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Fig. 1-11 Element division of the adhesive lap joint.
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Fig. 1-12 Shear strength of the lap joint specimen.
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Fig. 1-13 Shear strength diagram of the lap joint specimen.
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Fig. 1-14 Explanation of the coordinate of
the butt joint specimen.
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Fig. 1-16 The effect of adhesive thickness on shearing
stress at the interface.
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Fig. 1-22 Eight load-opening curves obtained on a single sample
at room temperature for aluminum-epoxy-aluminum.
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Fig. 1-24 Load-opening curves obtained on a single sample
at room temperature.
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Fig. 1-30 Single-edge notch two-material plate.
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Table 1-1 Sizes of the test specimen

Adherend lap specimen Specimen Adhesive
thickness length length width thickness
(mm) (mm) (mm) (mm) (mm)
52.8

9.5 94.5
344 .5
1.6 81.3
38.0 123.0
373.0
52.8 20.0 0.26
9.5 94.5
344 .5
0.8 70.3
27.0 112.0
362.0
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Table 1-2 Static test results

Over-lap | Adhesive | Ave. Ult. Joint T of

Type of joint length | thickness| joint load | efficency fzgiure
(mm) (mm) (kN) (%)

Single lap 13.2 0.11 11.5 52.5 Adhesive
+Single lap 19.6 0.13 16.7 82.5 Adhesive
Tapered 13.2 0.17 11.5 52.7 Adhesive
Tapered 17.8 0.05 18.8 85.0 Adhesive
Tapered and Adherend
Grooved 1.2 0.10 16.1 75.0 and Adhesive
Tapered and Adherend
Grooved 19.6 0.07 20.0 1.0 and Adhesive
Tapered and Adherend
Grooved along 19.6 0.17 18.4 84.0 and Adhesive
1/2 overlap
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Fig. 1-47 Fatigue-test results.
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Table 1-3 Summary of fatigue test results at 4x10° cycles

Type of joint { Over-lap length (mm) Joint efficiency (%)

Single lap 13.2 33.5
Single 1lap 19.6 38.4
Tapered 13.2 52.5
‘Tapered 17.8 39.7
Tapered and Grooved 13.2 52.9
Tapered and Grooved 19.6 41.3
Tapered and Grooved,

along 1/2 over-lap 19.6 54.5

R=0.10 , 30Hz, All failurees in adherends adjacent to over-lap.
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Table 1-4 Weibull parameter estimated for static test

Temperature Loading Specimen Scale Parameter
poc rate psize F(0) Shape parameter
(kN/min) (MPa)
-40 533 24.5 38.2 8.01
5330 24.5 42.6 11.37
53300 24.5 41.7 13.87
22.7 533 24.5 37.4 12.42
5330 24.5 36.6 8.44
53300 24.5 38.0 14.41
65.5 533 24.5 39.2 11.37
5330 24.5 33.3 8.88
53300 24.5 34.2 14.26
93.3 533 24 .5 29.2 12.98
121 533 24.5 21.0 22.06
5330 24 .5 23.2 13.68
53300 24.5 25.7 16.01
148 533 24.5 12.5 10.95
5330 24.5 15.8 9.08
53300 24.5 21.3 16.51

Table 1-5 Weibull parameter estimated for fatigue tests

Temperature | Max. load | Specimen | Scale parameter Shape parameter
°C (kN) sizes (MPa) pe P
22.7 13.7 24.5 0.39 2.62
22.7 12.8 24.5 1.03 2.22
22.7 11.9 24.5 0.91 1.99
22.7 11.1 22.0 7.54 1.43
22.7 10.4 14.7 5.74 0.92
22.7 9.5 19.6 3.58 1.56
22.7 8.8 22.0 21.20 0.69
93.3 8.8 36.7 2.71 1.34

T3, MELIH. RERBREELVAXVOETTILOLEHFEGOEME LS WWETT S L
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md AL B2 OSBMEHZEVLTERD LN T S,

3 51T Berens HIRIEHEENM2FHIMESH L 0 BRMICHEHLURA 2R EBREA
DRI —HE/TY %,

P(F (t) > Fpax) =exp— (—t/tf)

tr=F (002 T/ (r—1)AFRL af=a 2(r-1) (1-43)
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dc/dN = AAg" (1-51)

Tablel_S&C\ A n@fﬁff/ﬁiﬁo

Table 1-6 Comparison of power low constants

Adhesive A I

Chemical type support

CTBN-DGEBA/none 4.85 x 1077 3.56
CGEBA-MPDA/none 8.87 x 10713 2.76
Nitrile-epoxy/none 6.28 x 107" 3.78
Nylon-epoxXxy/none 4.56 x 107" 2.99
Nitrile-phenolic/none 2.42 x 10722 5.80
Modified-eopxy/glass 1.20 x 107'® 3.90
Modified-epoxy/none 2.05 x 1071!°® 3.58

da/dN = Ag™ um/cycle and j/m units
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Kj = F/0 (1-52)
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Fig. 2-3 Effect of adhesive thickness on shear strength.
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Table 2-1 Mechanical properties of adhesive used for
calculating residual stress
. . Expansion | Temperature .
1 1
Young's modulus | Poisson's ratio coefficient | difference Schrinkage
E (kg/mm) v (1/°0C) T(°C) V(%)
1000 0.33 0.0001 100 3.0
t Adhesive Layer Thickness
u Displacement in x Direction
v Displacement in y Direction
b Adherend Width
>
g
1.
o
N-
o
I
b=50mm
Fig. 2-6 Mesh pattern for FEM.
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Fig. 2-7 Effect of adhesive thickness on shear stress at the
interface.
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Fig. 2-8 Effect of filler addition on shear strength.
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Fig. 2-9 Fracture surfaces of the butt joints of thin wall tube.
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Fig. 2-10 Shape and sizes of the specimen for shear impact test.

HIELIL. T BMERN AV —DHEICE300kg cm D74V y IERAERKZ A
Wy HERREES (ASTM-D950-5 4 cEVHEIEL T2,

51 FEAORMERL L OPBEEBELOAIEICEAL VIR FREEHEIIEEE (L2
H)ZHW,. BE 25 CTIT-1



2—5—3 RUOHELtAHBREICREITELCLEZEORE
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Table 2-2 Type of adhesive-bonded specimen

Comginatlon Epikote 828(10g) Apikote 828(10g)+TEPA(3g)
adhesive +TEPA(3g) +Thiocol (2g)
Curing 80°C, 2hr 80°C, 2hr 80°C, 2hr
condition 80°C, Shr 150°C, Shr 80°C, Shr
Notation

of A B C

specimen

Table 2-3 Mechanical properties of the adhesives and

absorbed energy of the adhesive-bonded specimen
in Izot impact test

nge ngédlty Loss tangent Impgﬁzrabsgrbed
. tan ¢ 8y
specimen (MPa) (J/cm)
A 858 0.013 1.90
B 1055 - 2.77
C 840 0.018 4,18

D C BaABRF Z A 1z Mostovy® & O Ciz. ABFEICEBLIZ b D ERUEERIIC L 25
BUAMMB G HWEAEEDO LR E EIHEMT A ENRINTI S, 72, Table 2—8IT/R
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U2 o Ty BBARICESIIHERRN T AV F— 2L FOHERTRILABFEOR/NEEZ AKRE
D %o

Table 2-2IXHFINTARBRF B LIBHEBA ITO0T, ZKEMIZ NI 2 —2¢ LU TRHE
WEHERZ ERERFLIC Ty UL Fig 2-11 88X K2-1ATRL I, £, BREKBEREX
PoOREHITERAEZH T
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Fig. 2-11 Effect of surface roughness on shear strength

distribution (post curing temperature of 80°C)
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Fig. 2-12 Effect of surface roughness on shear strength
distribution (post curing temperature of 150°C)



1001
nt+1

P (%) = (2-12)

CZT. ni3EBABE. | 3K TDH %,

AABROEBRERZ2RT Fig2-110 6. RAHEI PN 53 EXLHHITAHTHENE AN
BEBEBOoNN, BEDOEL DX RIS LTV ALLEBEDONDL. —FH WEEREZE
IBABR A DOFERZRT Fig-2-1213. REMIVBARL 23 EGVRANBELB LN, BED
5D b RELK LB ERBRLTV S, CNLDMBRLL BALEBEOEN 8 0 COEEED
EUABHOBSICE., REE I/ 33 EEGTAKMBESEN. —H. 15 0 COEERD
BUAMDEECIE. EEAHIPKRLIZIELLGRANBELE N LBERINT,

T ERU I BAKBEEEC OO THKFOLAMOEL S BEXK BEEBRENNED
BEFe AR d Fig 2-13ICE SV TR 21T - 12,

(A) ‘?) (A)
/ <L Adhesive /
7 7
Adherend
Unbonded area Anchored Unbonded area
adhesive
(a) For rough surface (b) For smooth surface

Fig. 2-13 Schematic illustration of the interfacial feature for
the rough and smooth surfaces of the adherend specimen
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Fig. 2-14 Effect on the post curing temperature on shear strength
distribution (surface roughness Rmax=0.6um) .
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Fig. 2-15 Effect of plasticizer addition on absorbed energy of the
adhesive bonded specimen in shear impact test.
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Fig. 3-2 Principle of the push-pull fatigue testing machine.
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Fig. 3-5 Impact stress patterns.
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Fig. 3-8 S-N curves for non-impact and impact fatigue.
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Fig. 3-9 Aspect of stress risining process.
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Fig. 3-10 Variation of total strain range against number of
stress cycles.
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Fig. 3-11 Variation of inelastic strain range against number
of stress cycles,

o5 [ Nem-impact I bHbH. MEA»5 EXKMEFTHEKT S
’ 0 C: =4.0MPa Re1 O‘ . .
s =3.0Pa -, BHCIFENLLL 0 %4 hEE L
24 i =1.8¥Pa — ¢
Lmpact .1%Pa / NEt/NE 1o ENE i /NE joDEMT /LD
22 o™ _appa — — ]
. =4.3%Pa ] hd LENRABRERBBD 515 5. FEHRED
e 20 R=-0.45— -,A/——1 . . .
< - 1565 12 12 LB 9 R BB T B B AL S A2 U T
g 18 /jﬂ Bo —f EEMETTE HHKLDOH
6 o } BADIS DK X SITREL TH b« KIS
s .
e . /50 = 4= FLXvo b 0 EBNFGL TR LK
s /D\D /% Im
v -ZD— \/”%?* -/ »AEADBBRD b B FHITEBEERL BH
2 L el vk e Cy ) \
3 LTSS %GR3 A RBR A IC OV T, (ERE T
° u\n\ e .
¥ o8 | O BHTDZNICENTEO TARDOEAI R
N g
§ o5 BMThHT ENBEIND,
* 0 20 40 60 80 100 CDCELY, EXEFTERLS XMCHEH

Cycle ratio N/ Ny (%)

BATHEFTE BHREREIZO THIR
Fig. 3-12 Variation of normalized total TR BT 50 THEORLEBIT S =
strain range. B 5T EHRBD LN,

3—3—4 BREIXNLNLF—HIVUHFHHRUVITHBBEEFFEGORBRK

ERMEOBE . BT B L CBHEEH RGOS & Tk BREOTAHIBE ZRHEMEO T AR



30

Non-impact

w A =3.0MPa

g u]

w" =1.8MPa

d Impact =6.1MPa

o ® Cmax =2

9 20 A tmax =4.7MPa

Y ] =4,3MPa

c

(U]

] P

wn 0s-3 % u

%) - 7.y ‘0/

= ;P.i‘-/}o-_bifo/‘

8 10—

(]

L N\

= o

? Na

% D\ g. —
g 02 ! L
5 20 40 60 80 100
pa

Cycle ratio N/ Ni (°6)

Fig. 3-13 Variation of normalized inelastic
strain range.

DSBEDOEAETH 5 C & p3 Coffin-Manson HIPE L THIANT L %, L L. BEHFMECE
EMTORYBBEOBECEWEOBRAEL L TAENOBRA 2R L 128513720,
Fig- 83— 14T ABEET AV ¥ WEHERLHBNOBERZRT. ANKL O ZZTE—DF4H

10
o g =4.QFa p_q
—_ Non-impact & =3.0MPa
& o =1.8MPa
= ' ® Oimax =0-1MPa .
; Impact a0 4 7vPa R=-0.45 p,L-D'
L] ¢ =4.3MPa Ka]
> g D/‘j]
o 10 /.
o A 20— 0
5 e '_r-u/
0 P
0 a
o s Y- 497
& & rI
9 g A"f'/ )
£ 8 g & |
10 o ﬁi:m
[ s AY)
= 0 e
3 o’ /,‘ -+
£ o R a
3 g 74
L]
Va a
107 | |D Al
103 104 10° 108 107
Number of stress cycles N

Fig. 3-14 Relation between cumulative hysteresis energy and
number of stress cycles.

_72__



OEGKEME T EEHEHE FORNEZLBT 5 &\ WiF & b BFFVORMBRET AV F—W¢
THEKLTWAL EBRBDLEN S,

X51c Fig-3- 1510 B HEMNt & FORBEE T 2V ¥ — AWneant & PGB T A
WE A€ imean PBEKRZ/RT,

E)‘. o Non-impact

& 4000 - ® Impact
[T
§E
0"
¢
£ & 2000
2z
2
cd
3
=

0
@ 900
g
- ’E ®
E'm
23 o
§3§ 500
% £
e u
. < [ O-o |
g LT o

0 T T T

104 105 108 107

Number of stress cycles to failure N¢
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AT S EEBEOEER BEOBEMAMNEE % Table 3—-11T/RT, N & Dh SHEDES
FlomCRItERDSEH & @b D = F ¥ U fYfE% Versamid 140 TSI BITEEFATH b, Ml
HERBEHEODIZ, X+ AE% Versamid 115 CHAIBIZEEF THA LBBH LN

Table 3-1 Mechanical properties of bulk adhesives

Tensile Shear
Loss
Adhesives stringth modglus tangent
b

(MPa) (MPa) tan &

Epikote 828-Versamid 115 14.3 500 0.350
Epikote 828-Versamid 140 61.0 7810 0.023
Epikote 828-Versamid 140-CTBN 16.1 1580 0.073




. 12y BIERDWINCHECTRBESH EL . BB tand WETT 2L 05 = ®F+ L1
Mo —REEsERINTY, —5. CTBNICL Y E SN IESHAIR. LoD 2 EEDOEE
BE—RTHADIHAL T Bum» S 10um®dD T 2R FOHEBERARBITTEL TV 5 R E—
%T&)%IZ)‘I%)

SHEOEEA ZHOIEEEEI 0.lmm OES BEEMKTFICL 2 ERXBEHE FTDRERY
HEE R %2 Fig-3—161CRTo AME D CTBNRIARBIZX W EHHREIALEL T3, &
oy RAETBEORVESMTRESEAOKEMAE tan 0 IR AD T K+ LAl % Versamid 115
THEIBIEEANCLIEERTF THLLBBD LN S,

® EpikoteB28-CTBN-Versamid140
O Epikote828-Versamidi40
A Epikote828-Versamid 115

Ly

lllllTllll
lllll

T
\.-\ j

@®——o0

Max tensile stress Oimax (MPa)

» O=
I RREHI lIIHMI IIHHM IIIH%

10 10° 108
Number of stress cycles to failure Nf

)
(%]

Fig. 3-16 S-N curves for non-impact fatigue (adhesive thickness
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Fig. 3-19 Effect of adhesive thickness on fatigue strength under
non-impact stress condition.
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Fig. 3-20 Effect of adhesive thickness on fatigue strength under
impact stress condition.
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Fig. 3-22 Effect of filler addition on fatigue strength for the
Epikote 828-Versamid 125 specimens.
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Table 4-1 Mechanical properties of bulk adhesives

Density3 Rigidity Z:?Z;;ih Elongation
o (g/em®) | GMpa) | STIEERS 5 (%)
Containg no
bubbles 1.06 500 14.4 2.3
Containg
bubbles 0.95 424 7.2 4.8
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Table 4-2 Tensile strength of the adhesive butt joints
Adhesive thickness Adhesive thickness
t=0.1mm t=0.5mm
o (MPa) o (MPa)
Containing no
bubbles 4.92 2.84
Containing
bubbles 4.53 2.52
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Fig. 4-6 Example of fatigue fractured surface.
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Fig. 4-14 Fracture surfaces of the adhesive bonded specimen.
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Fig. 5-7 Macroscopical views of fracture surfaces of adhesive lap
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AN L O EREEURBEEK T Eq. (5-5) BEBRITE L —HL T30, BEEHEELED
BINZ DN TERMEG Eq. (5-5) TRINDIEHRD MIKRET 3 L2183, T2, ERK
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—110—



Tmax = 246 (2874-079+0.0085) -Nj%!8 (5-6)

735, Ba. (5-6) itk 55t % Fig-5-6 KM TRTo N & b{EME LA TIRE
R CHEEMEPL S —HT 50, BEHRELUBOHEMITHEOCHEMBLDL 5 ORENEKRT 5T &5
BEINS,

S5—T7 RNEFPREULEFEIUVLAHBED K

FIEI Tz WHBL O RANBBEIINETERASREIDEE ZHLLIKLTEIIZ, 2L T
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BB TCFig5—11CTRTo KB ANRRBWTERER S NCEBAE FTOREE &L T
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Fig. 5-11 Effect of stress concentration factor, o on shear and
fatigue strength.
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Fig. 6-1 Shape and sizes of the adhesive bonded lap joint
specimen.
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EMFOABRIKRIEINIT Yy Ty —CORRBUIRLY By (6-1) »5KD, T C
T. ABMOEEREZ 1 4mm & U712,

Kj= (Fa/b)/AU (6-1)

AU, F, @A ERE. bEBRAF ORIE. AURZ Yy 75— 2 X YBRHE SN ENIRIET
»%Bo

-
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Adhesive layer

?@m

A Travelling microscope
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Clip gauge _J\ Adherend
EfEEE;;;;;;Efggzzzszj

Fig. 6-2 Principle of the apparatus for measurement of fatigue
crack and joint stiffness.
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Fig. 6-3 Number of stress cycles needed for crack initiation and
failure at various stress range.
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Fig. 6-4 Relation between number of stress cycles and crack
length or displacement range.
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14 80

Fig. 6-5 Model of the adhesive lap joint for FEM analysis.
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BERLTH %o

Fig-6—6 KHEEBORAMBMBE RS A—8 L T, KBFTICL O RDIEEHFO NI
RKEZARICOBREZRT, AN»L . BEROTAKBERDETIC L 2 5EEMTF ORI
KOBWPBRDON 50 SHARI OIS HERFORMEROE THAREEFER-ED A K
HHFRIZLLTRIFEL N EBBD LN S,

6—5 BREMFOMMEIEFIBRZIOBHE

Fig-6—7 WWHEEBTHELUIIET SHO—FI2Rd. AKLO., gifiFig.6-5 TRLIZET

— 116 —



S

1l
o

a

O
~.

<

)]

i G7 784 MPa
£ 05 490MPa
= = 294MPa
n

€

o

kS,

IR I NI IR AT A A
0 5 10 15
Crack length C (mm)

Fig. 6-6 Dependence of model joint stiffness on crack length
and adhesive modulus.

Fig. 6-7 An example of fatigue crack propagation behavior
originating at the end of overlap.
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Fig. 6-8 Variation of normalized displacement range.
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Fig. 6-9 Effect of crack length on joint stiffness ratio. Dashed
line is for the evaluation by FEM analysis.
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Fig. 7-1 Shape and sizes of the adhesive bonded lap joint
specimen.
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Fig. 7-2 Shape and sizes of the adhesive bonded butt joint of
thin wall tube.
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Fig. 7-4 Coordinate system and boundary condition for the butt
joint of thin wall tube.
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Table 7-1 Mechanical propertiesof the adhesives

Shear modulus 490 MPa

Poisson's ratio 0.33

1T—3—1 HtANBEZ2RUIERSEtERRFOLHALH
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Fig. 7-5 Effect of lap length on shear and tensile stress
distributions (adherend thickness t=3mm).
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Fig. 7-6 Effect of lap length on shear and tensile stress
distirubtions (adherend thickness t=4mm).
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Fig. 7-7 Stress distributions for the butt joint of
thin wall tube.
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Table 7-2 Stress ratios (omax/Tgye) Of the lap joints

Adherend thickness Lap length Stress ratio
H (mm) 1 (mm) omax/Tave

15 2.42

3.0 25 3.90
35 5.25
20 2.72

4.0
45 5.69
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Fig. 7-8 S-N curve of the butt joint of thin wall tube.
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Fig. 7-9 Experimental and estimated S-N curves of the lap
joints.
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Fig. 7-10 S-N relations arranged by tensile stress to
standardized experimental results.
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Fig. 7-11 Fatigue fracture surfaces of the butt joint of
thin wall tube.
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Fig. 7-12 Fatigue fracture surfaces of the lap joint.
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Fig. 8-1 Shape and sizes of the adhesive bonded specimen.
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0 x Ey

/ n(1-nvy2), nV)Z(Z(1+VyZ), 0

( nVxy (14+vy)s 1-vyl , 0
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I €y
\Txy/ (8-1)

T, PN EEEBEISHEMEE L THITL 2. ABFTICHEWTZMEIEE L Table 8—1i1T—
LU T/RT,

Table 8-1 Mechanical properties of the adherends and adhesive

FRP Steel Adhesive
Young's modulus Ex, Ey (GPa) 25.5 205.8 1.47
Young's modulus Ey (GPa) 11.2 205.8 1.47
*P&i’*‘%S“o@;’ﬂs ratio VXxz 0.10 0.33 0.33
Poisson's r’e{tio Vyz,yx 0.15 0.33 0.33
Shear modulus ny(GPa) 4.3 77.3 0.55
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EERNEREE TS G HEFOBEMBBED 6N %, kB, BERAEEREI 85mm DE XD
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. Fig. 8-3 Normal stress distribution along adhesive
layer (lap length 1=15mm).
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Fig. 8-4 Shear stress distribution along adhesive
layer (lap length 1=15mm).
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Fig. 8-5 Normal stress distribution along adhesive
layer (lap length 1=35mm).

15

- FRP-FRP —
- ——— ——FRP-Steel -
. Steel-Steel —

o
T

Normalized shear siress T /Tave
[SA)

0
~ =05

Normalized distance x/1

Fig. 8-6 Shear stress distribution along adhesive
layer (lap length 1=35mm).
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Fig. 8-7 Effect of alp length on shear strength.
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Fig. 8-8 Fracture surfaces of FRP-Steel lap joint specimen.
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Fig. 8-9 A correlation of shear strength with
normalized maximum tensile strength.
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