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Fig. 1.1 Stress concentration condition by the change
in the bonding edge angle and the combination
of materials.
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Fig. 1.2 Schematic diagram of vertical mixed flow pump.
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Fig.1.4 The superconducting magnet system used for the MAGLEV.
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Fig.1.5 Adhesive structure in the load support system.

11



1275 WG D 58 B FTA £



B = B EREEEORENMZIN

2.1 ¥ &

BREBSEOREFMENICELT, Bh, BEOBEANSTHE
MEDODFEZAWTHEINED ONTWS, TI T, AETEHES
BEOREFMENICETIEAOHRICELTHEL, AMRT
AWEFMFEOCEMEZRNL 2,

2.0 BEMEOREFMBEMICET 2EREDOHA
BEBEOMENMICET AHRIL, ERNEREGEMFIIONT
S BINTHY I~ 2L EHEBWMOINETITEFRALL
LbOTHD. PlzE, Goland* " lRREFHOENEFRZ2ERTZE
ME, ZORNEFENSLSRDONDEFR TORRBNITKD #
EWMEOBREETFRAL, ERLEAMFTREOSI v TES, EEREE
X OWMEAREIORBERHBEMNLISELTNS, LML, HEITRE
BEEBROBNITERKERD, BAEITREELRZV, £IT, &
CEOREDREERIEEZERTOMBBIUBRORNERIZED
EHERECEBLEMENSZIRINTVNS, ZOEFHRTON
HERBEREIROLDIIC2DDBABRENIA-F H EATE
FToEMTESEY,

o=

> 1’?\' (2-1)
T HAWS S H G W EEHOES
o EEIRT A e EFERMEDOREE

rHEE IR D O BE

TIT, ARKOXESicLTkdDBIENTED LY,

Ko llerdTEANENENG  £6,T, YOIV RERYY K
NENENE,, V,EE,, V,P2D2DLK SVDEFETT IOV
T, BRMOEKAERDD, COBE, HAETRHRANE, #F
BTOEMOEE, RADHEVWREOEREENS, BHORR

12



HORBBERETHAREFTBEANRDOIDIIIKRE S,
Q0,,6,,05B;p) = A®, 85 p)” +2B(8, 6,; p)oB+C(6, 8,; )

(2-2)
+2D(0, 6,; p)B+2E(©, 8,; p)or+F(6, 0,;p) =0
T,
E
G = ' =12 9+3
b2(1+v) ¢ ) (2-3)
41-v,); FEOT
_jAdmu) REOT A, 2- 4
4/(0+v);, FEIRT
AL, a, BIX
_ Sumy ~Gomy (2+9)
Gym, +G,m,
B=G1(1n2—2)—~G2(m1—2) (0-6)
Gym, +G,m,
Fh, 22D AMS T
H(p,0) = sin® (p8) — p* sin* (0) (2-7)
ZRWT
A(Bl,ez;p)=4H(p,91)-H(p,92)
B(0,,0,;p) = 2p> -sin(8,) - H(p,0,) +2p* -sin(6,) - H(p,6,)
Cwbeﬁp)=4p2(p2—D-ﬂn%@ﬁ-ﬂn%@ﬂ+&ﬂpxez—GQ} 0 8)

:D(ehe2;p)==2p2-{mn?(ez)-gnl(pe,)—snﬁ(el)-mnz(pez)}
E(0,,0,;p) =-D(6,,0,;p) + H(p,6,) —H(p,0,)
F(8,,0,;p) = H{p,(6, +8,)}
TRENS.
EREQEEAE, LEEESFEROMERIBEEPZAVTRK
REDKRED,
A=1-P (2+9)

AHLTH, TABKENOBEREO®RIZH,, BEELNORES
PHEEH EERTAHIEICTE, 36k, KAKRREOMRIEA
Lo TETHOT, H,EH, O A QEZHABICT 2D, AAR
AN 035 DEEDH, EH, 2ZNETN M, 1039 E Ho (o039 ERT

13



THZEET B,

BEBOBRNRENINS 2 DDEBERENTA—F H EATERS
NB2ZEWCEBL, TOBRAREENITA—FITKDBEFMEMN
REINTWR LI~ ZDRTFRENIA-FZERGEH
FREAL, BMFREICBLIIITEHEEBEES, #BEEKES, #E N
BAEOEENEEBMICTFMEN TS EY, LML, TOHERES
HIZ@<BABMIEAZTICEELTRD, —BMICEFEFTRETRIE
hnEEeEz0T, LMANBREFMEFELLTHE, EEGE—F
WERENLEERD, £/, BEROI—EAMBEIENTEER
EE2FMT oA ENBEREIN TS BN UMD, ZOBET
MEZEEENSOERE2 —EC LEELIROBRANEANVNTVRD R
TINAMNRFEME & IEE WEEW,

BPERTMICEHZET IR ~OEEFMUFOREZ, EERHWOT
—RIEE-RIDODBEABRFEICHBML THMT 2 FiEN RS
NTWa e~ UnL, ZOFKBEEEREZETLHEEUFOMR
ERAMETHD, EENZVWEERFOREFMIEIERTIL
MTERNVN, ZITC, EHETREFHROLNFRBRBIZEAL,
EETOKNEEABEHDEEERAKRSBL, TAKEHORE
BEOMILEERNOBREEORIZANVEESHEFMBRRKITKD
B EBmEELZTFMTHAIAEZRAELIZ.

Kic, MEBTOEBERTORETFMBTIIMRERILES, K
I PRI/ BEXEHFOMEETORAIR N Z2EEL L BEFTMICHET
BIFEITEEICHABRVWET . ZOWETEHBEEBETO FR/&BHEE
WFEORERI—FAMYBATHEMTEDILENAHASNIINT
WwWas, LML, COREFNMETIEZHLSOEHEZ —ECLER
NEDOHRAERNTWVSE A THAMNREMEESIZEWEHN,

F T, AWETIE PRI/ & BEEMT O MR T 0K E
HEELT, BLEEORNERENSA—FIZEBEL, BERED
BEKEEERENICLIEEURFORERT 2B L THET 2
WA FEZREREL L,

14



KIC, BEMFOREMEEELLT, BEMFRERICESRIC
BRENsd 74y bCEBHEENHHBE-EE 20T 4 Ly b
WL DEERFREMEAN LN EABEREERICID AL,
wEnTWw3, LML, BERICEEREIND 74 Ly M ERZD >
hO— VT332 &REFTCHLWL, ZI2T, KPFETHE, RUITA
FINBENER, RE&FTEATL2HEEICEEL, I7ATv b2
RUIZAFIVEIETEZERICHMALT, BEEHZHERIDIFTEZR
£l 7%,

o, BEREEEZR U THREORR, SEERETERT 2
O OBESEMAETFMECET2HEET >, SRCPEEE
BETTOEEREOMAETMIEIKRICET 2R L~ OHRGT
b Twa, iz, BE, BEECRERELWECISZETRLEITLD
BEN, DANERICL2EERE OMAMETMFEEICET 2U5E
T, BERENZU2EFRECIIZEZENOLLBREEL
TEHL, Thoz2z#Tebe TEYBEFREZRD, EHAMWMAL
EIHMT S FENEREINTNSE, ZO0HKER, ECERT S22
AETBZEICED, ENHRBROBEEREZHEET OIDOTH
%5, ko T, ZEXANRKERIBRECERMALROMALZEEX
<RKRHDBZEWFHLW, £, TLoUZHIZAWEZEHRES L
BOMAETMENHFE P INTWEA, ZOWFERITHNBEI
EHT250THd. RELEETHAEYRECHETLIMAZITD
NEND D,

FIT, AFETRTZTLVZUAANZEE, BERETHALRDE
EMFOEFREICERETZIEIRED, BR2RETOEHAMA
HEHEMTEDEZHLGNITL 2,

15



{&E XM

. 1) Goland, M. and Reissener, E.
J.Appl. Mech., 2 (1994) A-17

C2)BREBERME, HAMMFESHIXE, 56, 523A(1990) pp. 618
B EHER, BelE, R, KEEW, MNEFEE,
#E, 41-467(1992), pp. 1299

A)ES TR, RERMS, @IEH,

#F 8k, 42-480(1993), pp. 1096

5 S, EHET,

AA#MEMEMNXE, 73, 2(1996) pp. 623
C6) FTREHHEM, NAKIES,

AASMPERMBEMIE, 64 619A(1998) pp. 618
CDEDZ=F8A, FIRE, HFHEL,
HABBESMmCE, 68 665A(2002) pp. 126

. 8) Bogy, D. B., I. Appl. Mech, 38 (1971) pp. 377

O kB ER, MRESEME, #0HMRHE,
HAHMMZEMmE, 53, 4954 (1987), pp. 2151
C10) BRES &M, SRHEIER, WHEHE, N ET
HABMZESHCE, 54, 499A(1988) pp. 597
N BEBERM, ZEB, HEABRZESHRE,

b4, 498A (1988) pp. 251

WD BEBERM, HREB, BEAEMFRRXE,
54-503A (1988) pp. 1404

J13) T, BEREER, ZEB, BEAEBEEMIE,
57-541A(1991) pp. 2030

J14) TR, BREEM, HEF, BEAEMFSRIE,
58-550A(1992) pp. 976

15 WM B, HEE, Aa/IlEmE, 5,

ML, 39-443 (1990) pp. 1095

16



) B, T REONFET , EEE, (1993) pp. 144
AN FES, T, MEEH, BRIEN,
HA#BBFESECE, 56, 5623A(1990) pp. 437

. 18)R.D. Adams, J. A. Harris, Int. J. Adhesion and
Adhesives, 7 (1987) pp. 69

.19)M. Y. Tsai, Composite structure, 32 (1995) pp, 123
.20)T.P.Lang, Int.J. Adhesion and Adhesives, 18 (1998) pp. 167
2D AEZE—, HFELAH, EHEE, BERK,
HAM®PESBIERE, 1995, (1995) pp25

2D BEHE, KREMt, MHEF,

AAEZEESRE, 37-3(2000) pp. 109

23 Sk, AR —B, MEM=, FULEH,

gL, 38-434(1989) pp. 1282

) RIRERE, REBMK, "BHTFOERTHIESML
B X - F4—TA, (2002)pp. TH4

) EEENS, BEAESEHSE, 16-12(1979) pp. 568

26 EEEN, HEBEMIT ¥, 43-494(2002) pp. 174

17



Fig. 2.1 Shape of bonding edge.
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(a) GFRP/SUS304 double lap adhesive joint

10,20,3(2
- — Tensile load

SUS 304 5
4
Adhesive > GFRP
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/
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(b) T-type joint

Fig. 3.1 Shape and sizes of adhesive joints.
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Fig. 3.2 Schematic diagram and photo of device applying

contact pressure on double lap adhesive joints.
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Fig. 3.3 Load—strain calibration curve.
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(a) GFRP/SUS304 double lap adhesive joint
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(b) T—type joint

Fig. 3.4 Layout of strain gauge and crack gauge.
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Fig. 3.5 Schematic diagram of loading condition

on T—type adhesive joints.
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(b) Relationship between applied load and delamination length

Fig. 3.6 Experimental results of double lap adhesive joints under tensile

shear stress when contact pressure of 10 MPa was applied.
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Fig. 3.7 Change of strain during tensile shear stress

when contact pressure of 10 MPa was applied.
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(b) Relationship between applied load and delamination length

Fig. 3.8 Experimental results of double lap adhesive joints under tensile

shear stress when contact pressure of 10 MPa was applied.
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Fig. 3.9 Fracture surface of double lap adhesive joints

when contact pressure of 4 MPa was applied.
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Fig. 3.10 Experimental results of double lap adhesive joints

when contact pressure was applied.
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Fig. 3.11 Relationship between applied load of T—-type joints

and delamination length(lap length:30 mm).
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Fig. 3.12 Relationship between average tensile strength

of T—type joints and lap length.

39



Delamination load(1/4)

SUS304

Adhesive

Bonding edge
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Fig. 3.13 FEM analysis model of double lap adhesive joints

when contact pressure was applied.
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Table 3.1 Mechanical properties of materials

GFRP (Uni direction,polyester resin)

Young's modulus Poisson'’s Shearing modulus
(MPa) ratio (MPa)
Ex=4100 v xy=0.031 Gxy=2280
Ey=42800 v yz=0.32 Gyz=2280
Ez=4100 v zx=0.3 Gzx=1580

SUS304
Young's modulus Poisson's Shearing modulus
(MPa) ratio (MPa)
210000 0.3 81000

Adhesive (Epoxy resin)

Young's modulus Poisson’s Shearing modulus
(MPa) ratio (MPa)
7600 0.3 2900
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Fig. 3.14 Stress distributions near the bonding edge
of double lap adhesive joints when contact pressure

of 2 MPa was applied.
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Fig. 3.15 Stress distributions near the bonding edge of
T—type adhesive joints(lap length:30 mm).
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Fig. 3.16 Evaluation results of double lap adhesive joints under

tensile shear stress using stress singularity parameters.
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Fig. 3.17 Delamination assessment diagram of GFRP/SUS304

adhesive joints.
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BB, COEICLTROEEAIBFEOEFBIIM 4T KRLE
HALMEOEXRBERD ¢,=3. TMPa & XL —BT B ENHD
%,

4.3.3 MAERIEETORKY HEFM

K4 TWRLEZEDIIC EBAHMFORKERBETORTREIL
BERTOEYRELFIERALCTHI2OIEHL, —EERGEHUFO
BAREZERETORYRERER TORTRELDFE VI ENHHN
2, CRNEBEETORRNREICIDEFRERT EEFAEA
DMERTTORENLOBEEIRIZELZDBOLEZALND.,

CTHEOEREMLAI0EMA I THAT S, M4 IIEERED
BERCOBEMBFOEFRZ2AEFNZZEEL LEERNORESR
DRESEZAVWTEELAEDBOTHS. BERAAMFREBEETRIES
BMOBEBRTOKEREOBRIMEAL, |, 100D 13 BFTHEIT 2R
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BRNREET LN, —EBERAEMFETIRAL, |, 105D 4 EICHY
TARERMULNMEEETRREELRZL, TOEZDIK_EERGE#
FOMEBEREL BEFHNEFCORKBETORER EANZEMICE
O BALMF TR IOHEBZHEROMEIRETOREM L & 8T
AREDBERTAHEBZLTNWDEEZI 505,

INSOEENFMEN 4 11ICRT . RIFBAEWIC LS EHOE
BERNEREO®BE H, pp0n& BRS<BEREFRTOEEBE RO
REORIBEHEAL, |, 10 PEBRERLEDOTH S, MEKR T
HAAMWMFZ_EEREGEHTFD L. FOBEWICLDIEHRNE
REDOHMES HynaagWREEL, Hop g EWIEEEFBENK
TIBZ2EMBND5, ZORICED MEBRTOEERELZEIENIC
LO2MEERTLEHBEZTODODREREHEICA T THMT 2 &2
TE3, Il BEMBBNMAZFRIOANTAT TOMERTO
BL<HMERBRB DSBS ORI BEAL, |10 0. 18MPaym &
HETE, BERTOAL, =050 1IMPaym® 1.6 512722 Z &7
DTINDBD,

PLEZ2Fxe0d & FR/VEBEZEMF OMKIE T T ORI RET
MEFRDOEDITR?D, EEMFERMERICHALEZEETRET
ZHEAWMICIIEERAOEESNOFREO®RIZRD D, Z0
MENICLARNEREORMSEFEFBTORARFRFO® S HH
COMEAEN 41l DEI LB LD B hEenHEL
BMEE TCOEEREFREEZRDDIIENTE D,

4. 4% =

) FE¥E D Al,0,FRP/SUS304 #HEFMF (—EERNATHMTF HAHM
E) OIS TBN BHERSHEN EFRRBRETRV UTOHGRE
7o
) —CEERAEHFORKBERBER)»SRL<HEREELEZE
BAHDOBRESEOBRIGEHEOEFRERD, COBRNSHEALMBFO
EEHTOEXREZFRALAHERIEZERER LIS —F L,
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) ERBEOEEISNORFRBOBRSICLD, MEETOEEMRTF
DEHFBREZ, BRICACLI2BERTLBRELZODDODOREKRTF K
WABL THMARTHD I ENDM o 7,

{&F XXk
4. 1) #Z%EH, TH, MEER, BREH,
HA#HMZESMmE, 56, 523A(1990) pp. 437
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30 Al,0,FRP

Q S g S AR I
\ / v
) 270 \\ , / 15,

SUS 304
(a) Double lap joint

Bolts (M5)
N I

Al,0.FRP ¥
o T A
% \))j [ T
| \\\ jm “ J5;L__
270 \. / 30

< \ 2

SUS 304 l—»
(b) Embedded joint

10 |

25

Fig. 4.1 Shape and sizes of double lap joint and embedded joint.
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JFRP

Al,O

Fig. 4.2 Finite element mesh of double lap joint

(delamination length : 5 mm).
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Table 4.1 Mechanical properties of materials

Al, O,FRP

Young's modulus

Poisson’s

Shearing modulus

Thermal expansion

[MPa] ratio [MPa] coefficient [1/°C]
E,=33000 v yx=0.1 6 ny=1 7000 o, =24%10°®
Ey=67000 v yz=0.1 3 Gyz=1 6000 o = 5% 106
E,=30000 v ,=0.29 G,,=12000 a =39x107°

SUS304
Young's modulus |Poisson’s | Shearing modulus| Thermal expansion
[MPa] ratio [MPa] coefficient [1/°C]
210000 0.3 81000 12 %1076
Adhesive
Young's modulus |Poisson’s | Shearing modulus | Thermal expansion
[MPa] ratio [MPa] coefficient [1/°C]
7600 0.3 2900 29 %106
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SUS304 | Initiation point of delamination

Adhesive p /
<€

\J
FRP

1000

_ 0,098 "LO:

zz 0.5

r<_\31 R ,;:2”:"2
ol 4
= | \8\\9 o
bﬁmor \ s [0 A section
% - /\
: == \Dt'%m
_g T ro- q:l\
S
Pz
_IU | | ] 1 1111 ] ] 1 . 11 1.1
1077 106 107°

Distance from delamination edge r [m]

Fig. 4.3 Stress distribution near delamination edge
of double lap joint under mechanical loadings
(delamination length : 5 mm).
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Fig. 4.4 Relationship between intensity of stress singularity
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N

Material Joint type

AlL,O;FRP/SUS304|Double lap
ALOFRP/SUS304|Embedded
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Delamination length a [ mm ]

and delamination length (7 ,= 2.9 MPa).
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10000,

SUS304

[MPa]

1000}

N
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b [ \0\0\@@_00\
) I _ ]
)
(1)) .
S 100} B
o -
—g [ 0 B section
g 0 A section
10 | Lol Ll 111
1077 1076 10°°

Distance fromdelamination edge r [m]

Fig. 4.5 Stress distributions near delamination edge of double lap
joint under thermal loading (delamination length 5 mm).



10000:
'®©
a
=

N

bN

1000 t

a .

O
2 [
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1077 1076 105

Distance frondelaminationedge r [m]

Fig. 4.6 Stress distributions near delamination edge of embedded
joint under thermal loading (delamination length 5 mm).
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[MPa ]

T a

Stress amplitude

5
o il
O
4 ~Qd ¢-u® __
3 b 6\\\\ .‘\ T ,=3. /MPa
i \\\\\ .\.“._'E)_
Test temp.| Joint type T~<_ 17 =2 5MPa
- O\w "
21| | e Embedded Rrorunt
C |11 R Embedded
oom T =1. IMPa
— @ LN2 Double lap
| {~O--] Room Double lap
0 | Illlllll | Illlll]_l ] IIIIHII ] llllllll | Illlllll
102 10° 104 10° 109 107
Cycles to failure N. [cycles]

Fig. 4.7 Fatigue tests results of adhesive joints (R = 0).
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D @ Crack gauge (both side) ~
SUS304 TR R N )

Adhesive < F *
—s S P e 0.1 -
) /j‘)x

=10
£ i i
2 ° .
o
54y Lo
¢~ °
o
£ 2 o ®
% ' o ®
_qj O | ' ] | I ! | 1 i l ] ] | 1
=)
0 5.0%10° 1.0x10* 1.5x10*

Number of cycles N [cycles]

Fig. 4.8 Relation between delamination length
and number of cycles (double lap joint, T a = 3 MPa).
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_Hoaz08)

o
— 10—5 5— r0.5 -
% C \—R Ho‘c(/1=0.5) 0.26
>
\c\> - SUS304
Lg - - =
_6 E—
Z 10 E Al,0,FRP
Z C
©
e

Symbols| & | O
1077 £ |ta ,MPa| 2 2.5

108 - da _ 8.5
5 —EN__O'36<AH0-(A=O.5))

107° ¢
' AH g (1=05) =011

Delamination propagation rate

Ly
0.03 0.05 0.1 0.3

A Hga=05 [MPaym]

10—10

Fig. 4.9 Relation between delamination propagation rate
and range of stress singularity AH ;=05
(R = 0,at room temp.).
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at LN, temp.
| -

A

49
0. 11

(b) Double lap joint

Fig. 4.10 Fatigue strength evaluation using
stress singularity parameter.
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0.2

[MPay m]

0.15

room temp.

A

Threshold intensity of stress

singularity AH_ i, (1=0 5

!f H \Ai2O3FRP SUS304
005 |- L[| AH,(m0g
/ \/ \/ vHam(A—OS) v
0 II OI I ! I ! ! I ] ! ! ! ] ! ] Ll
0 0.5 1 1.5 2

Mean intensity of stress singularity H ;=05 [MPay m]

Fig. 4.11 Thermal stress effect on fatigue strength.
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B A OE BEBEWHEIIATYY PTHALE
FRP/ <& & 1355 Mk F 0 52 EE 3R A

.1 ¥ &

GFRP/SUS304 #EMiE2 R THAEOELRBILA LB DK
F, BEGBBOBNEPCERT SR MBRELFETHLEND
5, CORKMREREERBOBNBRECHEE LS NBRS
NIA—F L EOFMTES L2 BZHETHALE, LhL, =
%*%T@%Fﬁf%%&ﬁﬁm,%ﬁﬁf%%’&ﬁ%ﬁéhé
ZTOEDIEEERBOENEFZMENOHFETERT 5 BEN
%%o%@%&®~3&bf,&%ﬁ=%%éh%74bvbk
DA EFEEBT B HES-CIRBEINTLS. LML, 74
Ly hORRERET2HBT A ERERHL N, 22T, #
WHBOAEE N ELL, BEREATATy N THRRT A
ML, ABETEIBORABARER 55— NFE 38D
EHERTES T FHMBFERALT, BEBBENIATy FTHE-
THRLEZEZOREMEHRE, HIATy b THE L 5%
FOREFMBRCD TR L.

0.2 BEWMZANSATNY P THBLAEEERFORNB[ITB IV
INAEEE R
5. 2. 1 B4 75 ¥k

B_ETHHALEEERODNBRENIA-F 2, AT
MTHBLZEBERICORKICERATEELEX, xETRE, A5
Ay hTHBLEEEMFOREZIN (2.1) OBRARRERENT A
— S THMET B EZ2RAR,

AETHIEGH E Lz GFRP/SUS304 EEMFORRETHEZEZR S,
1,55 3RS, 7—N#FZRSL 1 (2, NIAIYY PTHEL
F—NHFERK S IOMIIERT, TNSOMFITIIFIED BABA
BExzE5z27. Rio, T FEMFZR 5.2(), IZATy FTHEL
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7 T FHHBEFZR 5.2(00)ITRT, .2 D1 T THEEESIMN
30mm DM FZ T-type-(30), HEFE D 90nn O F % T-type- (90)
EEFLT B, £, .2 DA T THEEEID 30un OH#HFE2
T-type reinforced with glass mat-(30), #EEZH 90mn O #F
z T-type reinforced with glass mat-(90) &EELT 5., KT,
5.2DF 1 TOEEMFIZTBWT, GFRP DEMIC SUS304 & L /=
MFEZK0.3ICART. GFRP OEBEZ NS LAEREEE2RAETT 22D
WWH 3 DMFZANEZ.KL.3@ DY T THEEESZH 30nn OHHF
F % T-type-SUS-(30), #EE A 90mn OMF % T-type-SUS-(90)
ERELT D, £, B LIDDYATTEEEZIN 30m OHFE
T-type-SUS reinforced with glass mat-(30), #EZEEZH 90mn @
f#kF 2 T-type-SUS reinforced with glass mat-(90) &ERET 5.

AZAXY b THEERZEZFERLET - SUFORIABBEET IV Z
B 5 4I1xRT, MFEORFENS, IEHMHFTIEL 1/2 TTo . GFRP
WEZ8ETHAWE—FRMBEREMER S L, KB TIX GFRP @ #
MEEFEEERBLE. BEFRIRFUREBEFNEL, EEBE
13 0.00mm & U7z, SUSB04 o EFHROAEIZIIOEEL L., EER
EWBLEZAIAYYy bOBEBEII3IBEL, FHESIZ 0. 55mm T
HB. WHERENIA -T2 RkDDHDICHEBEREFEZEZM» < H
L, RAERTHEIZ0002mm &Lk, T—NNMFEEHFT AT Y K
THBLEZT—NBFIIBNT, 5BV TANRMERWEZ 2BE
HETHRLUZEGEAEIS M 0. 5MPa 725 & S51ic SUS304 I 5 %
7Z. [ #k1Z, T-type, T-type-SUS, T-type reinforced with glass
mat, T-type-SUS reinforced with glass mat KL TH, WEZ24E
BEEEBCHRLULLEEEEEIS N 0.5MPa 725 X 51z, SUS304 i 5]
EBOWEERL Az,

FEM IS TR E2X (L DIRZA N T4y bE®BIEITKD,
ARG OBEEZRD Tz, WABRICAVWEMBEREZX 5.1 1
N R
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5.2.2 fEITH R

HIARYy hTHBLET—NBFOLNEREREZ2K 5.5 TR
T K5 01 SUSS04 L EFHATOREREBEORABMB IS/ T
BB, HIAIXYy P THBLETF—NHBFIIHLTD, EBHITE
DA 5AER (2.1) TRINDZENDND., BEMTF O PR
mH (AWHE) 03— —HMBEHE)OFVKEAIZLLEN,

RRIC, HOAXy NTHBLEZT—/SH#F O SUSI04 & EEHR
HOEEWMEEOEREL IAHZK 5.6 IZRYT. BEIEARZHLT
b, BEWEEORA/MIZRX (2. 1) TRIN, PREE (AKH)
FOI—F—EBEE OFRIEHIRE W,

RIWZ, T—/NMFOCFRP L EZEBEFRAEOBBRIEEOT AKIE N
EEEINNAMZRETICRT ., EREFEOR T4 HAIER (2. 1)
TREINDIENDDD, ARy PTEBREFBT I LK
K0, TABGIIT465EAD L, BEIEHIE 285E DT 5,

Kiz, T-type-(30) & T-type reinforced with glass mat-(30) @
ISTIEAERZEZN 5.8 SR 5.91CRT . BEWHRENIAT Y NTH
BT A EICKD, BAWMKBHITNEAL, BERIIT ATHEAS T
B

Kz, T-type-SUS-(30) & T-type~SUS reinforced with glass
mat-(30) DR NBHERZEZRK 5.10 EK 5. 11 ICRT. HIAT v b
THEEMZMBTHIIEICKD, TAWMBHIZEA L, BEEN
3T AT B,

Fh, M5.8&EK5.10, M5 91O HEILKTS &
W2k 0,SUS304 % GFRP DEHICHEET A2 LR NTFREOBEI NG
<R2DT, HEEMFOREIMETSZIIENGD S,

Kz, T-type-(90) & T-type reinforced with glass mat-(90)
DI TEFHEREZRKSL 12K 0. 13ICRT, #EEIKZ GIRP THB® T
BEiTED, BABIENILEEAS L, EESNIT 465E ST 5,

K1z, T-type-SUS-(90) & T-type-SUS reinforced with glass
mat-(90) DS IBITHERZHK 5. 14 X 5. 15 R T. BEWRET T
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ARy NTHBT B EITED, BABB A AL, BEG S
X 3% WA T B, Kz, B5 12 &K5.14, K513 &F5.15 2
THIELITED, SUS304 2 GFRP OEHICHEETH I &IT LD, #E
MFORERIM LTI ENSNS,

DIEBEMBENIARY NTHBRLAEEEFEBRFOREM L

5.3. 1 BEMT ORIEHIE

WAEMEIE GFRP & SUS304 &L, #FFHEI_REAHMOIRFVHR
BEXER W, BEELORNIC, GFRP & SUS304 OEETE T AU
NR=—NTEZ, 7EhMTHEBLEZ, LR%, BEERDCESEF 2R
ML, MEBEREZEBRE L. TO0%, BEELLXABLEEEH
ZAVEI —TENVICHOBRWER EFHEZMNMEL ZRETIER
MR T66C, 2MOMBMABEILNEZITo /-, BEHRZHBRT 2729
&, HSAX Y bERUIZATNVEIEZREWT, EERITEERTHE
Bl HoATYy FPORMBHIIBEL 2.

h.3.2 B AIE

HBREERTTWY, JoXAy REMEEIX 0.00055nm/sec @ —
EHRETHT >, MEEZ7DAAy REMOMEBRZEREL, Rkt
FEEMFORERNZEHEL &,

5.3.3 MR
TNMFELEERZTASIATY P THBLET—NAHBFORE
E7OANY REMOBEGERS I6ICFRT. T—N#HFOHKEEL Y
OZNy REMOBEBRIEEAWERICETLSIETERERRETH S,
WMENBARIKELZ®, ELOEMIIHLT, WEEFPLEASL
THFEIEHLEZ, CNEERTERATRESBEIARELZEZD LE
A6NB, INETH/HLT, I3AFy NTEERZEZBERT L E, @
BELEMOBEREIEMETHRBE TH o7z, X< BEM SUSI04 & EEH
ODRETBIDERMBICHAIATY PR EERILSIZSBELE. 7
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—NBFOREIASAT Yy NTHBTEILICED, LE/FIcR
7z e

KRIZ, T-type-(30) & T-type reinforced with glass mat-(30) @
ARBERZRLITIKART. MEN NSNS BEFE—r7O0ZXAy R
ENHEBOBEEO/NIND, WEOHEMIIHENL, HEDBKRKEIRLS
CERTRD, CNEHEZERTAIEICTLAZENWZRZDTH
%, T-type-(30) TlE, WENZKREICETS &, JOANY REAM
DEMEEDIT, WERBRLAICHDILZ. TNIEIWEN R KXMEICE
T5&, BRWMMORBLBENREL, o< DEERLELZDTH
%. T-type reinforced with glass mat-(30) Ti&, W EMH KEIZ
ET B &, SUS304 &tHBHORTDTRSHENBIBELFEMIZ, ¥
ARy POAEERNSE<HEEL, MEITBEW Lz, T-type- (30) D &
K &L 1. 3kN, T-type reinforced with glass mat— (30) @ &k
Bid 2.9kN THo/ze 20T, HIATY FNTHEFEmMEMBT S
EITKD, T-type-BOMFOBEIT 2.2FITR> %,

Kz, T-type-SUS-(30) & T-type-SUS reinforced with glass
mat-(30) OB REZH 5. 181”9, T-type-SUS reinforced with
glass mat-(30) TRHENZKKMEICETBHE, H5ATy S
MM SIE<EEL 2. T-type-SUS-(30) & T-type-SUS reinforced with
glass mat-(30) OMFREIZIIFZEEL VW ENOoD B,

FAkIC, WE—J7OAANY FEMNOBEGEMNRRWEZ RD
R, T-type-(90) O m R E L 1. 6kN, T-type reinforced with glass
mat-(90) DHRARWEIL 3.8kN ThHho/k., £2oT, HTATw T
EMAEMMTHIEITLD, MFBEIT 2.4 FiZhzo7=. T-type
reinforced withglassmat-(90) iZ2HBWTH, T-type reinforced with
glass mat-(30) & F#RIZ, SUS304 &EEFHORTETIIKBEARB I 3
R, ASATy PNERERNSIEI<HL =,

KT, T-type-SUS-(90) & T-type-SUS reinforced with glass
mat-(90) IOV TH, WME—27O0ZANY RENEENSBRAFRE 2
ROTHFREZERLEZEZA, BFREREFEE LI R-E,
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£/, T-type-SUS reinforced with glass mat-(30) &E U K 21T,
T-type-SUS reinforced with glass mat-(90) %, RAKWEICET S
EASATY bBREFEHMSITBEL =,

LEODEBRERID, BEREZAIATYy P THBET S I LITEX
D, T=NHWFLT-type MFORBEIRLTHIENTN D,

DARNTEBRBNSA—FICL2BERENM

ERTHOLNEEMFOREMEREBEEET-—REERDL 2ICRT,
KIFFRICBWT, HIATY hTHBLEZEEMF ORERM LRIT,
R OMFELOLBENSKRD .,

HIAITY PTHBLEZHEIL T-type MFENEDBKREL, RIZTF
—NHMFETHD, T-type-SUS MFETHHROIRITZ LA EA LN
o lz. HI ATy b & SUS304 R Tid, T-type Hk=FE The d I
IR IMRKELRBEDEELZSNSD, T-type #F & T-type-SUS
METIE, BEEEINI0mMmED nmOoFNBETIELS ok,

R, T—NMWFEHIATY bTHBL 2T — /)NHEF D& < #
RERBOINNTEFERBEORIZROLEERZE 5.3 TRT . X<HEESE
ARHROTAMBNTORRFORE (H, [ 1. ) ET—/NHFEH
TAIY NTHBLET—NBFETEIEELLIRoKk. £/, &<
MEEROBEDNORAEAFORE (Hy, (1a00m) DT —NHMFEEH
FAIY NTHALET—NMBFTREELL 2o,

Kz, SUS304 LEEHORETCHSEERNRET DRI, T35
Ay DBV EERE SIS BEL THMFNAEE LKL T-type
reinforced with glass mat-(30) & T-type reinforced with glass
mat-(90) 1T DWT, H,, w028 E Hoeheon 2RO, TOER, H
ce (a=on & Hoo (aeap @MEIE T-type reinforced with glass
mat-(30) & T-type-(30) TEWEEHE L <A >k. £, T-type
reinforced with glass mat-(90) & T-type-(90) T H,, (102 & H,
ey PEIZIZEELL B2k LML, T-type-(30), T-type-(90),
T-type reinforced with glass mat-(30), T-type reinforced with
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glass mat-(90) D H,, 1-00n & Hoo (oo qn DEWE, T—/SHF, H
SATY R THBLET—NBEEDH., i org & Hyo ae g @ HEE
DHOLNSNWIERHDD, TNEHFHEROBIENNERTDH
LEEZLND,

LEXD, Ay NTHBLEMFLASATY MR L
DMFDH,, a-00s EHop e pPEEREKETDZZ&WITLD, HF
AR Y PTHBLEMFORERIRNIRREENRNIA—F THMT S
TEMTEDLEEZLEND,

5.0 oAy PlBOPERIIREZTES

HIAXY NTHEBEHZHEBIINENEBIIEKEITHELEER
T 5,

T-type-(30) & T-type reinforced with glass mat-(30) @ fif B J5
M (2 Am) OERE FEMBHERMPSRDEZHREER 5. 19ITRT.
BETHFRROEMZRD ZHHER, T-type-(30) TIX 1. 37X 10 *mm,
T-type reinforced with glass mat-(30) Ti& 1. 26 X 107*mm & 7% o 7z,
F /-, T-type-SUS-(30) TIF 5.90X10™*mum, T-type-SUS reinforced
with glass mat-(30) T} 5. 73X 107 mm &7 o7/, T-type #F TIIH
FATY PTHBT BT LICED, ERIL8EE AL =AY, T-type-SUS
BIMFE TIZERITZ LB Lok, HIA Yy NTHIET S
MBENERICRITTEE T T-type-(30) ®FH T-type-SUS-(30) & D
REW, FDD T-type-SUSHF KV, T-type MF O F NME T K
TR RNKRESRoREEZLEND,

5.6 & B

JH¥E D GFRP/SUS304 #EEMF (F—NMF, TFHMF, GFRP O
EHEIC SUSS04 Z2#EFL 2 TFHMF) OBBEHRZTISIAT Y b &R
VDIZATIIVHETHEBRT2MRZEIHBTERERARICEXOBKEFL
AER, LTORmZER.
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NEEWMEASARY PTHBTAZZERED, F—N#FE T F
HMFOBREEMLET 2 . BFRETNIZATY NCRHBTIZRITT
)

EEELLE T FHEHMFTRAIATY NERUIAFIHMETHES
MEMRT DRRITIFIEAERN -7,

2) HEWMEASAYY PTHBLAEEMFOREIKRIFRE
NITA—FTHRMET DI ENTES,

FHBFOLINT—NAMFLDOKREN, LML, GFRP O EE I SUS304

<& HRD
5. 1) R. D. Adams, J. A. Harris, Int. J. Adhesion and Adhesives,
7(1987) pp. 69
5. 2)M. Y. Tsai, Composite structure, 32 (1995) pp. 123
5.3)T. P. Lang, Int.J.Adhesion and Adhesives,
18 (1998) pp. 167
A RFEFE—BE, HRELAB, EHEH, BWBEEH,
H 2 8% 4k ¢ = 3 & 38R, 1995, (1995) pp. 25
b.0)BEHFZ, REMML, MHER,
HE#EE®<=F, 37-3(2001) pp. 109
b.6) 5 Ek, FBAM—E, MEHM=, FUL3EH,
Mk, 38-434(1989) pp. 1282

71



SUS 304 Adhesive
30
<—-—~>/ GFRP

\ S 7
SCl N I {9_’0___ » 5 577 |-—I -
5 270 1 ’<1_5)l
" ]
(a) Taper lap joint
SUS 304 , Glass mat (3layers,t=0.55)
GFRP
mﬂ
— | === = | L
Adhesive 970 w| (15
€ > >

(b) Taper lap joint reinforced with Glass mat

Fig. 5.1 Shape and sizes of taper lap joint and taper lap joint
reinforced with glass mat.
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SUS 304 ’
\ o
. Lo
Adhesive GERP
30°
IR y
o < L=30,90 N 15
) 150 ’
™~ >
(a) T-type joint |
SUS 304 ‘
Glass mat (t=0. 55) o
Adhesive o
30°
o L=30,90 N
€ 150 ™  GFRP| |~2,
< >

(b) T—type joint reinforced with Glass mat

Fig. 5.2 Shape and sizes of T—type joint and T—type joint
reinforced with glass mat.
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SUS 304 A
Adhesive GERP 2
30°
utd - S
2] < | [
< =30,90 N 15
A (a) T-type-SUS joint
SUS 304 /
Glass mat (t=0. 55)
Adhesive o
GFRP ©
| 30° /
/
S —_—
-y N Y
— N\
L=30,90 susso4| |1°
150 N

™ (b) T-type-SUS joint reinforced with glass mat

Fig. 5.3 Shape and sizes of T-type-SUS and T—type—-SUS
reinforced with glass mat.
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Fig. 5.4 FEM analysis model of taper lap joint
reinforced with glass mat.
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Table 5.1 Mechanical properties of materials.

GFRP (Uni direction,polyester resin)

Young's modulus | Poisson’s | Shearing modulus
(MPa) ratio (MPa)
Ex=4100 v xy=0.031 Gxy=2280
Ey=42800 vyz=0.32 Gyz=2280
Ez=4100 v zx=0.3 Gzx=1580
SUS304
Young's modulus | Poisson’'s | Shearing modulus
(MPa) ratio (MPa)
210000 0.3 81000

Adhesive (Epoxy resin)

Young's modulus | Poisson’s | Shearing modulus
(MPa) ratio (MPa)
7600 0.3 2900

Glass mat (polyester resin)

Young's modulus | Poisson’s | Shearing modulus
(MPa) ratio (MPa)
10000 0.3 3800
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Fig. 5.5 Shear stress distributions near the bonding edge
of taper lap joint reinforced with glass mat
(7 ,=0.5 MPa).
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Fig. 5.6 Normal stress distributions near the bonding edge
of taper lap joint reinforced with glass mat

(t ,=0.5 MPa).
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Fig. 5.7 Stress distributions near the bonding
edge of taper lap joint (z , = 0.5 MPa).
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F ig. 5.8 Stress distributions near the bonding edge
of T-type—~(30) (o, = 0.5 MPa).
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Fig. 5.9 Stress distributions near the bonding edge
of T-type reinforced with glass mat—(30)
(o, =05 MPa).
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Fig. 5.10 Stress distributions near the bonding edge

of T-type-SUS-(30) (o, = 0.5 MPa).
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Fig. 5.11 Stress distributions near the bonding edge
of T-type—SUS reinforced with glass mat—(30)

(o, =05 MPa).
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Fig. 5.12 Stress distributions near the bonding edge

of T-type—(90) (o, = 0.5 MPa).
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Fig. 5.13 Stress distributions near the bonding edge
of T—type reinforced with glass mat—(90)
(o,= 0.5 MPa).
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Fig. 5.14 Stress distributions near the bonding edge

of T-type—-SUS—(90) (o = 0.5 MPa).
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Fig. 5.15 Stress distributions near the bonding edge
of T-type—SUSreinforced with glass mat—(90)
(o, =0.5 MPa).

87



NN

SUS 304 Glass mat

N

10 aas
— Adhesive \
E 8 “‘ 13 )
/ \SUS 304 Adhesive
g 4 \ GFRP
—J 2 D PR AR B
| |
0

0 01 02 03 04 05 06 0.7 08 09

Displacement & [mm]

Fig. 5.16 Relationship between load and crosshead displacement
of taper lap joint and taper lap joint reinforced with
glass mat.
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Fig. 5.17 Relationship between load and crosshead
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with glass mat—(30).
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Table 5.2 The improvement ratio of adhesive joint strength
and fracture mode.

Improvement ratio
of adhesive joint

strength [%]

Fracture mode

Taper lap joint

Adhesive interface

60
reinforced Wlth glass mat between SUS304 and adhesive
T-type reinforced Adhesive interface
. 120 -
with glass mat—(30) between SUS304 and adhesive
T—-type reinforced 140 Adhesive interface
with glass mat—(90) between SUS304 and adhesive
T-type~SUS reinforced 6 Glass mat delamination
with glass mat—(30)
T-type—SUS reinforced
10 Glass mat delamination

with glass mat—(90)
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Table 5.3 The calculate results of H_ ;=008 @and H (3 =q.2g)-

Hioa=028) | Hoo(a=028)
[MPam?-28] [MPam©-28]
Taper lap joint 89 33
Taper lap joint
reinforced with 81 4.1
glass mat
T-type—(30) 4.9 2.3
T—-type reinforced
with glass mat—(30) . 2.8
T-type—(90) 5.4 25
T-type reinforced
with glass mat—(90) 5.7 3.5
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Fig. 5.19 Results of deformation on T-type—(30) and
T—-type—SUS reinforced with glass mat—(30).
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Fig. 6.1 Shape and size of double lap adhesive joints.

102



20
SUS304
/

/ (DStrain gauge

-\ (2 Strain gauge

@ @) Crack gauge GFRP
(both side)

Fig .6.2 The location of crack gauges and strain gauges
on double lap joints.
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Table 6.1 Degradation conditions for fatigue tests

Temperature(°C) | Humidity(%) | Time (hours)

o0 - 100

60 - 100

70 - 100

85 - 100

40 85 100

o0 85 100~1800
60 85 100~702
65 85 100, 298
60 water 100, 216
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Fig. 6.9 Fracture surface of virgin adhesive joints.
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Fig. 6.10 Fracture surface of adhesive joints degraded
at 50 °C and 85 % for 1298 hours.
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Fig. 6.11 Fracture surface of adhesive joints degraded
at 65 °C and 85 % for 298 hours.
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Fig. 6.12 Fracture surface of adhesive joints degraded at 60 C
in the water for 216 hours.
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Fig. 6.13 Relationship between retention ratio of fatigue
strength and degradation time.
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Fig. 6.14 Relationship between In D and degradation time.
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Fig. 6.15 Evaluation results of degradation time
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Process zone

Fig.8.1 Process zone size and stress distribution

near the crack edge
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Table.8.1 Mechanical properties of materials

Material O KIC d Do ag Reference
[MPa] | [MPa Y] | [uml | [um] [mm]
Al,Os | 200 3.1 20 94 0.40 (8.1)
Al,O4 | 500 3.3 3 17 - (8.4)
SigNy 650 4.5 4 19 0.15 (8.1)
SigNy | 580 4.3 4 22 0.14 (8.6)
SiNg | 750 5.2 3 19 - (8.4)
SiN, 920 5.6 - 15 0.10 (8.5)
SigN )| 290 2.7 4 34 0.23 (8.6)
SiC 620 3.7 3 14 0.15 (8.1)
Sialon 920 4.6 2 9.8 0.08 (8.1)

(%) :Results of static fatigue, o= o, K=K,
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Fig.8.2 Relationship Between o, opyand of, oy
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Process zone

Fig.8.3 Process zone size and stress distribution

near the notch edge
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Material KKy, oy, 0 Ref.
s (MBm)  (MPa
O Si;N, 43 580 (8.6)
: A Si,N, 27 290 (8.6)
50 I- (Sta-tl-c. fatlgue)

100

Fracture Stress o . (MPa)

104 1073 1072 107 1

Equivalent crack length a_(mm)

Fig.8.4 Relationship between equivalent crack length
and fracture stress for Si;N, [Ref (8.6)]
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Fig.8.5 Relationship between equivalent crack length
and fracture stress for Si;N, [Ref (8.5)]
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Fracture stress o _(MPa)

Material K,;, of Ref.
(MP,~m)  (MPa)
O Si,N, 52 750 (84)
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o\
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N
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N ' Y T T M
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Fig.8.6 Relationship between equivalent crack length
and fracture stress for Si;N, and Al,O,[Ref (8.4)]
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Fig.8.7 Fracture diagram for composite ceramics.
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Fig.8.8 Relationship between notch root radius

and fracture toughness[Ref (8.7)]
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Material K o Ref.
(MP,\m) (MPa)
O ALO, 3.84 300 (8.8) A
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Fig.8.9 Relationship between notch root radius

and fracture toughness[Ref (8.8)(8.9)]
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Fig 8.10 Relationship between critical process zone size

and average grain size
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