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Fig.2.1 Model of scarf adhesive joint with similar adherends for 3-D FEM
calculations

(a) 2-D FEM (b) 3-D FEM

Fig. 2.2 Examples of mesh divisions of scarf adhesive joints in 2-D (a) and 3-D FEM calculations (b)
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Fig.2.3 Dimensions of adherend specimens used in the experiments (the scarf

angle is 60°in the case where the adhesive length is held constant)

Table 2.1 Relationship between width and scarf angle of the
adherend specimens (case where the adhesive length 2/ is held

constant)
Scarf angle 6 Width (mm) w
30° 16.0
45° 22.6
52° 25.2
60° 27.7
90° 32.0

Table 2.2 Relationship between adhesive length and scarf angle of
the adherend specimens (case where w is held constant )

Scarf angle Adhesive length (mm) 2/
30° 64.00
45° 45.25
52° 40.60
60° 36.95
90° 32.00
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Fig. 2.4 Control of adhesive thickness using a thickness gauge
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T

Fig. 2.5 Schematics of the experimental setup for measuring the strains and
the joint strengths
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(a) Interface stress distributions (-1.0< s/l < 1.0)
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(b) Near the left edge of upper interfaces (s//=-1.0)  (c) Near the right edge of upper interfaces (s/7=1.0)

Fig.2.6 Effect of the scarf angles on the stress distributions using 2-D FEM (the plane strain
state) (E;=209GPa, v;=0.29, E,=3.34GPa, v,=0.38,2¢,=0.1mm, w=32mm is held constant)
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Fig.2.7 Comparison of normalized maximum principal stress distribution at the upper and lower

interfaces (the case where w is held constant, =30°, E;=209GPa, E,=3.34GPa, 2¢,=0.1mm)
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(a) Normalized maximum principal stress distributions at the upper interface
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(b) Near the left edge (s/7=-1.0) of the upper
interface

(c) Near the right edge(s//=1.0) of upper
interface

Fig.2.8 Effect of scarf angle (2/ is held constant) on the normalized maximum principal stress
distributions at the upper interface (3-D FEM, E;=209GPa, E,=3.34GPa, 2¢,=0.1mm)
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Fig. 2.9 Effect of scarf angle (w is held constant) on the normalized maximum principal stress
distributions at the upper interface (3-D FEM, E;=209GPa, E,=3.34GPa, 2¢,—0.1mm)
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Table 2.3 Comparisons of normalized maximum principal stress among 2D, 3D

(w: const) and 3D (2/: const) (L:at left edge, R:at right edge)

Scarf angle 6.1/6y 61/6y 61/0

0 w constant (3D) 2l constant (3D) 2l constant (2D)
300 2.754(L) 2.882(L) 2.054(L)
45° 2.038(L) 2.058(L) 1.271(L)
52 1.682(L) 1.688(L) 0.994(L)
60° 1.574(R) 1.580(R) 1.426(R)
70° 2.050(R) 2.052(R) 1.832(R)
90° 2.099 2.099 1.806
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z/t1
Fig. 2.10 Normalized maximum principal stress distribution in the 7 direction
(s1=-1.0) (6=30°, E;=3.34GPa, 2tn=0.1mm, w=32mm is held constant
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(a) Normalized maximum principal stress distributions in 2D and 3D FEM
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(b) Enlarged normalized maximum principal stress distributions near the left
edge (s/1=-1.0)
Fig. 2.11 Comparisons of the normalized maximum principal stress at the upper
interfaces between 2-D and 3D FEM calculations (0=30°, E;=209GPa, E,=3.34GPa,
2¢,=0.1mm)
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Fig. 2.12 Normalized maximum principal stress distributions at the upper interfaces
in the case where 2/ is held constant and the case where w is held constant (/=30°, E;
=209GPa, E,=3.34GPa, 2¢,=0.1mm)
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Fig. 2.13 Effect of adhesive Young’s modulus on the interface stress distributions near
the left corner (s/l=-1, z/t=1) obtained from 3-D FEM calculations (E,=209GPa,
v1=0.29, v,=0.38, 0=60°, 2¢,=0.1mm, w=32mm (constant), #,=4.5mm)
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Fig.2.14 Effect of the adhesive thickness on the interface stress distributions
(E1=209GPa, v;=0.29, v,=0.38, #=60°, w=32mm (constant), £,=4.5mm)
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Fig. 2.15 Comparison of the strain in the scarf adhesive joint between the 3-D FEM
calculations and the experimental results (E;=209GPa, v,=0.29, E,=3.34GPa, v,=0.38,
0=60°)
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Fig. 2.16 Measured Stress-strain relationship of the adhesive used in the present
study (Solid line: measured, dotted line: FEM calculation)
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Fig. 2.17 Comparison of the joint strength between FEM predictions and the
experimental results (the case where 21 is held constant)
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Fig. 2.18 Comparison of the joint strength between FEM predictions and the
experimental results (the case where w is held constant)
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D, PR FSRERITEE O/ NEFESTEIL 5x5x5um e LT\ 5, RBERE-HEKEEIC OV
T2 E TR ThH D, WA EHIEARMIZ EENRER (SS400, JIS) &L, b
IXEEE (C2800, JIS) & LTW5, HEM#EAI—AR*> (SUMITOMO 3M #) % T
W5,
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Fig. 3.1 A model for 3-D FEM calculations of a scarf adhesive joint
with dissimilar adherends under a static tensile loading

(a) 2D-FEM (b) 3D-FEM

Fig. 3.2 Example of mesh divisions in 2-D and 3-D FEM calculations
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3.3 EBRFE

Fig. 3.3 [IHBUSIRMT E 21T 5 A W — 7 AT O O3 BJIE I K OWEFIR 0 E 52
B CHWIZRBR A SHED B2 RS (AH—7 0=60°DE), HEAEEES 26,1% 0.1mm
E L, HEEERE S 2613 9mm & LTV 5D, 20 BB—EDHE O RIE w OfEIL 9 TIZ Table
21IZRLTWD, wA—EDLGEDOHER S S Table 22 (R LTW5H, 1) HEEREE 210
—EDOHAITIE, 21=32mm & L, Table 2.1 1Z7% L7 X 9 ICHASERNE wiZZb4 5, 2) #
HIRE w BN —EOHAITIE w=32mm —E & L, #ERS 2 Nt 5, LEgaE Mk
IXHRER (SS400, JIS) & L, THEBBAEMRMENIIEN (C2800) & LCTWb, AL —Tf 90°
(Zeat) ORBRTIIFEMIN TIC LV ERIL, ZNUANORBIIZIT A Y —T v MT kD
ERL U 7o, #oEEsmoORRMIZMELZEZ A, Ra i Sum LR TH-o72, 2 D
RFEM B AR ORICEAmZ 7 % 7 CThEL, =A% UEEK (SUMITOMO 3M
Scotch-Weld 1838) CIEAfMEZ/EM S A L, =IE T 10 FFEKRE L=, £0%, MFx
60°CT2 MM =27 VU v /%, FESRIRT 24 KERER, 5IERBREZIT-7-,

Fig. 3.4 [TFEBHEEOWEZ 77, MERURIEIC LV BT EATBEIER S, T2
IRIRMENRHET DL I L, OTAHARIEER CTITMFREICHEEEEEA T, —
FE& Imm OOFHLF— (B3R, KFC-C1-11) % 3 fSIChEY 172, 1EM#MEIZR
— FEMCEVE LT, OFTAHT—YOENEEOTAESRZBL TAIrAa -7
WZREER S W7o, [RIRESHE TR 8 S JE L7,
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Fig. 3.3 Dimensions of adherend specimens used in the
experiments (scarf angle 6=60° )
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Fig. 3.4 Schematics of the experimental setup for
measuring strains and joint strengths
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3.4. FEM HERBREB L OERER & ok
3.4.1 FEM HEHER
3.4.1.1 “R5T FEM HBIZ X DA —7 4 0 NEERE COERTILENERER S
MZKIETH

Fig. 3.5 12 kot FEM I L B, A — 7 0 D5 R O MKt S - KFEIET)
G3AG 01/og \CRIET A TRT, I REBOE RIS (E,=209GPa), T AR EHT
¥ (E,=103GPa) TH Y, #HEEREI AN —EOHRATH D, LEEE R mE & T s it
DK EISII3A0 0y BB LT & 25, HAEROREHMARE E DR E WS H TORK
RIS o) DIERKENZ LN o1z, D78, T 2 Tid B R T OMER AL
SN RTG530 6,/00 %2 7R, 0013 Fig. 3.1 (R RS B VBRI 45 — 8651
RIS Z T, IR A — T 01%45°, 52° (51.86°), 60°, 70°% L 1Ur90° (ZEAH) &L
T 5, ARl IS R I2in - 72 ke b SV BB s/ 2T, ZORRED, s1=-1.0
BEONsI=1.0 THEMEINTINTNAER, AB—T74 0=52° (1213 51.86°°Y) CHF
FAETER LTV D Z EDUREN TV D B0, Mk Tell S 7z e K IR H DR KRB IEA 7 —
T 08 90° (ZEEE) DERZ 6/0) DT 2.467 TH D, 0=45°0D & =, ik (s/1=-1.0)
THRKMEDNRAE L 0,/09=1.448, 6=52° (51.86°) T 0,/oy=1.0, =60°TlIAuER (s/1=1.0)
TIRKNEDFEAE L 0/0p=1.559, 0=T70°% H¥mih THRAEL 6//6p=2.366 TH D, AH—7 6
2 60°LL FIZR&E L 725 L, MRITb SNl KEIGT] 0//0) DI KRMEIT A (s/1=1.0)
THRAL, LV/NEWADT—T7 0 TIEERH (s1=-1.0) TRETDHIENDND,
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24 Scarf angle n B, 21 ] - Scarf angle
j N 2.4¢
deg.90 6 B‘ —— deg90
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5 0k eg o\E, | . eg. i
S N deg6() 20F 00 e degé() :
o ———- deg.51.86 E 1 = } ———- deg.51.86
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b b
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-1 —0.99 -0.98 00498 0.99 1
s/l s/l
(a) Near the left edge (s/I=-1, z/#,=1) (b) Near the right edge (s/k=1, z/t,=1)

Fig. 3.5 Effect of the scarf angle on the upper interface stress distribution near the edge
of the interfaces obtained from 2-D FEM calculations, (£;=209GPa, v,=0.29, E,=103GPa,
v,=0.35, E3=3.34GPa, v;=0.38, 2¢,=0.1mm, 2/=32mm(constant))
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3.4.1.2 ZRITFEM BT X 5 BREM RS ORI E/E, 7S L X OV TS
FE COER T SN/ RERAHMCKIETTRE

Fig. 3.6 [ZF#AY G 9RA B 252 1T 5 RAMEHEAE (KD A T — 7 BAE#EFI2x4 5 =kt FEM
FHRIC X o THE b7z i L OV RS il CO BRI SN iR R FIS 15340 01/0p %
Y FEERS 2 —EOLRE) . EEWE RMEHTIRE(E=209GPa), NEWEE RO Z LT
FHA(E,=103GPa) ks L O AT =R ¥ ¥ (E5=3.34GPa) & LT\ 5, fitdnIEx ik s
Te R FITT 010y (oo ITIGTENCAEA T 5 —kk5 18RI 7] (Fig. 3.1)) & L, HEiTER it
SHUTZ BB s/ (-1.0< s/l < 1.0) ZFR LTS, MRS TEE (s=-t, 875 it X OFERD
B (s=t,) B i COMRIu b SN TR FIS T 00 01/op Zn LTV D, 2D =it FEM
HREICEY, PO TOERORKIIG N ZFRIAER, TR =1t THRK
EARET D ZENDNY, L ZOREICKIT 288 R TOERT/L SNz HKTIGN
O3A0 oilop BT, T K0 REREERS RS KON NS S O R ES (s/1=-1.0 3 LY 1.0)
THRTAL SN KBS NI RN EZ R L, o/0p OIEIT EEEEE R muEs (WA IR0t
BRMERREL DO R E WA L) OH B FTEHEERBOZN LY REWVWZ LRI TN D,
Z DT DREFREWT IR DK Z 0 B R EmE » o384+ 2 & viiahbd, 2
D= OLLF Tl i85 ik O Sk T b ST e R EIR 1957 0,/00 \ B L TRETT 5,

Fig. 3.7 1Z=1kJC FEM 15T X U 15 & 107z BARAEHEE (K OREHMEIRE L EV/E, 28 B
75 JH O SIS (s/1=-1.0) TOMRITTAL SN T I R FEISTI A 0)/00 \ZKIETHBEE R
T (WERIE w N —EDEE), T TAI—74 013458 L, $EEBES 26,13 0.1mm
&L, BEWOEROREEMELREL E; & 209GPa 1 L OB B OMEIELR S E; % 3.34GPa (Z[H]
EL, E; % 67.8GPa (7 /v =7 A, E/E~3.08), 103GPa (3%8li, E/E~2.03) 35 LT 209GPa

(BkgH, [FFEFIEL E/E=1.0) &AL EE D, TR Tl SN TR KFEIST) 0/0y, T
IR E N o1 (-1.0<s/1<-0.95) ZRT, ZOHAICHLER AL S NTRKEINT] /0
O KT R A (s1=-1.0) THRAETDHIEDDND, I BIT o/oy DIEIFHE B E
DREHPELRILL EVE, P RELRDIFEWRT HZ LN REINTWD, B EVE,=3.08 (7
V2= L) OEFD o,/0) DAENE 3.638, E/E;=2.03 D& Z783.120, E/E~=1.0 DL &5 2477
Th D, Z O OMTIRE IHENER I EVE, DA 112353 < (FFEYEFE ) (2o
T3 LHHIEND, Z ORSRIZERMEE RIS L 2 B5HEKT Y OBALRLTH
%,
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Fig. 3.6 Difference in the normalized upper and lower interface stress distribution obtained from 3-D
FEM calculations (£,=209GPa, v;=0.29, E,=103GPa, v,=0.35, E;=3.34GPa, v,=0.38, 2¢,=0.1mm,
2/=32mm (const), 8=45" )

b7 —————————————

: — Steel - Aluminum |

- — Steel — Copper |

3L — Steel — Steel -
S é
S 2 :
1

1 -098 -0.96
s/1

Fig. 3.7 Effect of adherend Young’s modulus on the normalized upper interface
stress distribution (maximum principal stress) near the left edge (s/I=-1, z/¢;=1)
obtained from 3-D FEM calculations (E;=209GPa, v,=0.29, v,=0.35, E;=3.34GPa,
v;=0.38, #=45°, 2¢,=0.1mm, w=32mm)
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34.1.3 =T FEM HRBEIZE DA —T7 A 0 BEERE COERTIL S NIZBRRER5
MZKIETH

Fig. 3.8 X =KL FEM # 5 KD, AW —7/ 0 BN TRE (24,=+1.0) OBEE S im b
gnEh (s/1=-1.0 B LV s/[1=1.0) TOERIUIL ST KRFIS T 01/00 \Z R T B A R
T (BB IRE w=32mm —E DA, Fig. 3.8) el (s/=-1.0) TR T/L ST
AR FIST3AE L O Fig. 3.8b)3 Al (s/=1.0) fHIOfEREZ R, 70k 613 30°
45°, 52°, 60°, 70°F KN 90° (ZBEHEHAEMT) L L, A—7/ 0=30°D%H S 3-D FEM
HEEIT>TWVD, ZORRND s/=-1.0 BL O s/=1.0 IZBWTAL— 7 §=52°TII4F
BHERER L TN ERROOLND, RBRFEMEHESE RO A I — 7 EEFFOLE
G RERCH 2 B TR L2 & 9 IC =Kot FEM FHELRE R CIEIRIEELC 6=>520C 34 B3l
KLABNWZ EDNRENTWD, ZOFERIT Fig. 3.5 1277 L7z Kot FEM GHEFER & #p o
TW5, it (Fig. 3.8(a) THEIOUEENTZRREIGNI RO REL LDDITAD
— 7 0=30°D & X T, 0/06,=5458 L7025, i\ T 0=45°DLED 6/0)=3.120, 0=90°
DFEDN 6,/69=3.043, 0=520AN 6/69)=2.369, §=T0°DHFAMN 0,/09=2.144, 0=60°
DLEENFRNEIRY, ZTOMIL 0/0,=1.978 THD, AH—T4 01 60°DRENIER TLIL X
TR REICTOMEITR /NI NI ERRINTND, ZDOZ b, BlIEFMEEZZIT S
BRI AE RO A 1 — 7 BT ORIE 1T A B — 748 0 0580 60° Tl KIZ 72 5 EHEHI S
%,

Fig. 3.9 I =T FEM 5 RIC K D, BEER S 21— L LIZGEDOA T — 7/ 0 AR
SV 3 ATN RAET B2 m T, A IRIE w —EDSE L FEk, A— 74 073 30°DRFIZ
R TAL SN KR FEIEINIR K E 2, 6/00=5.117 ThH D, Hi\ T 0=45°DGE N 6,/0y
=3.065, 0=90°DEFAN 6,/59=3.043, 0=52DEAEN 0,/59=2.359, 0=T0°DEEN 0,/0y
=2.146, O=60°DIFIZH/NDIE L 72V, 6,/60=1.981 TH 5, Table 3.1 (355N KHAD
R T SN TR KREISOMEE F EHTRL TV S,

FOREREY, 20 —EOEE LWERIE w —E DA OBER RIS I &R L,
A Jp— T AT O TR TAL SN T KR FEIR I DEIL A I — 7 f 30°DRE, #5 R w —E
DIFNRRRE VD, KEFFE TS TIEND AT — T4 0 TIIREREREN A SN0 T-,
UL, EBIL, BERES 22 EOHEOFN, WEKREw —EOHAE LY bARIEIT
REL 2Dy AH—THH 0 BN RHIFEHERE w /NS RN THD, HBER
S 20 —EDOHE BHERE w —EDOHE S, BRIk IN IR KRFIS I ORKMEIE, 30°
>45°>90°>52°>70°>60°DNEIZ/NS < 2 DHHAINZH D T LIRS TV D, Imih THA
T HREEIS T OBLENHIL, ABIE TR -T2 A — 7 AOFPTIL, EROAT—T/ 6
/IS L, BEEEERELST2EBZNRLT LEMER LIZORn5 0TI &
ERLTNWD, FFRISTOEGRND, AD—T7ANE0D/NEL @A) 725I1E 8 FRNE
WREL 0BT EITRIE LTV S B0,
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s/l s/l
(a) Near the left corner (s/I=-1, z/t;=1) (b) Near the right corner (s/i=1, z/t,=1)
Fig. 3.8 Effect of the scarf angle on the upper interface stress distributions
near the edges of the interfaces obtained from 3-D FEM calculations
(E=209GPa, v =0.29, E,=103GPa, v,=0.35, E;=3.34GPa, v ;=0.38, 27,=0.1mm,
w=32mm (constant))
5¢ — 30° : — 30°
: — 45, ] I — 45° ]
: — 92 ] 4L — 52° ]
4t 60° ] : 60° :
S - — 700 ] I — 70° )
: 90 1 S 90° :
© 3F \ 3 X f Ve ]
: ] © oF ~/ ]
71— : ok e
-1 -0.95 0.95 1
s/l s/l
(a) Near the left corner (s/I=-1, z/¢;=1) (b) Near the right corner (s/I=1, z/t;=1)

Fig. 3.9 Effect of the scarf angle on the upper interface stress distributions
near the edges of the interfaces obtained from 3-D FEM calculations
(E=209GPa, v =0.29, E,=103GPa, v,=0.35, E;=3.34GPa, v ;=0.38, 27,=0.1mm,
2[=32mm (constant))
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Table 3.1 Effect of scarf angle on 6,/0) for the cases where w is held
constant (3D FEM) and where 2/ is held constant (2D and 3D FEM)

Scarf angle 6 .1/06 61/6 0,/0
6 w constant (3D) | 2/ constant (3D) |2/ constant (2D)
30° 5.458 5.117 el
45° 3.120 3.065 1.448 (L)
52° 2.369 2.359 1.000
60° 1.978 1.981 1.559 (R)
70° 2.144 2.146 2.366 (R)
90° 3.043 3.043 2.467 (L)

Fig. 3.10 (XA 1 — 7 N 45°DGE DA R S 21 % — B LI2A L S IRIEw 2 — &S
L 72356 OMRTF O35 Sl COMKTAL SN IR FEIS 0 01/oy 2w, FRhIHE5E 5
MRS TR S s T, ML 45°O5E, AR S 21 —EOMKT & &R w —E Ok
FTIE, ERIGGEESNTRRERSORKEIL, WIFRLb AT TREL, 20 —EDLH
TlX 0,/0) 1% 3.065, YERNE w —EDEA TIL 0/0p13 3.120 £ 720, ZEEITMRD T/HE W,
LorL, 20 B—EDFOGEITITHAERIE w A 0=45°D & 12 w=22.62mm & 725, #
EIRIE w B —EOMTOBGEITIIHERIE w=32mm TH YV, HERS 2A B —EOHED
PAE IR w X E VNSV, ZOTDIEG R EDS—EDSE, Bl 2 X1EMIST) 6 ,=10MPa
DEAEITIE, WAEEE w 2 —EOMF OuWmIMIZIEMN T 2 513k 4f EIX P=2880N

(32mmx9mm=10MPa) &72%, ZOD & & DHERRTEISDRKRIEL, 6/60=3.120 THDHD
To;=312MPa L 725, ZOFEME P (=2830N) 23 2l BN—EDOMKFIZIEMT 5 &, 1EA
J&7) 6,75 14.146MPa & 720, s REISSIORKME 0, 7% 6,=43.3MPa &£ 72%, L3~ T,
FILAMGERERBEREIG E72D 2 ERSM0, BEERIE w 23— E O T-0 07 D3RRI 1T
BREIRDZ EIXFEHTH S,

Fig. 3.11 (X =Kot FEM FHIC XL > TH S v BB im Al O s 1RO S J51a)

(Fig. 3.1 T z i J71m) OHEEFEIS NI % RT, RIBAT—T7H 013 45°, A& KR w
M—EDHAETH D, ZOMEND z 7 OBR I S TR K TG 1504 bk 2R

(z/t;=41.0) TREEENSBEAETHZLEZRLTND, T7hbb, MFEXRE (24=11.0) O
s/1=-1.0 DR TEITAL SN R EISTOMEN IR L 72D Z 2R L, LD o/o9=
3.120 TH D,
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Fig. 3.10 Comparison of the normalized maximum principal stress in the cases
where w is held constant and where 2/ is held constant near the edges of the

interfaces obtained from 3-D FEM calculations (E1=209GPa, vi=0.29, E2=103GPa,
¥2=0.35. E3=3.34GPa. ¥5=0.38. &=45°. 2t»=0.1mm. w or 2/=32mm)

z/tr

Fig. 3.11 Normalized stress distribution obtained from 3-D FEM calculations at the
interface in the adherend thickness direction (E,=209GPa, v,=0.29, E,=103GPa,
v,=0.35, E;=3.34GPa, v;=0.38, 6=45°, 2¢,=0.1mm, w=32mm (constant))
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Fig. 3.12 |35 FIE—E (w=32mm) OMFO LR mo PRl £im (24=0.0 B3 LW
Zt=1.0) DEURES (s/1=-1.0) O =IRIC FEM FtEFER L "Rt FEM RS CFmo
P AAREE LIS IREE) A R, FERRIE, ROC FEM FHRIC X 2 FEmE O Ak

HE COMEIR ILAb ST R IS TI9340 01/0p % m L, BEERIZ R oC FEM C O 714k
RRTOEK L ENTRRFISN 2R T, R FIE O ZREE TO R Uk S 7ok
KEISTTOMEE 6/0)=2.111, FHEISITIRFE TIE 0//0,=2.754, = IK5T FEM #HE D 2/t,=0.0

(s/1=-1.0) TODE 6,/59p=2.196 & —¥kJt FEM FHEFER (RO ZdRki8F I O 7k

fE) LOEFIIT/NIWVD, 24=1.0 TOZRITFEM FER L OZERIIRKE W E2URI L TW
%, HEEENTOISIIRIEIZ KT FEM CTHH#EETE 503, BEEKFRE TO 2z HROF:
FMEEEE LU KIS OR KROS5 T2 DI21E =%kt FEM st AN LETH 5, B
EMTREHRFICBVTIE, BEE (o) FMOREEEZZSETILENH DL Z L 2R LT
%,

I — 2D-Plane strain |

3 — 2D-Plane stress |

| — 3D-Outside surface |

I 3D-Inside surface | |

bQ L i
~

s 2 1

1 -098 -096
s/1

Fig. 3.12 Comparison of the maximum principal stress near the left edge of the upper
interface among the results obtained from the 2-D and 3-D FEM calculations
(E1=209GPa, v,=0.29, E,=103GPa, v,=0.35, E;=3.34GPa, v;=0.38, 6=45°, 2¢,=0.1mm,
w=32mm (constant), £;=4.5Smm)
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3414 =RICFEMARIC K 25 BE S B B R E COERITL SNTBRER I 5370
RETE

Fig. 3.13 [ =L FEM MR 15 BT HE T8 IE S 20, A3 1 H2E Sl 22 b 53 65 o MYk
Tl SNTeBRREISN DA RNETHEL T, RE LA =7/ 01345°TH Y, HERK
iEw —EDHETHD, HEBESZ0.1, 02B8L0003mm & BLSETWD, EEEE
& 2, OIS TEMRE (s/1=-1.0) TOERTALS IR RIS THIN L TV 5,

=0.3mm OWFIZ 6,/09)=4.442, 2t,=0.2mm |Z%f L T 0,/6)=3.886, 2£,=0.1mm 2%} L T ¢,/0,

=3.120 TH 5, ZOFER, HEERBE I D/NE L e 1 E ERFIREIXHMT 5 EHEHI S D,
Z OFERIIB R E L T D RS R D 2 ) — 7 A FEORKE 'Y, Blogss
PAERTORE'Y LbFR—TH 5,

3.4.1.5 =L FEM 3HRIC K 285 /@ OMEEMERE S 828 N E COER b S EXREG
AT KIET &

Fig. 3.14 |3 =7RJC FEM G 5RC X 0 15 5 AV B Ja O RERMEAREL E; 23 L ERHEE S ik /e bl
EE OB TAL SN R FIEN AT THEEL RS, T TAT—7H1345°T, #
HIRIE w —EDBRAETH D, HEBES 26,12 0.lmm & LTW5, HEEEOREMIREL E;
%, 1.67GPa, 3.34GPa 15 L 11 6.68GPa & 28 2 T\ 5 2, #s IRHE AR 3L E, (E5B)IE 209GPa,
BLOE, (F#) 1% 103GPa #—E & LTW5, #lhiL s/ (-1.0<s/l<-0.95) Thdb,
E;=1.67 GPa DI ¢,/5)=3.066, E; =3.34 GPa D 6,/5,=3.064, E; =6.68 GPa DI 6,/0,=2.887
Th D, E NIk LT E; OMERFAHNZ/ NS WS, #2358 ORMEHMEREL E; DR E L2 BIco
T s/1=-1.0 FHEDOERITAL SNTZHRRTEISSIDME T L TND Z ERRINTND, 2D
T L IHEAE TE ORERMERE E; DA IR OMEHEIESREL E, & B> 1E D <2 O CREFIREE 1T
WRKTLHZLEERLTND,
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Fig. 3.13 Effect of adhesive thickness on the upper interface stress
distributions near the left edge (s//=-1, z/#;=1) obtained from 3-D FEM
calculations (E;=209GPa, v;=0.29, E,=103GPa, v,=0.35, E;=3.34GPa,
v3=0.38, 0=45°, w=32mm)
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Fig. 3.14 Effect of Young’s modulus of adhesive on the normalized upper
interface stress distribution near the left edge (s//=-1, z/¢;=1) obtained from 3-D
FEM calculations (E;=209GPa, v;=0.29, E,=103GPa, v,=0.35, v;=0.38, 6=45°,
2¢,=0.1mm, w=32mm)
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342 OTHIZET % FEM SHEMRER & ZBRER L Ol

Fig. 3.15 |35 [3RAr 2 52T 2 BAABHEE 7 (EDos (RITHREH, THE I3 3680) @
AT — T EER T OWEREZE TOOTHORPERER L Kt FEM FER & O ERd,
T O T e, T, BEBNEERREs 2R LTV 5, BAH (o) IXMERRTHY, EHN=
WIE FEM HEN B SNSRI > TOOTHSM 21 —E) ZRT, RBALT—7
A O1Xe0° L, FIHER GREH) OREIELREL E, 1% 209GPa, AT Y v Hul1=0.295 K
O FEAE R (GE8) oZNn S E~103GPa, v2=035& LT\ 5, #5BE X 26,13 0.1mm
ELTWD, MIEIFHEAEERD 3 A TOTHF =TIV HIEL, )7 =%t FEM TIiZRLY
T COFTHT =V O BICHET HAE TOONT HOEE L, OF e, & LTS,
ZRIE FEM GHERERITHERB R L 0720 I —H L TWDH Z EARENTND,

3.4.3 MFHREIZONT

AL TIET R BEAMER T 5 A — 7 HEM TN OR K LI ORRMENEEED
PREITHE LIRS N T 5 & B 2, ZOROIERISS o) ZHEFRE L +5, FREH
TEFEBRIIA B —TAH 45°, 52°, 60°, 70°8B LN 90°DLFAI T T2, 7RBEEAIDIGT)-
O HHBNLE 2 %, Fig2.16 (ZR L7 bDOEHEHT 2, ZOI1-OF BFRX 2B CRd
Wi AR 24TV, ZIROCHEENE FEM GHE 21T o 7, 2 O REHR TR b kR R m

(z/t;=1.0) Sl (s/1=-1.0 BL W s/1=1.0) OEFETRAET D HKRKEINT] o) DEIHEEER
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Fig. 3.15 Comparison of the strain in the scarf adhesive joint with
dissimilar adherends subjected to static tensile loading between the
calculated and the experimental results (E,=209GPa, v;=0.29, E,=103GPa,
1,=0.35, E;=3.34GPa, v;=0.38, 6=60°)
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Fig. 3.16 Comparisons of the rupture tensile strength (rupture tensile load) between the measured
results and the FEM calculated results using the maximum principal stress failure criterion

B £

Initiation of rupture

Fig. 3.17 Photograph of ruptured interfaces ( scarf angle is 60°, left
adherend is copper, right adherend is steel in the case where the
adhesive length is held constant)
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Fig.4.1 Three-dimensional FEM model for calculations of scarf adhesive
joint subjected to static bending moment

(a) 2-D FEM (b) 3-D FEM

Fig. 4.2 Examples of mesh divisions in
two-dimensional FEM and three-dimensional FEM
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experiments measuring strains and joint strengths

Fig. 4.3 Schematic of bending tests and dimensions of the specimens
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Fig. 44 Effect of scarf angle on the upper interface distribution obtained from
two-dimensional FEM calculations (E,=209GPa, v,=0.29, E,=3.34GPa, v,=0.38, 21,
=0.1mm. 2¢,=9mm)
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Fig. 4.5 Effect of scarf angle on the upper interface stress distribution
obtained from three-dimensional FEM calculations

(zt;}=%1.0, E,=209GPa, v,=0.29, E,=3.34GPa, v,=0.38, 2¢,=0.1mm, 2¢,=9mm)
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Fig. 4.6 Distributions of normalized each stress component at the
upper interfaces obtained from two-dimensional and
three-dimensional FEM calculations (0=45°, E,;=209GPa, 2¢, =0.1mm,

2¢,=9.0mm)
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Fig. 47 Comparison of normalized interface stress distributions between
two-dimensional (2-D) FEM and three-dimensional (3-D) FEM
calculations at middle face (z=0) and at surface (z#,=+1.0)

(0-45°, E =209GPa, E,=3.34GPa, 2¢, =0.1mm, 2¢,=9.0mm)
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Fig. 4.8 Normalized maximum principal stress distribution in the
z-direction obtained from 3-D FEM calculations
(0=60°, E,=209GPa, E,=3.34GPa, 21, =0.1mm, 27,=9.0mm)
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Fig. 4.9 Effect of Young’s modulus of adhesive on normalized
maximum principal stress distribution in the three-dimensional FEM

calculations
(0=60°, E,=209GPa, 2¢, =0.1mm, 2¢,=9.0mm, z/t,=+1.0)
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Fig. 4.10 Effect of adhesive thickness on normalized maximum
principal stress distribution at the upper interface near the left edge
obtained from three-dimensional FEM calculations

(0=60°, E,=209GPa, E,=3.34GPa, 2¢,=9.0mm, z/¢;,=11.0)

The direction
of maximum
principle stress

Fig. 4.11 An example of direction of maximum principal stress at
the edge of the interface obtained from three-dimensional FEM
(0=60°, E,=209[GPa], 2¢, =0.1[mm], 27,=9.0[mm], z/#,= £1.0)
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Fig. 4.12 Comparison of strain in the scarf adhesive joint subjected
to static bending moment between the three-dimensional FEM result
and the measured results
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Fig. 4.13 Comparison of the bending moment when the rupture of the
scarf adhesive joint occurs between the three-dimensional FEM predictions
and the experiments (E,=209GPa, E,=3.34GPa, 27,=0.1mm, 2¢,=9.0mm)
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Fig. 5.3 Dimensions of the specimens used in the experiments
(the case where the scarf angle is 60° and the bonding length 2/ is held constant)
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Fig. 5.4 Schematic of the experimental setup for measuring the strains
and the applied bending moments when the joints rupture
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Fig. 5.5 Effect of the scarf angle on the normalized maximum principal stress
distribution near the edges of the upper interface obtained from 2-D FEM calculations
in the case where 2/ is held constant(E;=209GPa, E,=103GPa, E;=3.34GPa,
2¢,=0.1mm. 2/=32mm (constant))
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Fig. 5.6 Effect of the scarf angle on the normalized maximum principal stress distribution near
the edges of the upper interface obtained from 3-D FEM calculations in the case where 2/ is held

constant (E;=209GPa, E;=103GPa, E;=3.34GPa, 2t,=0.1mm, 2/=32mm (constant),
t7=1.0)
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Fig. 5.7 Effect of the scarf angle on the normalized maximum principal stress
distribution near the edges of the upper interface obtained from 3-D FEM calculations (2/
constant) in the case the external bending moment is held constant (E=209GPa,
E,=103GPa, E;=3.34GPa, 2t,=0.lmm, 2/=32mm (constant) , #7=1.0)
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Fig. 5.8 Effect of the scarf angle on the normalized maximum principal stress
distribution near the edges of the upper interface obtained from 3-D FEM
calculations in the case where w is held constant (£=209GPa, Ez=103GPa,
E=3.34GPa, 2¢,=0.1mm, w=32mm (constant) , #z=1.0)
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Table 5.1 Effect of scarf angle on /5 for the cases where w is held constant (3D
FEM) and where 2/ is held constant (2D and 3D FEM)

Scarf angle 01/0y 1/0y 61/6y
6 2/ constant (2D) w constant (3D) | 2/constant (3D)
30° 3.503 6.267 7.829
45° 1.761 3.826 4.186
52° 1.474 3.230 3.461
60° 1.752 3.177 3.374
70° 2.488 3.594 3.656
90° 3.197 3.830 3.830
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(a) Distribution in the 7 direction (9=45°, (b) Comparison of the normalized interface

stress distributions among 2-D FEM

E=209GPa, E,=103GPa ,E;=3.34GPa,
and 3-D FEM at z=0 and z=t;

2t,=0.1mm, 2/=32mm (constant) )

Fig. 5.9 The normalized maximum principal stress distribution in the z direction and the
comparisons of the interface stress distributions among the 2-D (plane strain and the plane stress)
and the 3-D results (z=0 and z=t;) (=60°, E;=209GPa, E,;=103GPa, E3=3.34GPa, 2¢tn=0.1mm,

2/=32mm (constant))
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Fig. 5.10 Effect of adherend Young’s modulus ratio on the normalized maximum
principal stress distribution near the left edge of the upper interface obtained from 3-D
FEM calculations in the case where 2/ is held constant (#=45°, 2¢,=0.1mm, E=209GPa,
E;=3.34GPa, 2/=32mm (constant), ¢,7=1.0)
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Fig.5.11 Effect of adherend Young’s modulus ratio on the normalized maximum principal
stress distribution near the left edge of the upper interface obtained from 3-D FEM calculations
in the case where w is held constant (6=45°, 2¢,=0.1mm, E;=209GPa, E;=3.34GPa, w=32mm
(constant), #,/7=1.0)
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Fig. 5.12 Effect of adhesive thickness on the normalized maximum principal stress
distribution near the left edge of the upper interface obtained from 3-D FEM calculations
(w is held constant) (6=45°, E,=209GPa, E,=103GPa, E;=3.34GPa, w=32mm (constant) ,
t/z=1.0)
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Fig. 5.13 Effect of adhesive Young’s modulus on the normalized maximum principal

stress distribution near the left edge of the upper interface obtained from 3-D FEM

calculations (w is held constant) (6=60°, E;=209GPa, E,=103GPa, 2tn=0.1mm, w=32mm
(constant) , t7=1.0)
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Fig. 5.14 Comparison of the strains in the scarf adhesive joint with dissimilar adherends
between the numerical and the experimental results (the case where 2/ is held constant)

(E1=209GPa, v;=0.29, E;=103GPa, v,=0.35, E;=3.34GPa, v;=0.38, 6=60°)
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(a) The case where 2/ is held constant

(b) The case where the width w is held constant

Fig. 5.15 Comparisons of the bending moments when the joints rupture in the cases

where 2/ is held constant and where w is held constant
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Fig. 6.1 Models of band scarf adhesive joints subjected to uniformly distributed
static tensile loadings at the upper edges of the upper adherend for 3-D FEM
calculations
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Fig. 6.2 Models of band scarf adhesive joints subjected to partially distributed
static tensile loadings at the upper edges of the upper adherends for 3-D FEM
calculations
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Table 6.1 Material properties of adherends and adhesive

Young’s modulus £ (GPa) Poisson’s ratio v
Adherend (SS400) 206 0.3
Adherend (C2800) 103 0.3
Adhesive (Scotch-weld 1838) 3.34 0.38
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(a) N=2 (b) N=3

Fig. 6.3 Examples of mesh divisions in the 3-D FEM calculations
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6.3. ERFGE

—IRJC FEM GHR D ZEVEZRGES D720, BB O/ FEEAE S c A 0 — T HE#k
FADOOT HMNE LRI L OWEFIRERE TR AZITV, FEM AR S & SR 4 ik
%o Fig. 6.4 1 X0 HE FEBR IS K OHEFIRE R EFEBR CHWRER R & 2 o~-HED—fil%
7R3, Table 6.2 [ZiEBRFT DAL — 7/ 0 B L ONEw 277, BB OEwIZIAT—74 0
RO PEHEmBENE CIZ2 0 L 9ICEE L, ifFFRmOR S1ET X T47mm & LT\ D,
FTHROOLAMECEIEERSEZ —EL LTWD, Ny REEHRYO2EIT 32mm & L, JE
BT R SIE 15mm & LTV 5,

S R ITHRER (SS400), TEBHAE RIS (C2800), #EAEANT=AR ¥ (A 3M #,
Scotch-Weld 1838)% W5, A1 —7 £ 90° (2261) OB A 13N LIz L v fEEh,
FNLANTITA =D MZEVBRWESNLTWD, A Y —F v MK D85 mOEEH
S RalZSum LN TH D, £7, B OEERmE 7% 7 o CHIEL, #gEsE5, 20
%, HFAEE A LRV E D1, #ERm O LE2 KL UTED 15mm (V=2 DI5E)
D— DO EMFDOESHFENN > T T —T2HOTHESD (N2 NEERENEEER
R D 68% (=32mm/47mm) ), £ Dk, HAEHIZ AV TEAE L, Fik T/ 10 REFEE L,
60°CTHK 8 Kl =7 U > 7%, HOVWIRT 8 FEfIME L, BRMAISE D, MOESIT
#)50um TH Y, WA KRZHET DA O S 13K 100pum & 725, 77205, Fig. 6.1(a)
DFADENY FEERESBIOAONY FEEE SIZZTRE 16mm, FEEEE RS M
15mm T& 5, Fig. 6.1(b)D N=3 DA, K30 FEEEE X1L10.67Tmm TH Y, FEHES
ook IIFFNAEN 7.5mm GEEER S OGFHRE S1X 15mm) Th 5,

Fig. 6.5 |3 FEM 51RO 4 2 MEES 5 720 0, §H8 1B B &2 521 5 B Bl o0 |
BB SN A — T EERTFOOT RPERROEBEZ KT, OT AT —Y (F—VES
Imm) [THEHEE % £ 72V CREEIS D3R4 T 25 L ARE S DS FUE T £F S 4 B
i, ZOESTOOTHENET D, FFHITIERMEILA A b o CTEPE B (B
FIVEFTHRL Autograph AG-1 250kN) % VT, fETOM B ML THDICIRBTT 5 &5 %
% 1kN OffEAVEH S5, MR =R E SE5R O FBREEE L O 2 E F8k & [RIEk
ZA A b u CRUEPRERER B 2 T, AR TR T 2 #r0n IR E 2 R 2 [ L
T, N REE SN A — 7 HEEMRTOMKWEZIET 5,
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3323

-

-

117.23

Fig. 6.4 Dimensions of the specimens used in experiments (in the case of

0=45°, 2t=9mm)

Table 6.2 Relationships between width and scarf angle of
the adherend specimens

Scarfangle (8) Width(mm)
45= 33.2
60~ 40.7
90° 47

|

S

Strain gauges

N

Fig. 6.5 Schematic of experimental setup for measuring the

strains and the joint strengths
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6.4. FEM FE R

6.4.1. BEERBREDILS15370

6.4.1.1. B/NER-HENEEFRE COERTILENTRERERISMKIETE
RETIIFFRISTIDIAET 2 &5 2 B LB T O/ REEE SRR O i/ NESE T
B4 5, 10, B3RO 20um &2, F/NEHRFENEE R EH O RKRKEIS A KIET
WA —ot 3-D) FEM IZ X W ii~7z, —fil& LT, N=2, AU—744 6=60°& L, L&
PG RITHRER (E,=206GPa), FHEBHERITHEH] (E:=103GPa) DYETHD, ZORR,
INEFEHEE Sum &, 10pum KV /REL 5 EICR Y, BAERE O REERIC T
DIRKEISHOMEN LV REL 2D 2 ENDhoTz, L Ul/NEFESHED 10um OFf, %
WD OFHOMEFEERAE R & FEM FHEFRN LY K< —&T 22 LML), &
ORI U7e & 9 1 C88 R O3 2, o CoBER 2N TrL Y7 hux
T DFPERES OIRFUCET 572, BRIAFHKIT 2 72 DAL TIX 10um % e/ NEFETHE
ELT3-DFEMEtREAZITH 2L & LTz,

6.4.1.2. BEESEIGSI O

Fig. 6.6 |3 —HE0 4 OFH5 [3E M H (Fig. 6.1(a)) %52 ) % [FIFE B S (4 (E,=E,=206GPa)
D AT —T 4 0=60°, N=2 D3> R STz A — 7 BEEMKT O B8 8 Rl O &5 Sk oy
E|RRFEIT) oy DA ETRT, RB—ERGIRIST] 0)=1MPa & LT\ 5%, fitlliTfic RIS T
o, BLWY, 0, 0., 1y 1. BRI . REDISTIKSOMEEZRL, BIAETFO s @5 m
FpE (HE O D OWRE) AHEREER S | CRLUZEZ AT, #EBORIKT
DBERPORKEI N T fER, MFRE (=10 OBER CRNEPEAETDL L
NG o T, THUTHESE SIS DA — 7 AT LR TH Y, UK oMFRR
(z=%1) TOBERMTORKIEBCOVTHRET D, ZOMELD, N2 REERE
DORNM O (5/1=0.340, 3 LT 5/=0.659) TEUMITIS IR T DR BN AT D 2
EVRTRIN TN D, RBRIEE OLAITIE, 5 2 WA D 4 ECIRAZI8 Y, s (s/1=0,
BLO1.0) TREMENBET D, ISR Z T 5 &, TEIGT) 0, OFBERRDHRKE W
LMD, EOMODIETIEGr DFEEE G TE 51T E TRV, Led > TR
Tl R FIET) 0 2 AV T FEM GHERE R OFHN AT 5, TV FUH CTOH % DS540
T A REOZTN S L RRFRCOM L TWD 2 EBRHER SN, RIS o) DK
13 s/1=0.340 T 0,=5.862 TH 5, 7272 L g)=1MPa TH 5,

Fig. 6.7 I —#kEFHU5 1 1RATE (Fig. 6.1(a)) % 521F 2 B BHE KD /N RS Sz A
) — 7 BT OHE RIS )3 Z 77, Fig. 6.7 (a) IEHEHMEMRE D K& W& K
(E;=206GPa) @ _EiEEE i DOFIS Ik & e R FITT o1 D34z~ L, Fig. 6.7(b)ILkE
BEMEAREL DS /N S WS IR (E,=103GPa) D T & i COFRERDIS )% =4, il
K OTFEEEAE R T OB RTINS oy OOz iigd 5 &, EEEEERmOmS CE L Rk
T oy D TFHARAETOZNL D KREWVWZ ERREINTWD, EEEES Rm CORKESR
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71 oy DI KB 5/1=0.340 T 61=6.960, FEHAE T TOZHIL, 5/=0.659 T 01=6.564 Th
Do 728 0=IMPa Th %, ITIIE 0, DIk B REWVWZ LDVRIN TN D, BEMT O

WX AER MR R D R & W B35 S O NI DS (5/6=0.340) B34 T 25 EHERI S L5,
TEHPELR B K & WBEE RS 2 D OREOBIAIX, 5 2 BRIV 3 2 TRt L7z 5 8R e
HE T DA X ORFEM B S RO S TS SILD AN — 7 HEEKT LRS-
T POBFAELF L TH D, L LAY REEOBRAIZII AL FEEDOWNM (s/1=0.340)
THRREIS) o) DERKRMENFEAET L, M, HAERREEE ClEmbmE (Fig. 6.1(a)H Tl
s1=0.0 BELTN1.0) THEAEL, N FEEMRFOLE LITRR D, S HIT Rl U RFEM B
WHEERDO N REFEA D — T RFOGEORKEINT] o DIEL D L, BEEMEHEE L
DOFORRKEISSTOMENRRENZ L EZ/RLTREY, BEMEOE RO T 0 5 035k Tk
FEIZ R W /NS A LHEIENS, L= -T, BLFTIE, FE#EsEREcsiTsRkE
Jis 15345 % I T 4% FEM BHERE B4 39 5
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0.5
s/l

Fig. 6.6 Distributions of each stress component at the upper adhesive interfaces of band
scarf adhesive joints with similar adherends (ao=1MPa, EI=E2=206GPa, E3=3.34GPa,

v=r=03, v=038, N=2, 6=60°, =03, 2b/=0.68)

10 . 10 ‘ .
r — 04 1 I —— 0
[ m— —
ay I ay
I — g . — 0o/}
| N %xy i | Ly
T T XZ T % XZ
L yz
n b 5,
£ ] &
ot ‘ |
o- . R — I
0 0.5 1 0 05 1
s/l s/l
(a) Upper adhesive interface (b) Lower adhesive interface

Fig. 6.7 Distributions of each stress component at the adhesive interfaces of band scarf
adhesive joints with dissimilar adherends (o-0=1MPa, E1=206GPa, E2=103GPa,

E3=3.34GPa, v =v.=0.3, v3=0.38, N=2, 6=60°, tn=0.1mm, 2b /1=0.68)

104



6.4.2. ERREABHEE R ORFMIRELL EVE, 23885 R E OER UL SN e B RFER 2T
RiET#

Fig. 6.8 (3 LEBHE AT L O FEAE R OREFNELRILL EVE, D38 REGE SN2 AT —
T AT O FEEEE S O R T S VTR RIS S50 01/og (ICRIETRBEE R, —
R Aifr & (Fig. 6.1(a)) %321} D A — 744 0=60°, N=2 DA T 5, Fig. 6.7 TRI{
e k91T, WRIAL ST B RTINS 01/00 DIEKAFENT s/1=0.340 THRAETL0OT, ZOUHF
CTOPER LTSS 134 2, Mt LR e b ST K EIG T o1/og, BREITIESR STk &
VT BEHE s/l 2R, RIS ROMEHRIESRE E, (GRER) ZEE L, T R otk tR
B E, 2B S, YOEROMERIESRE DL EyV/E, IMEBTERE D 01/0) 53 KT T %
D (EVES XRFEMEIOSE) . ZORER, EfV/E, D/NEWE EER U S o iR E
IS ooy DT B T ERTRIN TN D, FHEPEEROREHEELRE N KR E 0, Lk
EIRORERMERSICESL< (RREIZE-S<) 138, #EREmT AL 5 Bk ns-
BRREIGDDWDT D ENRENTND, ZORKRILLRMAEE =T 5 RS X O
MEHEE RO RIS SN AT — 7 BEMFOLE (B2 BB XU 3 ®) L RRORE
Thd, T7206, EJ/E~4 D& X 01/og D KIEIL 01/60=8.840 L 72V, E\/E,=3 DL X,
01/00=7.942, E\/E;=2 DL X2, 06//60=6.960, E|/E,=1 ([FlIfE) O L X, 6//60=5.856 L7225,

6.4.3. BB 8 ORERMERRIK E; D38 FE O BR T SN B REIS N HMICRIETEE

Fig. 6.9 [IHE 8 OMEHIIRE By & BEWE RO ZINE, & D EVE, 33 REEE S
A I)— T BEAERMT O L S O R i b SN R R B N AIC RIETREE R,
¥ N=2, AT1—71 0=60°DIGHEThH Y, Hg b DU (s/1=0.340) Z LK LAER
R, B R OREEIELREL B, 13 209GPa (BREH) , T R O REHMESREL E,1% 103GPa

() \CHEE L, 258 OMRMEIRE B 2 2L &, B8R mIG 0 kE T 8%
FARD, ZORER, BEE OREHMERE E, VNSRBI T, 77205 EVE, DIV
S RDIZHONT, BERE (5/=0.340) TH U 2 MR ITib S 7o e K FEI ) D KAE
DINSL DT ENREN, MFPRENSRT L2 LRI SND, Z OIS ERE
Z 3T D REE SRR X ORISR O 2 ) — 7 #EMKTFOLE (F 2 5k
L3 #) LWORREERL, N REEKTORETH D,
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Fig. 6.8 Effect of Young’s modulus ratio E/E; of dissimilar adherends on the normalized
maximum principal stress distributions at the interfaces (E1=206GPa, E3=3.34GPa,

v=v=03, v=038, N=2, 0=60°, {=0.mm, 2b /I<0.68)

10 - -
E./E,=0.0067
| —— EJ/E;=0.008 |
E5/E1=0.01
—— E./E,=0.014
8 —— E3/E,=0.02 .
o
b - -
b 6/ |
4_ 4
0.335 0.34
s/l

Fig. 6.9 Effect of adhesive Young’s modulus on the normalized maximum principal stress
distributions at the adhesive interfaces (E1=206GPa, E2=103GPa, v1=v2=0.3, v3=0.38, N=2,

0=60°, tn=0.1mm, 2b /I=0.68)

106



6.4.4. BERBE S 1, NEERE COEBRTILSNEBERFERIFMICRIETE

Fig. 6.10 [T#35EE X o, NWEFEMEIO N REEE S A — 75T O EiBE R
[ DS 3ATN RANE T 5B 2 R, FriCEEE R s O lE (s/1=0.340) ALK LTZ#E RO
IR, MR T SNl KIS T o1/oy, FRENIT I LA S AV BEEE s/ 2R,
BAEEOES t,% 0.1, 0.15, 020 BL K 0.25mm & 28 (L&, BEEES 1, 285 Rm G
N KINET LN D, O, BEREORES ¢, 2/ S < 213 EBE Fmimil
WAL DR SN R KR EISIDNEL 725 Z EWOREN, KFORENH ET 52
EDHERI SN D, ZOREFITTIRMAEZ 5T 5 R L OB AT E KT Y, F
s LR B A — 7 HEMT (B2 EBIV3®E) OFREFAKTH D,
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t,=0.25
t, =0.20
— t,=0.15
t, =0.10
)
~ 7 1
b
0.34 o] 0.3405

Fig. 6.10 Effect of adhesive thickness 7, on the normalized maximum principal stress
distributions at the adhesive interfaces (0'0=1MPa, E1=206GPa, E2=103GPa,

E3=3.34GPa, v1=v2=0.3, v3=0.38, N=2, 0=60°, 2b1/l=0.68)
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6.4.5. AU —7 4 0 B3 EEEFE TOERTIMINTZBEREIGSFAKIETE

Fig. 6.11 35 KL U'Fig. 6.12 [ XA 1 — 7 f 0 28 BFEM BB IR D /N REE ST AT — T4z
FETO S S O R T b S Ve iR R IS I T T B A R T, Fig. 6.11 1382
FEiEE N=2 O%4 (Fig. 6.1(a)) OEEE R ismElirts (s/1=0.340) ZIERKL7=KERL,
i B3 AR 1 Fig. 6.1~ 38k A DA CThh 5, N=2 Thf A D — kO %5121, Fig.
6.7 DR & [AIERIZ 5/1=0.340 TR TTAL SN R FIS N BT KRIZ/R D DT, ZOFE D5
i DI % ~7, Fig. 6.12 (THEHEEL N=3 D4 (Fig. 6.1(b)) TH Y, Fig. 6.12(a)l T4
Ak 2R DA%~ L, Fig. 6.12(b) TR ek SN KR FEIS DI KT D, 5/1-0.6134
fHED AR % RT, 72BFR U< EEE R L X O T EERN B TH D, N R
B E —EE L, AD—T4 0% 45°, 52°, 60°, 70°8 LN 90° (Z24H 30 REEAHE
F) LS E, AN —TH 0 BEFOBR AL SN TR TSI AR RIE TR EZ T~
ToRER, 0=45COFFINTROEE (N=2 BELUIN=3) THERITTL SN KT D5
KRIEBRFKRICIRD Z L, BLOBEEKTO R I — 78 6=60°0DIF, 35 R o Ex Tt
SN KRFESCSID IR G/NEL 78D 2 EDNRSNTN D, Fig. 6.12 O N=3 DA, —
DD FEET S ORK S 8 10.66mm, FHEETI 7.5mm L7225, D7D, s/1=0.226

(=10.66/47) , s/1=0.386 (=(10.66+7.5)/47), s/1=0.613 (=(10.66+7.5+10.66)/47) I & T} 5/=0.772

(=(10.66+7.5+10.66+7.5)/47) THREEMENFEA L TN D, RO BEEFEIR O A E (s/=0.6135)
TIRRTISHORKMEMRIE L TND, La>T, N=2BLON=3 OBEMHETA D —
78 6=60°DIKF, /N NHEE S VT2 AT — 7 BAE T ORI TR KT8 2 L HERI S5, N=3
DY E DOIER AL SN TR KRB DI AKAEIT N=2 OFEOZN LV /S0, N BAKREL
B L, MRTLINTRRFGINTL VNS 2D, MPEES L mET 2 EHS
N5,

mEB N=2 OEEIITER T SN2 HRKEIST) a1/oy DE D H KAFIEA THIE L 72
s/1=0.340 DALE THA L, 0=45°DABITIE, 01/06=8.515, 0=52°DFHITIE, 01/66=7.930, 6=90°
DA 01/00=7.850, 0=T0°DHAE 01/00=7.103 £ 725, 0=60°DHFA X 61/60=6.960 T&H
%,

N=3 DAL, Rt b SNz K FEIRT) 01/oy DIEDHKAEIZ AT 5/=0.613 ONALE T
RAEL, AD—T 0=45°DIZ, 01/00=6.231, 6=52°DEAIT1E 01/60=5.817, 6=90°DFE
21X 01/00=5.277, 6=70°TIlX 6,0,~5.262, 6=60°DIGE N 6,0,/~5.127 T 5,
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Fig. 6.11 Effect of scarf angle 8 on the normalized maximum principal stress
distributions at the adhesive interfaces (/V=2) (o'o=1MPa, E1=206GPa,

E =103GPa, E;=3.34GPa, v =v=0.3, v3=0.38, t =0.Imm, 2b /I=0.68)

__ 9=45°
8 —— 0=52°
9 =60°
8200 |
ol =
5
b 4
2l J
|
I 1 L L | 3 | | |
0 0.5 1 06125 0.6130 0.6135
s/l s/l
(a) (b)

Fig. 6.12 [Effect of scarf angle € on the normalized maximum principal stress distributions at the
adhesive interfaces (V=3) (o-0=1MPa, E1=206GPa, E2=103GPa, E;=3.34GPa, v1=v2=0.3,

v,=0.38, ¢=0.Imm, 3b /I=0.68)
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6.4.6. BEERIBE A A REIS I DM RIETE

Fig. 6.13 [THE5 fEIkER N WS EI O N> R STz A — 795k T O EiBas R
WIS A RIE T B2 w3, (EHT 2T Fig. 6.1 [T —kROM Th H, N=2 725
N=SETEL, AN—7M 6=60°DYEThbdH, N NEgEEmEY —EL L EERnEER
& [=47mm O 9 BNy RS R S E5=32mm, FEBEEES=15mm), BEEEIEE N 22 (k&
H, B R O BRI SN TR EIS I O3 & iR D, N=1 [XRIHERE O A S — 7 8%
T THD, ZOME, —HOMOMELEZIT DN REE SN AL — 7 BEERTICE
WX, BEETEEE N AR L, A R w4 U D EY T S e R EIS S D
RKMEP/NEL 2D Z EDRENTND, N=2 DA TIE, 61/60=8.0267, N=3 DFHITIE
01/60=5.785, N=4 OEEITIL 61/0=4.777, N=5 OHEIZIL 01/0=4.334, ThHbH, 28 N=1
DOFB TR AL ST TR R LGS a1/og DIED R RAEIL, 01/00=1.368 (F/INEFEAY 10um
DEE) Tho,
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QPR WN—- T

(/
—
>‘-
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Fig. 6.13 Effect of the number of bonded interface areas N on the normalized
maximum principal stress distributions at the adhesive interfaces (E =206GPa,

E =103GPa, E3=3.34GPa, v =v.=0.3, v3=0.38, 0=60°, tn=0.1mm, Nb /1=0.68)
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6.4.7. {ER$ D2RTEANMPIEEEFNEOBERITTILINTERER DM RIETE

Fig. 6.14 [X/EH 3 2 A /0 A1 DL UL N=2, A B — 7 0=60°D SFEMELD N REE
ST AT — THEERT O L EEE R OIS AR R E TR R, e R T
b STl KIS 01/oy, FEBNTIER TTAL ST BERBE o/ 2R T, ERUTFS R EZ 2
WEIZHER L7554 (Fig. 6.1(a)), FEHRI3HET B S oo sl (5 o WS A B AMER L7245
& (Fig. 6.2(a)) DI 150 Z R L, fEOIS)HAEIE 0<x<0.1w, 0.9w<x<w TH D, 72F
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ENTRRTEISH O KAE, 01/00=7.324 (s/=0.340), HI5E5 IR EMERA T 5T (Fig.
6.2(a)) DX DIEIL 0/60=1.513 (s/=1.0) 725, T7ibb, N REEE SN0 OWas
& B EMEAT 5 &, 2RI FESMS N HELZAHET S Z L 2R RLTW
%o VERfTES PG R B o REBICER T 258125 LT, Sa8ERIL 68% Th
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Fig. 6.15 [ZRIXFIARISE /3 H 22 55 BRI (Fig. 6.2(a)) % 52T D HEE TEIIS N=2 D5
MBI DN RS ST A D — 7 HEMF ORI GTb S oy REEEE S b/l 3 B
g S ORI SN TR R EIS N DA RIETHE L RS, AD—T7H 013 60°D5GH
ThbD, WEOEREIT 0<x<0.1w, 09w<x<w ThH 5, HEERHOLBOE X [ (=47mm)
BEL L, N REER S 20 280 SE, BERSIPEERE COBATTL S ik
TSN ACRIE T BEZ T D, Fig. 6.15 (b) XK TSI OHR KA (2b,/1=0.4 DEE D
BRARMEZBRL) BEU D8E REWTIEE (s/=1) ZIERLIZKTH 5, 2b,/1=0.4 DEFEIT
1%, s/1=0.173 TRRTISHOBKERIEAE L TWD, ZOMOD 2b,/1 DEFBEIZIE, s/=1.0 ff
I TR AL SN R FIEIIOFR KN EL THNDZ LRI TWD, 2b/=1 134
WHEED AN — T FEOS AT T, ZOFEE, 2b)/20.4 DB, BRI TAE L
DR IS O IL 228 LT T OR K FIS N Z T2 NICHBLZ TWD Z EPREATHD
%, LU, Fig. 6.15(b)DFEF LV, 2b/1 >0.667 DI, HE5E R HiRHEECA U 5k ofk &
NI RR TS OEITEEEE Qb =1) OBELDERINNS WD ERSN5, b
L, Ny RESICL D EEEREEY 13 BRERD LTH, 2s L REREOHRENEGELND
ZEDHERIS D,
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| ———- Partially distributed loading |

040,

0 s/l 1

Fig. 6.14 Effect of external load distribution on the normalized maximum
principal stress distributions at the adhesive interfaces (00=1MPa, E1=206GPa,

E2=103GPa, E3=3.34GPa, v1=v2=0.3, v3=0.38, 0=60°, tn=0.1mm, 2b1/l=0.68)

' - =0.4 ~ 2bJ=04 T
S el
2 — 2b}/1=0.889] —— 2b}/I=0889
---------- 2b,/1=1 1 gl o 20T
21 ]
b
o et - [ . ||
0 0.5 1 0.950 0.975 1.000
s/l sl
(@) (b)

Fig. 6.15 Effect of external load distribution and bonded length on the normalized
maximum principal stress distributions at the adhesive interfaces (o'0=1MPa,

E =206GPa, E =103GPa, v =v=0.3, v3=0.38, N=2, 0=60°, tn=0.1mm, 2d;/w=0.2)
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6.5. FEM 355 R & ZBAE R DLk

6.5.1. OFAIZBIT 5 FEM FHEER & EBRE RO
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Fig. 6.16 Comparison of the strains between the 3-D FEM calculations and the
experimental results (in the case of scarf angle #=60°)
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Fig. 6.17 Comparisons of the joint strengths between 3-D FEM
predictions and the experimental results
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Fig. 7.1 Models for 3-D FEM calculations of band scarf adhesive joints subjected
to linear stress distributed bending moment at the whole edge of upper adherend
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Fig. 7.2 Models for 3-D FEM calculations of band scarf adhesive joints subjected
to linear stress distributed bending moment at the partial edge of upper adherend
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(a) N=2 (b) N=3

Fig. 7.3 [Examples of mesh divisions in 3-D FEM
calculations
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Fig. 7.4 Geometry and dimensions of specimen used in the
experiments (Scarf angle §=45°)

Fig. 7.5 Location of paper for unbonded part

Fig. 7.6 Schematic of experimental setup for measuring strain
on the adherends and the bending moment when rupture
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Fig. 7.7 Distributions of each stress component and the maximum
principal stress at the interfaces in band scarf adhesive joint with
dissimilar adherends(o-0=1MPa, E1=206GPa, E2=103GPa, E3=3.34GPa,

v,=v =0.3, v3=0.38, N=2, 6=60°, tn=0.1mm, bl/w=0.68, tw=0.191)
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Fig. 7.8 Effect of Young’s modulus ratio E/E;between dissimilar adherends on the
normalized maximum principal stress distributions (0'0=1MPa, E1=206GPa,

E3=3.34GPa, v1=v2=0.3, v3=0.38, N=2, 06=60°, tn=0.1mm, b /w=0.68, tw=0.191)
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Fig. 7.9 Effect of adhesive Young’s modulus E; on the normalized maximum
principal stress distributions (o'0=1MPa, EI=206GPa, E2=103GPa,
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Fig. 7.10 Effect of adhesive thickness on the normalized maximum principal
stress distributions (0'0=1MPa, E1=206GPa, E2=103GPa, E;=3.34GPa,

v,=v =0.3, v3=0.38, N=2, 0=60°, b /w=0.68, tw=0.191)
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Fig. 7.11 Effect of scarf angle on the normalized maximum principal stress

distributions in the case of N=2 (o'0=1MPa,

E;=3.34GPa, v1=v2=0.3, v3=0.38, N=2, tn=0.1mm, bI/w=0.68, tw=0.191)
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Fig. 7.12 Effect of scarf angle on the normalized maximum principal stress
distributions in the case of N=3 (0'0=1MPa, E1=206GPa, E2=103GPa,
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Fig. 7.14 Effect of stress distribution of external bending moment on the

normalized maximum principal stress distributions (o'o=1MPa, E =206GPa,
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Fig. 7.16 Comparison of strains between the measured and the FEM
calculated results (0=60°, N=2, tn=0.1mm, M=1500N * mm)
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Fig. 7.17 Comparison of the bending moment when the joint
ruptures between the measured and the estimated results (N=2,
tn=0.1mm, upper adherend: mild steel, lower adherend: copper)
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