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VU RV DR A = X AT B 5T

1 ZL®IC

H AR IR FAK 72 EOYKRPIZEEND v
U (Si0,) REIXFHIE & i3 5 & @y E %
At AEEFOHEVIC L E, R OWJIK DY)
VU HBREN 11.6Tmg/L THDHDIZXFL, HAD
FAKDFE > U BIRETE 26.84mg/L & fFLL ED
BTHd., Z0LICV ) BBEDEWFENEDK
DEBMERCE T I v 7 AME B LTEGAID, K
o) ANERE B E&BMEIOBAE, 2
Wttt T Xy 7 ARIEAEREGRRE~O R — ) VE
ORENAET D, ¥V BB O KPRy & K&
KHEpHmRELT, TORENGLS D EEAENE
CAHZENETOND. ZORERSGEHBVIRTZ LI
LY, ko® /)= UKV ~—fbL,
Sy 7 ALE® OH R L IO, Wit
& DI FEMNC bR ERE R R r— 2 b &
Sbhhsd. K12V A7 —ABROM &L RT.
VYDA = VRRIZIE, YU D OEABENEE
RREERIZLTCWD EEDR DR, ZOFEMR A
=R BZIEWETERRA RGNV, Lo T, Abf
BTV DAT—=NVERA T = A LO— L%
ZEEMGL, YU VESBRICKFET pH ORE
WCOWTHRARZ. 72U DA — VN RECTHAE
THEZEZLNTWAHIDO~D » L AAHLAEDE
W — 2 EMAE AL LT, @R ETERENS
U NAT = ONTHHEBELI T, THHE
BRIZE VDT RIC DWW THET 5.
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Drop of water Silica scale
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() + 3232338
8 tiittittd
Monomer Dimer Polymer

Si(OH), (HO);-Si-0-Si(OH),

K1 U BAr— R O&R 5 (a) KifiEH
YU ART—), (b) vV IOELSEE

Sin(OH)2n+20n-1

*1 b OAIE R ER
*2  TOTOM

2 EBRFE

2.1 KO pH ZELERTBEDOY ) hIsMEE
100mL AU 7 b L o BRLRICA A K
100mL A#L pH ZFH% L7=. pH 1T 1~13 O#HAT
1 A AR ICFHEE L=, pH6 IR, 74 h U ZRINEd
ZOF F, pHI~5 (X HCIl, pH7~13 |X NaOH (2L Y
pH %% 1T-o7-. pH FH¥E%, KRBKICIELE
SiO: (BAHA bR B, MEE 99.9%)% 0.1g WML,
PR, |RIE T ORE L7Z. RABRBIMIER, 1, 5,
60 HZICRBKD EEALEZHETL, £V 7T UF
WO EEDIC T ) HREERIE LT

22 AKOERFBRIZBITIZLVIDES

Si02 2N E IR NE EIRMEPENR T & v ) MO % F
MALT, MM —h—oA 4K e IEHE
Si0. & A1, 230°CIZE%E L7z Bl BN IC A
ML=, MBAZICAEE L, HFoNTclBRKE
IL 7712 —5—IT 500mL +>Ai, <D,
pH ZF% L7-=. pHIX 2, 6, 8, 12 D 4 K¥ELL
7-. pH6 |Z#EGH4H, pH2 (X HCI, pHS, 12 (i
NaOH IZ £V pH JiFE % 1T~ 7=. pH %k, Bk
% P IR I AL, 230°CITmE L, BRIk
A S, IR EEZ 100%E L, ZZ56EH,
B I ORBREAE RN 50, 20, 10%0 & & (ZHBRIK
DEEBE 15SmL BRELT7Z. D95 B 10mL 13%
DEEMREL, sSmL 7DV EWHRDEIT7-. 7
N BB VEBRIEPOES L TWDHT U I %
fREA S, 2TCET /) ~v—0DREIZLE. Z0H,
ZTOFEERE L CWRABRIRE T A0 Y B EIT -
TR ) HREE, ) 7T UoFERIOLE
EEAWTHE Lz, ZoHEIZY Y kKT O
) —CHET DIV I DR EHFLIFOSHE, %
SRS N EH CE )~ —2 ) HOEEERRIET
LHHETHD., LoT, TIh VEREIT- -
WORELZOFEEFHRE L TEBWERBIRORE 2=
MOBEAREZRDDZLENTES. U DEERTE
IR ER, 7T HRICITo -,

23 AR E~DT Y B R — VR
PR AT I I R 3R 6 4 (99.96%Cu, w10 X L10 X
timm)Z AV 72, 500mL ARV 7o v L RS AFE



ZRICEBRIE 100mL %2 AdL, HEwDIEIZT & h Uit
fE L7=8ith & 3 #iRiE Lz, By UV 1ok s
& eI (1)xppmSiO,, B L OV U L b A 4
> % T TR (2)xppmSiO+H20ppmCl & W 2. IR
(1), 2Q)® SiO, #EE x 1X 0, 20, 50, 100 D 4 K
L L7 B, WIRD x=0 (%A 4 5K, &
QYD x=0 [Tk A A Bk E 725, Si0, i
e E b A FEARA ()R, 1 EE>99.9%)
ZREER D IFIED T A A AR P IER S 2. B
TEDOPREIZHREE LTz Sio, IFRIC Crasfibr U w
L (NaCl, Foyesiskak)yEhic X vismL, ®ikQR) %
L. B ORBESRMIE=EIRQIC)T, Wik
e L7z, BB | I & EiiARY 7rEe Ly
Kz “OMEBEL, —ODORB/NSITIRERS 3,
5,7 HIRIZ, &9 —DOOFZMENMLIT 14, 28, 60 H
BT EZER Y H L, FT-IR, SEM, EPMA 2k 5
FeMsElEs - AT Tz,

3 ERFERROEE

31 VU LBMEEL pH L DR

2124 pHIZBIT AU DEEZ/RT. FEBRE
#%BoY) HEEL pH1I~9 £ Tl 3ppm LT,
pH10 XV WA ICEMEIT2E L, pH13 TiX
102ppm Z/rL7z. ZORKE LT, YU IR E
pH FIRICB W T A A A4 & LTFEE LD
EEBZDOND. BEDFBT HIZON T U IR
BIXHML, 60 H#EICBWT pH1 2»5 pHS8 £ T
135 50ppm % KL, pH13 TiX 1008ppm %/~ L
7. &L EDOT Y AOERIMED 100mL 1 A%
Bk 0.1g, 372 H 1000ppm TH D Z LD,
pH13 TIIRTOYV Y I BREM LIz L LIS,

32 KOERBRBIIBITIAIVIVERE

X 31 pH2, 6, 8, 12 ORBRAKDEAKFEREICE
VY BREEZRT. FRYNE /) ~—2 U DR
B, ARENEALEVY DBREEZRL, TOMM
BV HBEL D, % pH OIRIRE bICHEBRE%

T, 10004 ~Z5 Odays

o —{1day
E 8001 —O— 5 days
—— 60 days

Conc. of SiO ,

X2 % pHIZBITSH U bk

DAY A EITFFENPERICON, &L R ERE
Rl ZoOZE0G, REBERFP O I3RS
% Z e BRI PICAFE L, B2 ITKRD 537858
THEZDOWREN 252D ENGnoTz. X3
v, RBRIEERED 10%2725 L, pH6, 8 DRER
CTHI 100ppm DO U AREHEA L TWD I ENDh
%. pH2, 12 OFRBRIE CIXEAIIMR I N -oT-.
1 AEMZICFEEROBIEZIT S &, pH6, 8 DIRERIK
TIEY Y BEAEITHN 500ppm 2R L, £/ ~v—
U B REITR 150ppm TR F L2, 2O b
pH BT, YU DEEDELSLTVES
Z2%. —J, pH2 Tl 180ppm DO EANHER I,
pHI2 ITEAVBHR SN oz, Doz Lnb,
VU I EAREBL LOEEIIEKRO pH ITIEFEL, H
PRI CHEAITRL, MDD VX T v h ) HEEE T
TEAITENZ VA L.

33 $RLEICHERLIZY Y B A —® FI-IR 4
Hrifs &

23 IRTEIR(DIC 3, 14, 60 HRE L -3k
FKHI ORI ALY MV ER 4 12T, K
4(a),(b) L VD, A A AZHIKE 20ppmSiO, IEHKIZIR
B L2 8BGRE A S I W T oREIZIZB N T
=23 S oz, 1 o4c),d) L v, 50,
100ppmSiO, ¥IKIZ 14, 60 HiZ{E L=k,
800 ,1020cm™ ffiFic v — 27 N E Nz, 5 —4%
NR—=2Z2LOREIZEY, ZhbbE—ZiFvaxi
e (Si-0-Si ) EIFE Sz, 2D Z & LY 50ppm
PLED U i BEoKFIZHI 2 14 H DL ERIES
e, TORBIIZVaXY UREEEL XA FD
FRALP O 72 B N TERR S D 2 & D3RIB S
7.

Monomer Polymerization
| (. 0 days
| (] 7 days
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Amount of solution / %

X3 pH2 6,8 121CB352 U hEAR

100 50 20 10
Amount of solution / %



23 IZARTIRIRQRIC 3, 14, 60 HIFIRIE L 7-ilet#&
DRI A7 "V ZEK 5 1277, K 5@ &0,
20ppmCl D # % & EIRIC 14, 60 HEEEE L7k
BE 1%, 600em™ AU IS FRVIRIL 2227 kLB —
7 R &7z, Poling DR IC X HE®, mefbem
(D) (Cu20) DOFRILIL A XY R LlE 620cm-1 3T
WCE—27 ZFFo. SEBH S E— 21X Poling
DHE L Cu,0 OE—ZITHEWI &b,
20ppmCIVATRIZ IR L 72821 Cu,0 RSk
Enlbo LIS, K 50),0),(d)iE, X
5(a)? 20ppmCIIRHZIZ Si0, NZ L 20, 50,
100ppm A 72K T 5. ZIVHEHRIZ 14 HHR
L7 B2 51E, X 5(a) & FERIC 600em™ £F3ITIC
E—7BR LN BIERE 60 BHORETIE, K
5(b)™ 20ppmSiO, +20ppmCl TIXEEZ -~ 72— 271X
BRI oz, ikt L, K 5c),d) D
50ppmSiO, +20ppmClF L ' 100ppmSiO,+20ppmCl
TIE, 14 BigiEsEt TR 5N Tz 600cm™ @ B —
ZNFIE D, X 4(c),(d) TR HA7z 800, 1020cm™ ff
O —7 NEEEICE N, PLEXY, 50ppm L L
DY F L 20ppm HALWA A LS IAFT DR
(ZIRIE U728 R 1 121E, Cu,0 BIEN R S -

‘iz, vaxh e EETr A RO NTERK
ENHbDEHEEINT-.

33 SR BT LIz U I A7 —/v D SEM #1452

B L UEPMA £rfs 5

VU H EEDIRIER CH B ISR S T B &
SEM IZ L WEIZ Lz, B3 v U I BB TR AR
SNTRBEIZONWTH~S., M6iZ—fl& LT
100ppmSiO, WK (ZiE1E L 7= St ik & 1i 0 SEM
SERERERT. M6 LY, BEBHHNELS £DIZO
T, AREHREITRDR D A 7 — LS EEEE - HERE L C
WS ONGND. BIETHRETIIATS—LOKRX
SH/AEL, FEBICAEL TSN, RiF 14 H
BCITRBREICZEDO AT — LR FEL, BlET

| (a)lon-exchange water | (b)20ppmSiO2

3days
- l4days
— 60days

Abs

| (©)50ppmSiO:2 | (d)100ppmSiO2

T T T . - ;

1600 1200 800
Wave number / cm’

T T T
1200 800 2000

I 16‘00 I

Wave number / cm’'
4 U FIKFUTIRE LI Stk i A o — v
@ FT-IR A7 kv

2000
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UTIEEREN A —/LTEDLDNL TS, 28, 60
HEBHENEDIZONT, IVEL DA —LNBR
BEREEZBE D, 27— L85 LABELTLY K&
AT =N ERo TVWHEFbBEIND. Z Ok
WA —NIZEBEENDITEELRFET DI2OIT,
100ppmSiO, A HRIZ 14 HMRE L2k R I O
EPMA 5t Z1T->7-. TOFERZX 71T, K7
KRR A 7 — L OEFTTiX, Cu OBHNE <,
Si & O B HmHINDZENND. ZOZ L
5, X6 IR TR A — T A FBOBREY T
bbb EHEINT., ZORITX 412”7 FT-IR 43
Bk BB\ T, 100ppmSiO, AR IZ1E L 7=k
KNG, Xt e, ThbbrAHK Si &
iR O LOMANBRHINTEFZELFE LRV,
8 1Z 20ppmCI{E#E 72 & ONZ 50ppmSiO,+20ppmClo
iRz 60 A MiR{E L 723Uk 0 SEM B3R R %
Y. 20ppmClEIRICIR I L 28R w21, Eh
W27 7y NiAFFORE S8 um OAR-> 72 A
A nEEL TS HAEELE. — 0,
50ppmSiO,+20ppmCl VA E (21218 L 7= SR 2 1 12 1%,
20ppmCIVEIR DO & & LRI UAR ST A —vt —H6
BEINDDN, A7—ILDORKEZIE, HLAEH O
KEE lpm KV /INERRROEDOTHY, Ziun
FENEE, R L Tz, X5 O FT-IR 2 H i 5
L0, 20ppmCIEIETIC 14, 60 HIEEE L -8tk
KHEPHITWTHRE Cu,0 DFEERET L E—7
NIE< Bz, £72, 50ppmSiO+20ppmCl A ik
W2 14, 60 HERE L@ FE@D O DIZENEN
Cuw,0, Si ORI OIFELZ RET HE— 7 05
Shiz. UEoRREY, 8 127k 7 20ppmCl A
WRHCTIER S NTZARSTZ A7 —/LiX Cu,0 Th D
EHEE SIS, —F, 50ppmSiO,+20ppmCl A i
(IRIE LSRR 21T, =218 14 HEREE Tl
I D B Tl E & LT Cu0 D EIEMNTE AL &
Na0, SILIICREHMSRETLE, Y1 EOm
bW % sy &3 DR0IR A 77— L 3 Hik 3R 0 ERAE,
R 3DZ E N ooz,

0.25
0.20
0.15
0.10
0.05 | _memmprrmermmamermes -
D M
0.25 S

0.20
0.15
0.10

(2)20ppmCI’

| (b)20ppmSiO2+20ppmCI

3days
14days
—— 60days

Abs

(¢)50ppmSiO2+20ppmCIl | (d)100ppmSiO2+20ppmCI

Abs

0.00 "W} s
T T T T
1600 1200
Wave number / cm’

X5 v U+ A A AKPIZIRIELT:
FAtRFE A —1 O FT-IR A7 kL

T T T
1600 1200 800
Wave number / cm’!

T T T
2000 800 2000



6 100ppm VY B AKHICEE
LU H A — L SEM #5355 5

7 100ppm >V A /KHIZ 14 HHIZE L7280
WD 24— EPMA 2 Hrifs 5

20ppmCl- 50ppmSiO,+20ppmCl-

8  20ppmCliAHE 72 & TNT 50ppmSiOe+
20ppm CIVAWRIZ 60 H REHRIE L 7= $iAk 2= i
SEM B35 R

4 kLD
S BRI LIGRA H = R MER D75, LY

AOBEAGEB IOEGHEIZ KT T pH OREZH
A VYA OB pH TR L, TR TE
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ANEL, BEH D VIET VL ) MR CIEESTE
W2 ERg oot W, Fx BMEHT KBRS
TEEMKZR EDBAKIT pH N CTHD Z &b,
CUBAT=ADBEE LT WKIEEFE 25, v
T AT — VIR T %72, KO pH %S
L2HELEZLND. SR BRI U B A
I VIXRIEN M OB TR S 4y, R o f%E &
EBICKRIEE LTS ZENRNDhotz. FORTIE
vaxY SRR A RO TH D Z &N
HIBH L7z,

S 3Tk
(1) Jb¥pRE: BHFOH TR AOMEROBRE —2¢ - K« -
(1992), p47
(2) LEMKRBRE JISKO0101 44.2
(3) Al Bk LT AENT -2 (1986), HE

THMKRERE  JISKO101 44.1.2
M.Sakai and O.Seri, Zairyo-to-Kankyo, 58 (2009), p434.
G.W. Poling, J. Electrochem. Soc., 116 (1969)., p958
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T, TOBBEREFHELZ RS 57200 L 0%
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AWFIT TR & LT AERIE, —ERE 236 B12280
LG (FBR 98 m) THY, W 54 F BTSN
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RIIE D% 2R LT D . AFERITHR 2.7 %D HithT
B EA L, Hot%iR o 2 1279 X 5 ITRIBRTES (P2
FEIH~A2 FEE X)) 135 —7 LT D, 3k
G, EES oS (AVA2 f&H) HEET Mk
L CrEsok, MG (P1/P2 AGIH) R 2 Faihie /4
FRDEERETRTHE L TKE > T D. BE1
CIHELBO 2R E R L TN D.
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o=y ML CEERDREMET T bZEM
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gL TWD. 72, BHIDY 7Y 7 % A 2T 5 ms

ThD. AFEBTIE, $HEITMIS K ORGEIE A 7R

e — RER/FETH7-012, LUFO X 2 IR 2/

BL. 37hbb,

1) $REIRENE— RZFFET H25E5100E, Tl (&
15 5 12NN 2 BEOREFZZE LT, BE
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= 15 R E g 100 315 Hz
E B e iﬂ- 751 408 Hz
2 M§ 50 J?Hz?z-s.H:
E } @:@ 251 BB Hz
. 10 15 0 ] 2 4 [ B 10
Tim {5) Freguency (Hz)
(@) EET
5 15 BMEMSEEY E 100
& 10 B b 2 _ 78|
g - E?}”E EEL 725 He
@g TROET & 00— Ao
= 10 15 ] 20 0 2 a & B 10
Time (s) Frequency (Hz)
(b) AR
= R o T & 100
k-] E T B 75|
% - %z 50} 232 Hz
& fo 25
§: _ TEmen 3 oo— A
15 20 1] 2 4 1 B il
Time {5) Frequency (Hz)
(¢ k&L

M4 FHUEIEO—flE Z D7 — 1 = AT kL

JFzghiE S e L.
2) FEHEHEA S IREIE — REZFFET 25AITIE, 1)
IZBWCRRE S M2 gniE i & LTERERTO £
e e A T A TS LT
7%, FEMRTICERE U 72 IREhE DR 7 T A 1
HINCEE & Uiz, IREFEHANE, KIS 7% O B
HREMRREIC I T DR T — 2 2T 22 L & L
7=.

32 EREEEE L UBEEROREFIE
FERNIEFE R & TR B IREE— R LW

EAREEORE 5L, BEEORY %552,

AT OFNEIC FHADNT Eis L7~

1) KRAH @R O B RIRERRAEIC 31T 2 2hmE
WA NS 5.

2) RS OIEIEIZIZBET 5 4096 BEIZOWT
FFT WAL, 7— U AT hMLERDS.

3) EERWLRICEBWTEI SN TNE KD 77—
T AT MADLIRKERRIE EZE2 b H
R A 5.

4) [EAREET— FERDDHI2DIZ, 3) TRDOIZAH

SRUZRT 5 HBHRBEO D 7 — V) = A~ R,
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NFEALT VB RWCHEEE AR T 5.

5) 4) TRDHLNIAARRDOIEERL I DONT, '
MED R Z WSRO A FEHEIZ LT 14 EiEC
B 2 B WS OHREME 2 AW CREE— R &Ko,
E— FOHIE L OMEONEN SR CTHREITT,
IR — RANERL L TWVRWZ & 2R L, EA
RENVE— RZRETS.

T, PEEBOWEFIEE, LTFOFRIEESH

THEMOLT-.

1) BoNm7—VU AT MLEBEIL, KR
BEA NN RRR T ¢ W H AR fif L, I
WA BRI A BT 5.

2) LT RIRENE O A E NS BT D iRk
WiEREZAWT, BEEEEENT 5.

3) ok, HEHRENNEEE LN KRR T 4 LA AL
2L Th, @MU H BRI AR S
AR WGAITIE, O EROE T L Tun7en,

33 EBER

4120, FEBFERO—pF & U R E LR TRIC
TolOMS a, b, ¢ (M2 TEHUSH- 20 7
M DONE LW & 7 ORI 6K Bz 7 —



K2 TR & SRR R & Dbk

BRI (Ho) W
EEE— I A R BT h

/i WEK £, | EE %)
1 K1 R 2.32~2.34 1.87 2.16 1.16
2 g 1%k 3.13~3.15 3.09 3.24 0.42
3 B 2 Ik 4.66~4.76 4.66 3.75
4 nAry» 1k 4.98 5.11 5.15
5 B 3 Ik 5.32~5.40 5.08 5.53
6 Ay 2w 7.25~7.45 6.91

P1 & TR R

5 ZFESELRIL

VAT MLERLTWD. B, AT R VRN
[ZIX 8,192 DT — % (40.96 B[ AfEH L7-.

9, (), (b) HIRT EETOSEH R L O
MO EIAERR T R IR CE BT 5 &, EETLT
IR 13 gal FREE, GRS T 7 gal FREE ONLHEE S
HAILTHY, HmEITIZ X > THRIEEIZ b IEE 2 Ehik
LTWAZ ENSND. £z, (0) BRI IEHHE /4 5
MBI L CTHE|R S gal FREEDONIEE NS HLTEY,
HHETOHRTH A7 IBE T S Tnd Z &M
ERIND. 708, WTHLOBHHISIZIW T HIEE
WA BELNT 77— =AY ML, RO
AIREEMFAET D 2 LR35,

F2120%, FFESNIKREIE— NIRT 5 EAR
B L OEEESEEZ B L ORL TS, BHO
SATTTRTH OV EA IR, [, 36 KO f 3R D
A BRELFRFFATIZ 33\ T RS % mEhds & OV E Sk
LT DG EORMEREE A RL WD, 728, KIRE)

F— NIZx L CEARBENCE TOWEN RSN TVNA.

AU, B EESCAEITIEE R X ORI
TFToMREHEL WA Z L L0, EROESTHFIA (E,

TN 1Z Ko TIRENE— R2VE TR0 5 Z & IR
THLDOEHERIND. FTo, BEEKICEL T,
F 21T L 9 T BHREN S RS L T D IKE
1 IREhE L O 1 KIREhE— RIZxf L3R
HZENRTELLOD, ZNED LEROERHT— R
(B L TIE, EEHREMEA I L TV D 2k X B
WEET D ETITEES ho Tz,

4 EEIREET

41 ARERET I

ARFFETIL, A% OMTEAR A SEHICHRE ROl
2, ZERRAPIOIRT — & % HEIC R TR R E R L%
T B IRENENT 2 S50t L, SEBRREaL & bl 3% =
LT X0 DY OW TR 2R T

B 5121E, FATICHWEARESREET VAR LT
5. RIGHFERITHET AR Z A L, D ofEen 7 illifiz
ALTWHZ &L, BReREET VL Tt %
1THZ & & Lz, freT VBT, THEIR L O
FERAIERIZ I 4 By = VSR, RARED, &dsis LY
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*3 MEWIEE R

Bk BMEAREL P R
E(GPa) | p(g/em?) v

Hikr 206 7.85 0.30
RC Khi 30 2.50 0.20
FTATZ 7R 9.8 2.30 0.35

SOREBIZIE 8 B EARESR, wHEREFs L ORI 1A
WAL= IT 2 HiH B — ABEREZ ATV D, i
BB L OMEREIL, EH21 80,000, 73,000 Th
L. 70k, EORIIEESEIL, O RS
G2 58BN NS Wb O LRSS ZE LV ET L
LTV,

42 BRI L OWE R EE
BRI T, WG O Lak GG 55
TR E L., B TESROIRIL, SRESMC
BILCHIEN SR & L=3GA L, BFEHbicL > TH5a
TRRERE AR LTV T & 2 ARE L CEIE SOk &K
ELTZA 0 2 FEZ#RE LTZ. £ 3120%, Ao
M EEZ — B L ORLTNS.

43 REE—F

X 6121, BAEbTRs R 658 LN DK, #hifk
LRV IRENC BT 2 FARKERIREE— &R L
TW5. RIS % ATE 3K S RET 356 Ok
BTHD. 728, A2 wiEET— ML T,
TG EE) T HGEIIFET SO0, [FEE
STRET DRI Z O EE R T H LN TE
Mo,

5 B & BIBERTIRER O

M 7120%, FEBREROORE S B TIZEBT 5
B E A RENE— N2 BEfRTRE R & i L ORLTWn
5. Fim, £2120F, FEEIT— NICBET 5 BEHERS
BITHONWT, FEBRRE R & B bTRE R A i L C—
ICLTRLTWS. 728, LY IEELSOE— Ry
i, 2T FRONEEH 1 HROIZHDTH 5.
F7z, TrlloEET— NCBE L CidEEb s mo 7
FER B ST TN D, EEMNTRE RIS, SRS
K BB AHERT D012, AIA2 FEE D&% 7]
B3R LOEESTR E T 5560 2 FEIC OV T
BELTWA., 72771, 1LY 2 KiREFE— N2 LT

-
=
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(@ K¥1wiEET—1F (f,=1.87Hz)

(b) i 1 wiEEE—F (£,=3.09 Hz)

(© #ALv 1EESHE—F (£,=5.11 Hz)
X6 [BEAEREHT—FO—F (AEh3EDOEE

1%, FEETIKE T AT LR~ T272, 7]
B STK EAET D5 E DR L TN D,

F7, (@ BIRTRARKRERIREE— NCER T2
&, EERRE R L OBAEARATRE R I G EiE A )
~OIRET— R THDHZ LN hD. £, LR
& BUEfRATRE OB T — RA 5 &, SRSt
Wb b TmFIIIEFIC L —ELTWA. Ll
NG, [EAEEEE, WO RICBW T
FEHRER L VNS SFHESNTND Z ER g5,

Wiz, HFIREIE— RIZHOWTERT S &, i1
FIREE— R (b MBS O%AICIE, RIS
B U IS 3050 & P bt S LB L
I<—HLTWB Lo, IRMICEE L CikEEX
A EET HGAENAESA L RET HHE LD %
BRI, Ao, EBRICIST D BRI 3K



0 EBEER — BANER{ETE TR (EE)

i i i i LA o o) s i e A Feaat

Al

% (LK

(d i 3 iREE— R

X7

G a rTE R & T A E L BEESK E T 55 OM
[ LTS Z L3 yins.

i 2 IRENE— ROBE (¢ B 121E, #id 1
UARENE— N & 13800, FPORsefliic iy U Cidsdn
BTG T & FEBRFE RIS ER N R SN D LoD, MM
BRI U ISR 2 B E SR SE T A0 E
B L I<—BLTWa., L LAaRns, FRick
U2 EAREEUY, AR SO &9 DA ORISR
<, BEESTK EET DA T IR R OK 80 % &
INEVME & 72> TN D,
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- == WIFER(ELZ)

® KLy 2 &kEHE—F

FERAER & ARG RN I T DB — oA D Lk

(d) BUZRT B %R 3 YIRENE— RIZBA LTI, 52
Bihg Rl ATEN SRR K OEESOR S ET 56 DR
BE— ROMOMICALE LTS, 72, EAREEK
(B L CHME DRI/ L TND Z LR hn5D.

BRI, RUVIEBT—RIZEBETDH L, (e) KD
UV 1 EiEET— RICBLTIE, FRloREEe—F
WCBW TSRS OB/ NS L, SRS R X TE8R
FEROEET— R EIZT LD, —F, Bl
L% L ATEISOK SET DY e N ERRE R L L <kt
JELTWA. 7ok, FEERFERIC L SEAREENL, &



EFHTFER L O ST/ NS N D005,

ALY 2 WIREE— N (FXZH) IZBA LTI, Al-P1
DX VARG SR & FEBRRE R T — B L T\ D b D
D, ORIV TIIIE OIRE)NE— NFHE2 > T
WD ENGND.

PLEX Y, #RENFEER) O FeE S U7z EAIREL,
A1 IRELE— REFBRWNT, i i o Sk Sk
2R F R & [RERICBABRY 72 RTB SR L ROET 256
E RPN A ARE LT B E SOR 2 RE T D56 O
RATHRE ROBNIZIZIT M L TWD Z ENBH LN/ ->
7=

6 £L®

AWFFETIE, BERERTHL T — A A2 BTGP
IRMEEATRICE S 2 72D DIEEE R 2152 Z L 2 Bl
(2, T OEAIRBRHE AR 5 720 OBy 32k 2 52
i L7z, E7o, BEATRESRIEIC & 5 EAIRBIFT b
St L, T ORI & D IREN SR R OMRE AT -
. RONIRREEET L L, LTOXLIITREh
%

R DEAIRERES L OS2 I8 — R4
PRETHI ENTE .

£z, EEREROBEAIRERST, AKHEEE— R
ZRE, EER RO SR A 5 EHRE & [RIERIC
AEh S ARGE LTe S E LRSI Lo T 7k
BEEREFL TCWWRWZ E2BELCEEE Lz
BB TR ORI ZIESMTH 2 &
R LTz,

LRIE, AABRESEET VA T RIS ST 2 52
ML, SERAIRTEMTRIC AT CTREEIT O TETH
5.

@)

s

REBRZ AT D 1TV, E 2@ biEER T
IBECUEEE S er e B THPEN - B L BN B TN A i V|
We. BURSALICTR O E 2R T 5.

Xk

(1)  HEENEAN B ARG ZRHER s SRS O Hil BB o B RiR-
HIBIZH O ONDHIET A A L ZOR-, HilEE
D INEE S, AL 21 B RSEEL (2009.10).
IR, EHREME, WAL, RS HET L —
AN K DI T — A G EARTR OG- i T\

@)

©)
@)

®)

(©)

(1) HHETRO B BHIREMKIEIZ BT 2 IREEH LV,
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B B EIE T AR L, B & A, 44(7) (2010.7),
p27-32, .

ABAQUS/Standard wuser’s manual, Ver. 6.10, Dassault
Systems Simulia Corp., (2010).

Bl 1, R, ANEREA, B O UL 27 4R
R U 7o =R AR AR R 0O B BiREReE, TR
Sy, WG TSR SCE, 47A, (2001.3), pl093-1102.
Ve OALPA, R R DNEREA, R R AUR% 73
R U 72 G OO A IRENRFERTAMIZ B3 5 — s, Sk
EFYGRSCHREEE, 15 (2007.11), p269-276
TEGLIREITSE N  FEGLIRBI D R 1A & AT, B AR,
(1993.10).



H BB RS DR ZEENER D LT 7 — A L AR ERIR B en

PR B an - ORENLFS J Y

=T, K

= o

B ERR S AT A DFEEE

g

1 IL®IZ

HEYEORE N F A2 BT 2 8ko—>2 L LT, A
B DO ZBALEA TE Y, 5% b Z Ok
a5 bDEEZHNTWD., L, HEVZEEE
OFRAUCE I INTIRE W BT T 5720, 2Bk
OREEIZITABRIA 72/ MU « B LA LD 2 & N EHE
Thb. BEEEITO DI, Sk 4 R b
BHE, HEIRDEDZTRAMIIE Y RFBIZESHLELTT
1$72<, Fe3C (B A # A F) AL THNTL 5.
ZOBRRIIT ML EMEEND. BA XA MIEL T
a4 <, Foub LT B a i Es R
ELTHWADOIEIRNEY TH S, 2T, F/VHRRE
T 27201, BERRiEA NS5 2 & C, W5
MORBZEESESETE AL ZA FONHEIA ST
ENEZ BN TWS, £7, #dEhE e LTHWS 2
DIT, BENZ SR BRI SR Y S CHREE L i
P2 B BRIREEN AR ST D, BRIRE
SNk A RIET 2720120, Ce(B ) v L) La(T v ¥
N ELT T — R RTINS Aot A E TR b
RIRBI S TS, BRIRBSRSE A EPET D 1T,
ERIRAANOTINIR RN D E 2> TEY, FH
T 700~100ton FREEfHE ] ST 5.

LU D, HREKOEEIZHES> T 7T v R
T —RFERLOTE LT BMEY, ZUfEoTLT T
—ADEELEEDL T, VT T —AOMER, AE
B BITHR by T OFREDAEEEIH ZHIR LTV
5%, MRS LT 7 — A DOFEEHEE UEFAS )
EEL TS, Z07®), BRIMEFIOEKICL S22
N2 AN D D3 A NI E BRI S < D8k

-
=

-
=

*1 ek TRt
2 LORNERER METY =y k
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EERA~OEBIRENLOTH S, BIEICE-TH
LT 7 — AD L TEMFE D ARARN IR LT
ZEnh, BREERE LTLT T —ARE - HIEGR O
BARNEE Lo TS, LT T —AL AL DA
bEAfT 2 ERT B 72D120E, FHUT k> THRAET S
PRGN & O A iRk S & &b, BEhETEN
& LTRD BV D TREE 2 HMERF U722 iR L & Stk
WA SEDHZENNETHD.

T, AT, GO OFEE I & D
PRE T EEMNIT HE LB, LT T —ALAEIZL
LEFER MG E OREREF - RSO, LT
— A U ATERIZPE O SRR A AL, D4R
WEE/MET 533 2 b—y gy, SO NERY
AT DOREER EEIT, LT T —ALRE LIZEET
HAER OB RIS O % & - 7= BB i R ER
RESNHBEUE S X T A OREL Z BEE T

2 ERE

2.1 BEREABFEOERIC X 5 EIEERK
BSneEar s E T O BR%S

AWFFETIE, ERIREEREERL D moR A L-CEME D A
2RV, BRICESNERSRIAIG TR A i U, BERLEER
WESAES ARG L=, 20k, 5IERBRSY v LY
— AR 21TV, BB EE EIC LY,
RO T B A L.

F9, BBV TS 5. BEREALER & 13,
HEGOEANDEOGEEZIRNT HUELDO Z L Thb.
CONEEEITH Z LT XY, BEEG O BRI AN
SHT, F/UEIHPARERM 72 ED A Y > B MG
DD, SOBBIIMEE 2 ST 5 L, R
HOMIZAETHEOTNRBILE D72 ERH DR, Z
BB L LG L C, (KA R THY, LT
HHTED LW TRENH 5. SR TERIR SN

-
—



RO WEUGEICH D TE CTh 575, BB Iy
i & & BITHRMEL 2D 7 = —F ¢ 7 LT
NDBIGEMEBRE N R E W Bl Z L CHFANE
NAHAMENAEL S, Ez, IEFEOLT T —AEERE
ORRENNS, LT 7 — A L AR O AR E L.
R L T 7T —ARFTHH Z L3 b T
DM, VT T — A L REREANZ IO TRV ED
HEWIT X 2R O T AN W CldaE 134
720,

FIT, AN LT AZVBIOLT 7T — A2 EhH
L7- Fe-Si-Bi 548 LW\ Fe-Si-Zr 645, V77 —AL
APEFEHR|Td 5 Fe-Si-Ca & F\ N THEFRALEL - fifi L,
fili 2 DR~ LT3 & O, fERRBIEE, ~ v
SV —EEEERER, S RERA T o7

211 BREAB I OEEHECLDER
HRR BehFRER DR

e R AR 2 FH, TR O il EESEEk F L UM
JE(ABIE SR OFT B E ) EZEfEL, o A v F
T K DERIAGALEE, BEFEALEE & Jit L 7= %%, 15 170mm,
5 S 200mm, S 300mm DEFIRT 0w 7 ICHRE L
7o, SR U A SRR & U7, BEREAIICIT Fe-Si-Bi(LA
T Bi & i T 2)FB LW Fe-Si-Ca(LL T Ca & Eit T D)
O 2 FEE A VY, $EEF A IR RO FH E 3%
T %) LIRS HFRE(UA TG & KL T 5) & vz,
F7z, BEHEHEIBURRER D A DK — o b B
LRSI AT O NE— D2 R F— L LTz, &
LA Db A A T

TERL L 7= A 5 IR, & v L Bl
AR 2 L, 5IERRRE KO v L e
BRaATo 72, -SSR O 2 SR, L,
FEFBRERIC GBI 21T o 7. X 1 IZEER M O
FAMEA T, R 2ITEENERIRMEER, RiL, KRB IO
TAFERAERE R A T

# 1 SR OILFRERK (mass%)
2 v/ C Si Nn T s Mg C.E.{f
Bifft 3.60 227 0.15 0.021 0.005 0.042 1.4
Billt+i 3.78 2.15 0.22 0.019 | 0.004 0.039 45
Calt 3.57 2.29 0.16 0.019 | 0.004 0.044 43
Calt+¥i 3.50 2.02 0.16 0.020 0,004 0.046 12

#2 BREnERRAEER, Rigk, R LOHERERHERR

EHEINLECY | B ld/mm?) | BB (m) | GFEE (%)
Bi I 66.4 34 61.7 1.0
Bi I+ 84.9 110 358 1.0
Ca Bt 63.7 31 65.1 10.3
Ca B+ 73.5 48 0.1 9.4
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(d)
1 Bi#fEFs L O Ca HEFEHEAR ORERE

iSaie i
WA e
iiSaiei
WS- P

(a) HEFEA : Bi
(b) Al : Bi
(c) HEFEA] : Ca
(d) #ZfEA] : Ca

BRI L U TR & 5 R

R BensEeR O RE

2.1.1 OERERIKEEAHER & R SRS L O
bR A VAR L, BRI ALER S X ORIV 4 (2B L
7o, WIEEERCRAT HRIBEAG IR, Uk %
BT H720IC, FREERITBEERR L Uiz, A5 CfER
L 7= O~ AR 75mm, £ & 300mm, PJER 3,
4, 5, 6, 7, 8mm O 6 BEOFEELRFERA & L7, B
SFAHIARFECTER U738 13 2.1.1 OF AR &

R CTITo 72, HEAEITAEOR HEVLECLT
JEERT), BbEWCECATEE AT, MlmEmEL
ERPYNED 3 RE = b LT T, $OENC
X o THHBRE 2 E OFBINE 2 5D DT, Al
7T UMD 2 FEEEAE . $R 3 IS IEERIREABR A
AR Z =T X 2 (2 PEBR RS i D AR AR
T BEBIREER i O R DAL D D ARAkBIEE

D7 vy 7 &YV HL, BRI ZOWHEZ LT,

ARSI CRIRRBIZR 21T o 72, X 3~10 (SRR 22
FERATT. KA~ ITESRERI LR, Rk, Wifk,
FERRER R A =T

2.1.2

22 Fm

221 BIERBR(EREY)

AW THFE LA BFOFHIN I R A TR O
EN-GJS-400-18U-LT % AV /=, ZOMHMIZAARTER
F&IIS)P JISG5502 7 FCD400-18L (ZAH% 3%, £ 12



(B 2RO

X2 BEBeREER oA

3 BRI OB (mass%)
BRIk C si Mn P s Mg C.E{l
Bil 339 2.02 0.15 0.020 | 0.005 | 0.038 4.1
Bil+ii 3.57 1.96 0.17 0.020 | 0.005 | 0.042 42
Calit 334 2.04 0.16 0.019 | 0.006 | 0.042 4.0
Cal+5% 3.59 2.07 0.20 0019 0.006 0.043 43

Z DRFIFE IR OAITEIMECKS V38 X) &2 Bk 3 D8
ICHEA SND K TH D, ABIFECRIE L EREY
%, EAFEEAREOTMLD X 9 7RMEIEEREL T TOw
PEMRELR I 5 ERIREENESL OB 2 B T
728, EN-GJS-400-18U-LT Ok Z M L. BRI
IFEAER S 14A S5 ERBR A 200 L, #Br%
1T-o7-.

X 11 28RS 2R, 13 ICBRRM Bl OS]
SRR T — & Zor T, BIREREAE RS, 0.2% )
B L OB & 7Y EN-GIS-400-18U-LT Z1ifi 7= & A
Bohiz. F7z, BERESMT0.2%0M I3 L OB EHR S
IZEWT RO o T,

222 Uy E—EEGAER

JEREEIN S Y v L E—4 BB 2D L, v
YL BRI T 72, X 12 127 v L B — R
Bt A~y RBRERND, BUEE & R
%t L 7= A T X R AR O A OHGAAL & bz L ¢,
OIS —Z R L=, HRZ, 20°CT10J BLE
DfEiZR L, HBZHE LZ. ZOREND, 5
PEREDSERIR RSk DR L OO E OUEC
H&hThn LI oTz. £, LT T—ALAD
Ca HEFEASIT Y, -20°CC 10] LA ORI = 3L —
ERLIEZED, LT 7 —A L AEHERT G
LM TRE CTH D LB b D,

B & e & i U 7= B 13-20°C < 100
YOI R X —2/R LTz, 72T, Bitk
FEAGEAA13-40°C T 101 LI EDOEERIL = /L ¥ —%
R UTe. B ESS L OVEERRIEAIE ORER D, Bi
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PERRAEEAA | THEN R 2 55 3~ 2 BRIR SR D Fp % <
HHRE L 0 ML L TV e ZE 2 b aW. S
RO 7 =T A MERRESERE RS, RO
FEEERIAEA 40 u m LU T & o864 X 0 Bk L <
We7z, -A0°COKIRFEL T 10 LA EORERILIY = 3%
NFX—ZRLIZEBEZBNA. X 13 [ZHHEEED 7 =
T A MREERRIE K ORERRIEL & RN R L —
L ORERT.

X 13 OEEN 5, -40°CTH 10] LU EOEEBILIY = %
VR —ZHTHITNE, BERiEY 100 {E/mm’ LA L, %
HFHRRD 7 = 7 A NSRS 40 1m LUT OFARE 4
HELEZ NS, BFE L7z Bi #5ER X OSSR HESS
TEHEREERIR BN SRR X BRI 110 ff/mm® T
BV, TOREERRIL37Ium Tho7o. X113 DR
NN DA LIZT-%, BI%E L7 EHIH
F DB = R L F—Z it LT e B2 b5,

X3 PEBRRBR A Rtk (EAEA « B,
PRI -, BAALE - SRR



iy i)
n’%;r!m-/"atﬂ
¥ /“Q// A )
PR St

.f:""ﬂ[ ‘

ey
e

%

e

4 MEBRIRGRER Fr OfAGk (BEFREAD - Bi, 6 PEBLIRERBR A Ok (HAEA : Ca,
FERESTIE « L

i \‘";I: ol 1) "‘ 9

5 BEERHREER A OMEE (EREA : Ca, 7 BEBRIRGRBR A O (BAEA] - B,
HERRE - IR, I D SRR R < i, BRI - i)
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8mm

8 BEERIREBR R Ok (BEFEA : Bi, 10 PEBRGER A O/ (BRI : Ca,
BTk © ORI, 5 D ALE « ) BRI - WORHED R, 5 P ALE « )

R4 BEEERIRGE, R, RS L OEE
R Bi, BERETIE KR, AL  EA

e 34828 /S (S B BifE mfEE
(%) (f#/mm?) (um) (%)
3Imm 23.1 165 10.1 1.3
4mm 56.7 303 9.8 2.3
Smm 74.8 281 10.1 2.3
6mm 74.3 359 10.7 3.3
7mm 83.5 297 15.1 4.1
Smm 80.3 340 12.8 4.4

K5 RIMERIMER, Kk, Rtk L OHRER
BEREA « Bi, BEMZIE - SR, S PALE - RN

A : 3482 S (=3 Bz B i
(%) ({8/mm?) (um) (%)
Imm 90.6 526 8.5 3.0
4mm 89.9 683 8.6 4.1
Smm 91.6 749 10.6 6.5
6mm 86.7 684 10.4 5.8
7mm 83.6 391 15.0 6.9
Smm §8.3 451 12.3 5.4

Fo BENERIRMEER, K, Rrftds L OMEREER
PR« Ca, HEREJTVE « HUGH, HONLE : JEA

A HenEkikArE B BIfR [i7g
(%) ({8/mm?) (um) (%)
S ¥ : : o 5 3mm 746 85 10.4 0.7
Tmm 8mm 4mm 89.0 159 13.0 2.1
R - Smm 92.1 220 140 3.4
9 [EERIREER T OfHRR (BEREA : Ca, Smm 822 200 14.9 35
. . § " 7 90.2 204 15.7 3.9
BEREE R, DAL : DU i 02 EI S N
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#7 BERERIRMbER, WL, Rifsds K ONEREER
PEREA - Ca, BEFELAYE : BEGHHR, B OALE  JEW
e HEEERArE B BIfR i
(%) (f#/mm?) (pum) (%)
Imm 62.3 96 8.1 .5
4mm 89.7 453 9.0 2.9
Smm 88.0 519 9.5 3.7
6mm 90.1 495 10.9 4.7
7mm 89.1 345 13.7 5.1
Smm 87.2 452 10.9 4.2
#F8 HSnER bR, Wik, AR LN
PR - Bi, BERESVE  BR, S OACE Al
e HEERikrE B3 B g
(%) (f#/mm?) (um) (%)
Imm 47.7 137 8.6 0.8
4mm 75.1 226 9.3 1.6
Smm 84.3 371 10.6 3.3
6mm 76.8 300 153 5.5
7mm 81.2 341 12.4 4.1
Smm 74.7 307 11.2 3.0

F 9 EENERIRAEER, Rk, Rrfeds K OMEREER
BEREAI : Bi, BEMUZIE - RS, % OALE < A

A HEEERArE B BIfR i
(%) (f#/mm?) (pum) (%)
Imm 81.4 225 7.7 1.1
4mm 92.2 662 10.0 5.2
Smm 92.1 761 10.7 6.8
6mm 86.5 691 10.6 6.1
7mm 84.0 381 15.5 7.2
Smm 89.4 463 12.5 5.7
210 BIABRIVEE, HUE, K K ORGE
BRI - Ca, BEEEHVE B, HOALE : {AIE
e BEaeik{rEe B3 B i E
(%) (f#/mm?) (pm) (%)
Imm 36.7 48 9.4 (.5
4mm 87.2 148 12.0 1.7
Smm 78.8 235 12.1 2.7
6mm 84.9 230 15.1 4.1
7mm 86.8 214 17.3 5.1
Smm 82.7 216 16.6 4.7
11 BERERIA LR, Wik, Rt L OmfER
PEREA « Ca, BEREZIE - VEGRR, ByO0E Al
A HEEERArE B BIfR i
(%) (f#/mm?) (pum) (%)
Imm 79.0 178 8.2 1.0
4mm 93.4 741 10.4 6.3
Smm 91.5 522 9.6 3.9
6mm 90.6 234 18.0 5.9
7mm 88.8 243 17.3 5.7
Smm 81.3 158 16.0 3.2
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S ¢
230240 250260 270 280 290 300
-40 =20 0 20(C)
Temperalure, K
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13 7= T4 MGG L ORI &
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#12  FA Y TR EN-GIS-400-18U-LT

. WIS . e L 3 —
P | sl |ty | g | TORTERS
» . o > = -
(mm) (MPa) MPa) (%) T Bl
=60 390 230 15 12 9
=200 370 220 12 10 7
Ay %
13 BHREMBIOBERAOIEE
0 290 £ BB, & 7R | 0
redm JUERRE] S 4 e { S
(MPa) %0 (%)
bt 4 LY A Y
Bi At 254 3 20 22.5
Bi B+ 259 396 20 24
(' HY 747 3IL7 22 XS
Ca 3l 247 387/ 22 26
o B s 234 370 29 15
o BT S - [ AL -4 -

23 L7 7 —RLRERIRESEESDERIL
Bt oAz

2.3.1 BEBRRRBRIC X B ERIRESNEESRD

Rk

22.1 TERLL 7218 75mm, £ & 300mm, PJ/E 3mm,
4mm, 5mm, 6m, 7mm, Smm DOPEERRIAER i ORHAE
BIRB IO SRR A T o7, MBI O RN D,
AIE 3mm, 4mm 3 L 5mm DOERSHIIITF /L HFER
N, L7 T4 ML o Q. FT, B

DOFHORERF ITLIAE 6mm, 7mm 1 XL O 8mm DE45 T

LI VDPHER S NTZ, —JF, RS it L 7= 3Rk
FIZPIE 4mm DOERSI DS 7 IV AT A Mk SR S
7=.

X 14, 15 |[ZPEERRTRBR T OWIE & Bk D BIR %
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T.Sekine, K.Shimizu, Y.Takamatu and T.Tazukuri : Proc. of
Asian Foundry congress(AFC-11), China, (2011), P259.
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AWFZECIE, K% ORR S HBIR A DA
IEAZANEERE L, B 10,000 x, FERFHRER 30 734
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TEENEE SN TS0, RO L D RELS
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(1) KRINEF, EERY X5 L BIFEEE, 9303)
(2099), p.128-133.

2 /MNMERW, FEFIL A A — R L MRS, AR
IREEAMERE, 105(10) (1991), p603.

(3) Roger J. Cole, etc., Bright-Light Mask Treatment of Delayed
Sleep Phase Syndrome, JOBR, 17(1) (2002), p89-101.
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52 ENHIRESND. FRCEEIVERIEREEL, domE
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PR b BRI ECEREE A TH Y, b
AL Z 2 L7, SRR R L s R
HIFREORE RN, AR e 7T A
N E BB O D DI L, %3k LT

N HLEERORT UL BN L ThHhD. K
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AN THFE L T-igs DA IMED—DIZ, SRR ED
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WHHEFICEZ BND LN HTHDH. ZDZ b
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SEEFIHE - fbfin7e & ORIRREZBIERES, MEIREE S
WEEDNTWATHAT—Y g 2 BIcBIT A
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0B, RIOIIRSN S AT 2MZONT, it A
VARSI K VEFHER CH D, FTn, P24 FEED
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TAERRTDHEEBIS, BRARBRZHE L W5,
VR, fERSEER R, RIS LChilkand
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5 BHoiz
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DAL RA TR ERR 23R E LTz, AReensilk &, Ax
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(1)  ZJE, Ea KRS, Y OEBENIENRK D i
'Y — RIZER T - 7= P 11 BFEEO—F. ke
2 54 (5) (2012), p509-512.
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1 INTRODUCTION

Tubular bellows is a mechanical device for absorbing
energy or displacement in structures. It is widely used to deal
with vibrations, thermal expansion, and the angular, radial,
and axial displacements of components. It has been used for

a long time in many engineering applications, therefore,

numerous papers dealt with bellows have found in literatures.

Many design formula of bellows can be found in ASME

code!!

. And the most comprehensive and widely accepted
text on bellows design is the Standards of Expansion Joint
Manufactures EIMA®. The

characteristics of stress can be found in the following papers.

Association, study on

Shaikh et al.”) have performed an experimental work to

*1 b ORI REREE = > b
*) RHTHEdR
*3  h—7 VRS HERE =
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analyze failure of an AM 350 steel bellows. It is shown that
the exposure of bellows to a marine atmosphere during a
storage period of 13 years is suspected to have caused the
pitting. Browman et al.) have determined dynamic
characteristics of bellows by manipulating certain
parameters of beam finite elements of a commercial
software. It is reported that,

semi-analytical, their method has potential of considering

in comparison with the

axial, bending, and torsion degrees of freedom
simultaneously, and the rest of the system, also modeled by
beam or shell finite elements. The procedure was also
verified by experimental results. Li ® has investigated the
effect of the elliptic degree of Q-shaped bellows toroid on its
stresses. The calculated stress results of Q-shaped bellows
with elliptic toroid correspond to experiments. The elliptic
degree of Q-shaped toroid affects the magnitude of internal
pressure-induced stress and axial deflection-induced stress.
Especially, it produces a great effect on the pressure-induced
stress. In order to keep the bellows strength and maintain its
fatigue life, the toroid elliptic degree should be reduced
greatly in manufacturing process, for example, at least lower
than 15%. Becht® evaluated the EJMA stress calculations
for unreinforced bellows. Parametric analyses were
conducted using linier axisymmetric shell elements. The
analyses were carried out using commercial code finite
element analysis. The prediction of meridional bending
stress due to internal pressure and axial displacement were
found to be accurate. However, prediction of membrane
stress was found to deviate significantly from the finite
element results.

Some recent works focused on manufacturing process of
bellows are also found. Faraji et al.” reported evaluation of
effective parameters in metal bellows forming process. The
FEM commercial code LS-DYNA has been used and the
results were compared with experiments. Faraji et al.”) used
a commercial FEM code ABAQUS Explicit to simulate

manufacturing process of metal bellows. The objective is to



find the optimum design parameters. Kang et al.©) proposed
the forming process of various shape of tubular bellows
using a single-step hydroforming process. The conventional
manufacturing of metallic tubular bellows consists of
four-step process: deep drawing, ironing, tube bulging, and
folding. In their study a single step tube hydroforming
combined with controlling of internal pressure and axial
feeding was proposed.

Those reviewed papers show that there are needs for
rigorous analysis and forming parameters of bellows. It is
stated that the (2-shaped bellows have much better ability to
endure high internal pressure than common U-shaped
bellows. Their reliability and economy are remarkable in
higher internal pressure situation. As a note, there are two
types of (Q-shaped bellows are usually found, toroidal
bellows and conventional Q-shaped bellows. However, in
literatures only design equations for toroidal bellows are
found. In this paper the characteristics of stress of
conventional Q-shaped of bellows will be analysed
numerically. The resulted stresses will be compared with
those of conventional U-shaped bellows and toroidal

bellows.
2 METHOD

Geometry of a considered bellows is depicted in Fig. 1.
In general, it is a tubular with inside diameter of D, and
consists of several convolutions. In the figure, four
convolutions are shown and the bellows pitch isq. The
shape of the bellows convolution can be divided into
conventional U-shaped, Q-shaped, and toroidal bellows.
These shapes are depicted in Fig. 2. In the present work,

single ply bellows are only considered.

- diameter
Outside
diameter

R >
oot A
Side wall

Crown

Convoluted Length

Fig. 1 Geometry of bellows
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According to EJMA®@, there are five design equations
usually used in bellows. They are circumferential membrane
stress due to internal pressure (S;), meridional membrane
stress due to internal pressure (S3), meridional bending stress
due to internal pressure (S,;), meridional membrane stress
due to deflection (Ss), and meridional bending stress due to
deflection (Sg). These design equations will be used in this

paper.

2.1 Design equations for U-shaped bellows

The bellows circumferential stress due to internal
pressure ( P ) is calculated based on equilibrium
considerations. The equation for bellows circumferential

membrane stress is:

5= e m
2% \0571+2w/q

where D,, is mean diameter of bellows convolutions. It is
definedas D,, =D, +w+t¢.
The bellows meridional membrane stress due to internal

pressure is calculated based on the component of pressure in
axial direction acting on the convolution divided by the
metal area of root and crown. It is calculated by the

following equation:

_Pw

Y @

3

The bellows meridional bending stress due to internal

pressure (S, ) is calculated by:

Toroid bellow
U-shaped

Q-shaped

Fig.2 Convolution shape of bellows



©)

The bellows meridional membrane stress ( S5 ) and
meridional bending stress (S;) due to deflection (e) are

calculated by the following equations, respectively:

Et ‘e 4
5= >
2wC,
_SEjt’e 5
°3uwPC,

where C,,C,, and C, are the factors to calculate S, ,
Ssand S, respectively. They are provided as diagram and
table in EIMA®. And E, is Modulus of Elasticity of the
bellows.

2.2 Design equations for toroidal bellows
For toroidal bellows, meridional membrane stress due

to pressure is calculated by:

=1

Here r is mean radius of toroidal bellows convolution and

_Pr
Pt

D,-r
D, -2r

(©)

D, is the median diameter of bellows convolution.
Membrane stress of the bellows due to deflection is
calculated by:
Et ‘e
3457

5 i ™

The bellows meridional bending due to deflection is

calculated by:

Fig.3 A convolution computational model and its

constrains
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B, and B, are factors provided in appendix I of EIMA®.

2.3 Numerical simulation

In this study, ANSYS code is used to carry out
numerical simulation. Structural solid element 8-node
Plane183 is employed. Elastic analyses were carried out on a
full convolution of the bellows with axysimmetric model.
The computational domain is divided into 10 elements in
thickness and 500 elements in length. The proper number
elements test was performed, where 800 elements in length
was tested. The results showed essentially the same.
Therefore, the model with elements 10X 500 is used in all
analyses.

In the present analyses, a conventional Q-shaped
bellows available in market with nominal diameter 125A is
picked to be analyzed ©. The bellows inside diameter is 128
mm with outside diameter of 154 mm, thickness of 0.45 mm,
pitch of 11.5 mm, and height is 12.5 mm. The bellows
material is made of stainless steel SUS 321 with the modulus
of elasticity of 193 GPa and poisson's ratio of 0.3. The model
of Q-shaped bellows and its constraints are presented in Fig.
3. In the present work, the internal pressure (P ) and axial
deflection are only considered. In Fig. 3, the constraints due
to internal pressure are only presented. For toroidal bellows
the radius of the toroidal convolution is assumed to be » =
5.5 mm.

3 RESULTS AND DISCUSSIONS

3.1 Numerical validations

In order to validate the present numerical method a
comparison test is performed. Since, solid element is used,
the stress resulted from FEM is a local stress. However, the
design equations result in averaged stress. Thus, the FEM
stresses shown in comparison are the linearized one. The
meridional membrane stress and meridional bending stress
due to internal pressure of U-shaped bellows and toroidal
bellows were calculated. The applied internal pressures are 1
MPa, 1.5 MPa, and 2 MPa, respectively. The results are
presented in Table 1. In the table, the results from analytical
solutions by EJMA equations are also presented. The

comparisons show a good agreement.

The meridional membrane stress and meridional



bending stress due to axial deflections are presented in Table
2. The applied axial deflections are 0.5 mm, 0.75 mm, and 1
mm, respectively. In the table, the results from analytical
solution by EJMA equations are also presented. The
comparisons for U-shaped bellows show a good agreement.
However, for toroidal bellows the analytical solutions show
a significant discrepancy. The discrepancy caused by the

factors B, and B, provided by EIMA®. Thus, further

Table 1 Analytic and FEM stresses due to internal
pressure
Type of Internal Pressure [MPa]
Bellows | SUess I 15 2
S3
13.889 | 20.833 | 27.778
(Eq. (2))
S3
U (FEM) 13.032 | 19.572 | 26.137
) Ratio 0.938 0.939 0.94
shaped 5
bellows 4 251.00 | 376.50 | 502.01
(Eq.(3))
Sy
(FEM) 24191 | 36033 | 477.7
Ratio 0.964 0.957 0.952
S3
Toroidal (Ecg(6)) 12.733 | 19.099 | 25.466
3
bellows | pEmy | 13.596 | 20.366 | 27.128
Ratio 1.068 1.066 1.065

Table 2  Analytic and FEM stresses due to deflection

Type of Axial Deflection [mm]
Bellows | SUess 05 0.75 1.
(Equ( 4 | 3252|4877 | 6503
(ng,[) 3389 |s5.169 |7.02
gl'ape . Ratio | 1.042 | 1.050 | 1.079
bellows Se 1 265.66 | 39849 | 531.32
(Eq. (5))
(F]gi\/l) 23949 |357.85 | 476.05
Ratio | 0901 | 0.898 | 0.896
(EqS5(7)) 7239 | 10.858 | 14.477
(ngw) 3.686 | 5481 | 7.254
Toroidal | Ratio | 0509 | 0505 | 0.501
bellows (EqS?S)) 25097 | 376.45 | 501.94
(ngw) 172,65 | 25441 | 333.71
Ratio | 0.688 | 0.677 | 0.665
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study need to be performed to evaluate those factors. This is
beyond the objective of the present paper.

In general, the present numerical method shows good
agreement with results by EJMA equations, except for the
toroidal bellows. Therefore, the method can be used to
stress  distributions

evaluate the characteristics of in

Q-shaped bellows.

3.2 Comparison of design stresses of all bellows

The present numerical method is now used to evaluate
characteristics of stress for all bellows. The first comparison
is meridional membrane stress due to internal pressure. The
applied internal pressures are 1 MPa, 1.5 MPa, and 2 MPa,
respectively. The results are presented in Fig. 4. The figure

shows that meridional membrane stress in Q-shaped bellows
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Fig. 4 Meridional membrane stresses due to internal

pressure
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Fig. 5 Meridional bending stresses due to internal

pressure



is lower than in toroidal bellows, but same value as
U-shaped bellows.

The comparisons of meridional bending stress of all
considered bellows due to internal pressure are presented in
Fig. 5. The figure shows that meridional bending stresses are
higher than meridional membrane stresses. This suggests
that meridional bending stress is more destructive than
meridional membrane stress. The meridional bending stress
of Q-shaped bellows is lower than U-shaped bellows, but it
is higher than toroidal bellows.

The comparisons of meridional membrane stress of all
considered bellows due to axial deflection are presented in
Fig. 6. The applied axial deflections are 0.5 mm, 0.75 mm,
and 1 mm, respectively. The figure shows that meridional
membrane stress in Q-shaped bellows is lower than in
toroidal and U-shaped bellows.
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Fig. 6 Meridional membrane stresses due to axial

deflection
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Fig. 7 Meridional bending stresses due to axial
deflection

The comparisons of meridional bending stress of all
bellows due to axial deflection are presented in Fig. 7. Here,
the meridional bending stresses are higher than meridional
membrane stresses. This also suggests that meridional
bending stress is more destructive than meridional
membrane stress. The figure shows that meridional bending
stress of Q-shaped bellows is lower than U-shaped bellows,
but it is higher than toroidal bellows.

Those comparisons reveal that the most destructive
stress in bellows due to internal pressure and axial deflection
is meridional bending stress. Furthermore, for both internal
pressure and axial deflections the meridional bending stress
of Q-shaped bellows is lower than U-shaped bellows, but it
is higher than toroidal bellows. Thus, Q-shaped bellows is
expected to have longer operational life than U-shaped

bellows.
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Fig8 Axial stress distribution on U-shaped bellows due
to internal pressure of 2 MPa
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Fig. 10  Axial stress distribution on toroidal bellows due

to internal pressure of 2 MPa

3.3 Stress distributions due to internal pressure

The axial stress distributions in the bellows due to
internal pressure of 2 MPa for U-shaped, Q-shaped, and
toroidal bellows are presented in Fig. 8, Fig. 9, and Fig. 10,
respectively. It can be said that U-shaped and Q-shaped
bellows show the similar distribution but they are different
from toroidal bellows. In the U-shaped and -shaped
bellows, the maximum axial stress takes place on the crown
part. In the toroidal one, it takes places on the root part.
3.4 Stress distributions due to axial deflection

The axial stress distributions in the bellows due to axial
deflection of 1 mm for U-shaped, Q-shaped, and toroidal
bellows are presented in Fig. 11, Fig. 12, and Fig. 13,
respectively. Those figures show that there is no significant

different from all bellows.

4 CONCLUSSIONS

The numerical study on characteristics of stress in
Q-shaped bellows has been performed. The design stresses
and distributions are compared with U-shaped and toroidal
bellows. The main conclusion is that the most destructive
stress in bellows due to internal pressure and axial deflection
is meridional bending stress. Furthermore, for both internal
pressure and axial deflections the meridional bending stress
of Q-shaped bellows is lower than U-shaped bellows, but it
is higher than toroidal bellows. Thus, Q-shaped bellows is
expected to have longer operational life in comparison with
U-shaped bellows.
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