Rel(CCP(Q))
is an injective homomorphism of quantales.

n(a) ={(xy) | x € CCP(Q),y € CCP(Q), x < a-y}
Proof.
By Theorem 1, Q is completely coprime algebraic and the
order of its completely coprime elements is discrete.

(n preserves joins)

oy en\/s)

@xS(\/S)-y

@xs\/{a~y|a65}

©3Ja€eS.x<a-y

(by x € CCP(Q))
< 3Ja€S.(x,y) €En(a)

swel Juwiaes),

(n preserves -)

(x,y) €n(a-a’)
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ox<a-a-y

<=>x$a-\/{z€CCP(Q)|zSa’~y}

=>xS\/{a~Z|ZECCP(Q),zSa'~y}

= 3z€CCP(Q).x<a-zand z<a'-y

< 3z € CCP(Q). (x,2) € n(a) and (z,y) € n(a’)
(n preserves 1)
(x,y) €n(1)
Sx<1l-y
Sx<y
Sx=y (since CCP(Q) is discrete)

(n is injective)

Forall a € Q, we have the following equation.
a

=a-1

:\ﬂyecmx®|x5a4}
:\ﬂyecchnxSa~\/UECG%®IyS1H
= \/ecer@ix <\ [t yly e cer@,y < 13
= \/{x € CCP(Q) |3y € CCP(Q).x <a-y,y <1}

= \/ixecer@i .o en@y <1

Here, if a,a’ € Q satisfy n(a) Sn(a’), then we have
a < a' asfollows.

a

= \/ixecer@l 3.y en@y <1

<\t e ccP@l 3y. ey en@ry <1
=a'
n

Since the above function 7 is an injective homomorphism,
the image of Q by n is isomorphic to Q and it is a
sub-quantale of Rel(CCP(Q)).

We give some examples.
Example 8.
Rel(A4) in Example 1 is a powerset quantale. Therefore, by
Theorem 2, Rel(A) has a relational representation. The
injective map 1 from Rel(4) to Rel(CCP(Rel(4))) is
given as follows.

nR) ={(P,Q) | P,Q € CCP(Rel(4)),P <R-Q}

Since CCP(Rel(4)) is the set of singleton subsets of A X A,
1 can be also given as follows.

n(R)

={{G DL {wv)} s tuveA(st) ER - {(uwv)}}
={{E 0w Is,t,u€l s t) € R-{(u)}}
={{ 03 {wh [t €A (s,u) €R}

Example 9.

Similarly, g2(X*) in Example 2 has a relational representation.
The map 17 is injective from pE*) to
Rel(CCP((Z*))) = Rel(Z*). The map n is given as
follows.

nR) ={(P,Q)|P,Q €ECCP(p(EM),P<R-Q}
Since CCP((Z*)) is the set of singleton subsets of X*, n
can be also given as follows.

1(R) = { ({0}, (1)) | o,w € 5", {0} S R - {n}}
={{a}{m) |ow €L, o €R-{n}}
={{mn}{m)|ner teR}

Example 10.

Similarly, 2(Z,) in Example 3 has a relational representation.
The injective map n from (Z,) to Rel(CCP($(Z,)))
is given as follows.

n(4) = { (B,C) | B,C € CCP(9(Z,)),B < A-C}
Since CCP(§(Z,)) is the set of singleton subsets of Z,, n
can be also given as follows.
n(4A) = {{bL{c}) | b,c € Z;,{b} S A -{c}}
={{bh{c)|bc€Ly,beEA-{c}}

={{a+cL{c})|c€ZyacA}
Example 11.
For a frame (Q, <,V), the tuple (Q, <, V,A,T) is a quantale
where T is the greatest element. If it is also atom-algebraic,
then it has a relational representation by Theorem 2 and

Theorem 1.

5. CCP-invertible Quantale

Section 4 shows that a powerset quantale has a relational

representation. Conversely, if a quantale has a relational

representation in the same way as Section 4, is it then a

powerset quantale? The answer is 'Yes', if it is CCP-invertible.

Definition 8 (CCP-invertible).

A quantale Q is called CCP-invertible, if for all x,y €

CCP(Q), forall a € Q, the following holds.
x<a-ye3Iz€CCPQ).x<z-yand z<a

Theorem 3.

Let (Q,<,V,-,1) be a quantale.  The following are

equivalent.
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1. The following function 1 : Q — Rel(CCP(Q))
n(@) ={(xy)|x,y € CCP(Q)),x<a-y}
is an injective homomorphism of quantales and Q is
CCP-invertible.
2. Q is a powerset quantale.
Proof.
1=2)
Let a beanelementof Q. Since 7 is a homomorphism of
quantales and Q is CCP-invertible, we have the following
diagram.

n\/zeccr@1z<ay

- U{n(z) |z€CCPQ),z<a}

= {(x,y) |3z € CCP(Q), (x,y) €n(2),z < a}
={(x,y)|x,y € CCP(Q),3z € CCP(Q),x <z -y,
z<a}
={(xy)|xny€eCCP@)x<a-y}

=n(a)
Moreover, since 1 is injective, we have

a=\/{Z€CCP(Q)|ZSa}

Therefore, Q is completely coprime algebraic.

Since 1 preserves 1, for x,y € CCP(Q), x <y if and
only if x =y. Therefore, the order of completely coprime
elements of Q is discrete.
2=1)

By Theorem 2, 7 is an injective homomorphism of quantales.
Let a be an element of Q and x,y elements of CCP(Q).
Since Q is completely coprime algebraic, we have

x<a-y

sxs(\[tzecer@iz=a})y

@xg\/{z~y|zECCP(Q),ZSa}

< 3z€CCP(Q).x<z-yandz<a
Therefore, Q is CCP-invertible.

Example 12.

Rel(4A) in Example 1 is CCP-invertible, since z in
Definition 8 is given by x -y’ where y° is the opposite
relation of y.

Example 13.

$(Z") in Example 2 is CCP-invertible, since z in Definition
8isgivenby {o} where x = {or} and y = {n}.

Example 14.

$#(Z,) in Example 3 is CCP-invertible, since z in Definition
8 is given by z = {s +t} = {s — t} where x = {s} and
y ={t}

Example 15.

NU{w} in Example 4 is CCP-invertible, since z in
Definition 8 is given by x —y. However, the order of its
completely coprime elements is not discrete. Therefore, by
Theorem 3, 7 is not an injective homomorphism of quantales.
Example 16.

The ordered set of Fig 1 forms a quantale where a - b = a A
b except for 1-a=a-1=a. It is not CCP-invertible,
since the set of its completely coprime elements is {s,t} and

t<1l-tbutt<£s-t.

—_

-

2]

Fig.1. A quantale which is not CCP-invertible
Example 17.
The ordered set of Fig 2 forms a quantale where a - b = a A
b except for 1-a=a-1=a . This quantale is
CCP-invertible. However, this quantale is not completely
coprime algebraic, since the set of its completely coprime
elements is {s, 1}, but t # V{s}. Therefore, by Theorem 3,

7 is not an injective homomorphism of quantales.

T

—

Ju—

2]

Fig. 2. A quantale which is CCP-invertible
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Remark that there exist other relational representations of
Example 17, for example, the following function ' : Q -
Rel({a, 5,y)".

n'(T) = {(a. B), (@, a), (B, B), (v, 1)}
7'(6) = {(a. ), (@, a), (B, )}
7'(s) ={(ap), (@ @)}
n'(1) ={(a,a), (B.8). (v, )}
nwy=90
Example 18.
(Q,<,V,AT) in Example 11 is CCP-invertible, since z in
Definition 8 is given by z = x.
We can summarize our results for quantales as follows.

Palmigiano and Re"”

show ‘relational representation theorem'
for ‘unital involutive quantales. On the other hand, our
relational representation theorem can be applied to quantales
which are not in general involutive.
Theorem 4.
For a quantale Q, the following are equivalent.
1. The following function 1 : Q = Rel(CCP(Q))
n(@ ={(xy)|xy€CCP(@)x<a y}
is an injective homomorphism of quantales and Q is
CCP-invertible.
2. Q is isomorphic to g(X) as complete join semilattice
for some set X.

Q is atom-algebraic and it is a frame.

4. Q is atom-algebraic and its atoms are completely
coprime.
5. Q is completely coprime algebraic and its completely

coprime elements are atoms.

6. Q is completely coprime algebraic and the order of its
completely coprime elements is discrete.

Proof.

This theorem is implied by Theorem 1 and Theorem 3.

6 . Representation Theorem for Powerset Complete
Idempotent Left Semirings

This section shows a representation theorem for powerset
complete idempotent left semirings.

It is known that the set of up-closed multirelations over a set
forms a complete idempotent left semiring together with union,
multirelational composition, the empty multirelation, and the
membership relation. Similarly to quantales, this section shows
the powerset condition is sufficient for a complete idempotent

left semiring to be isomorphic to a complete idempotent left

semiring consisting of up-closed multirelations, in which all

joins, the least element, multiplication, and the unit element are

respectively given by unions, empty multirelations, the

multirelational composition, and the membership relation.

Definition 9 (complete idempotent left semiring).

A complete idempotent left semiring is a tuple (K, <,V,-,1)

with the following properties:

1. (K, ,1) is a monoid.

2. (K, <,V) is a complete join semilattice.

3. VS)-a=V{b-al|b €S} foreach element a and
each subset S of K.

A complete idempotent left semiring (K, <, V,-,1) is called
completely coprime algebraic if (K,<,V) is completely
coprime algebraic. A powerset complete idempotent left
semiring is a complete idempotent left semiring which is
isomorphic to (X) as complete join semilattice for some set
X.

Definition 10 (multirelation).

A multirelation on a set A is a subset of A X (A). A
multirelation R onaset A is called up-closedif (a,X) € R
and X €Y imply (a,Y) €ER.

Example 19.

For a set A, the tuple UMRel(4) = (K, <,V,-,1) forms a
complete idempotent left semiring where

[ K is the set of all multirelations on A4,

[ ] < isthe inclusion S,

o V is the union operator U,

[ R - Q isdefined by

{(@X)|3Y.(a,Y) ERVYEY.(,X) EQ},

° lis {(a,X)|a€AXC A}

The next theorem means that a powerset complete
idempotent left semiring has a multirelational representation.
This theorem is proved in the paper"?.

Theorem 5.
Let (Q,<,V,,1) be a complete idempotent left semiring. If

Q is a powerset complete idempotent lefi semiring, then the

following  function 7 :Q — UMRel(CCP(Q)) is an

injective homomorphism of complete idempotent left semirings.
n(a) ={(x,8(b)) | x € CCP(Q),b € Q,x < a-b}
Here, we write §(b) for the following set of completely
coprime elements.
6(b) ={y € CCP(Q) |y = b}
Example 20.
The ordered set of Fig 3 forms a complete idempotent left

semiring where a-b =aAb exceptfor 1-a=a-1=a
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and 2-T=T. It is a powerset complete idempotent left

semiring but not a powerset quantale.

T
1 2

o

Fig. 3. A powerset complete idempotent left semiring

Our multirelational representation theorem for powerset
complete idempotent left semirings can be also extended as
follows. The proofis described in the paper®.

Theorem 6.

Let (Q,<,V,-,1) be a complete idempotent left semiring.

The following are equivalent.

1 The following function 1 : Q - UMRel(CCP(Q)) is
an injective homomorphism of complete idempotent left
semirings, Q is CCP-invertible, and n reflects the
order.

n(a) = {(x,6(b)) | x € CCP(Q),b € Q,x < a- b}

2. Q is a powerset complete idempotent left semiring.

7. Conclusion

Our main theorem is a relational representation theorem for
powerset quantales. Conversely, if a quantale has a relational
representation in the same way and it is CCP-invertible, then it
is a powerset quantale. Similarly, a multirelational
representation theorem for powerset complete idempotent left
semirings is also proved.

It is future work to extend our representation theorem to a
Stone-type duality”.

As shown in Example 15, n for N U {w} is not an

injective homomorphism. However, we do not know whether

there exist other relational representations of N U {w} than 7.

It is also future work.
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