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Abstract—Adhesively bonded joints are being preferred to mechanical fasteners in structural members
because of distinct advantages they offer, such as uniform stress distribution, stiff connection, excellent
fatigue properties and light weight. In addition, these joints are found to be more suitable with composite
materials, particularly in the case of fibre reinforced plastics. At moderately large loads the polymeric
adhesive material behaviour tends to elasto-plastic and elasto-visco-plastic. In the present work, a finite
element code is developed and visco-plastic analyses of adhesively bonded joints are carried out. Single
lap, stepped lap, and double lap joints are considered for the analyses. Influences of various parameters,
such as (i) stacking sequence in composite adherends, (ii) critical strain energy release rate of the adhesive,
(iii) overlap length and (iv) thickness of the adhesive on the strength of the adhesively bonded double lap
joints, are also investigated.

Keywords: adhesive: composites; visco-plastic; FEM; strain energy release rate.

NOTATION
a flow vector
By elastic strain displacement matrix
Bne strain displacement matrix, non-linear component
B" strain displaccment matrix for nth iteration
Co prescribed constant
ct matrix
D elastic constitutive relations
Dy, visco-plastic constitutive relations
E Young’s modulus
F flow rule expression

et nodal forces of (n + 1)th iteration
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critical strain cnergy release rate of standard adhesive (cpoxy)
strain energy release rates in modes [ and II
critical strain energy release rates in modes I and II
assumed critical strain energy release rate of adhesive used
shear modulus

Ge/Ge

proportionality constant

matrix

J integral

second invariant of deviatoric stresses

stress intensity factor

stiffness matrix in nth iteration

overlap length

total length

Lo/ Ly

prescribed constants

t/t

time in seconds in first iteration

time in seconds in nth itcration

thickness of the adherend

thickness of the adhesive

fluidity parameter

fluidity parameter in pure shear mode
change in load during time interval At,
incremental time in seconds in nth iteration
Kronecker delta

displacement vector of nth iteration
visco-clastic strain

steady state strain rate

visco-elastic strain rate

visco-plastic strain rate
visco-elasto-plastic strain rate
prescribed constant

Poisson’s ratio

clfective stress

yield stress

residual stress

dewviatoric stress components
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Oy, 0y normal stresses
70 yield stress in pure shear mode
Tey shear stress
d function controlling visco-plastic flow rate
Q volume

1. INTRODUCTION

With the development of various structural adhesives, these joints are being employed
in a wide variety of structural applications ranging from aerospacc and automobile
components to those found in microelectronic components. Adhesive are mostly
polymeric materials and their responses are generally time dependent. Groth [1]
concluded that events like moisture diffusion and delayed failure should be taken
into account for an accurate analysis of adhesively bonded joints. At high stress
levels, the non-linear visco-plastic effects could include creep strains as well. These
would lead to significantly diiferent results from the linear elastic predictions and
therefore it is important that these effects are included. With the increase in load level,
adhesive layers tend to become visco-plastic carlier than the adherends. Therefore,
in the present analysis, only visco-plastic behaviour of adhesive is considered, while
adherends are considered to be still within linear elastic range. Further, most of the
finite element works, in the literature, have modelled the adhesive as a single layer
of elements. In view of the significant difference in the stiffnesses of the adhesive
and adherend, in the present work the adhesive is modelled as multi-layers of finite
elements.

2. FORMULATION

Biot [2] derived the relevant equations to represent visco-elastic and relaxation re-
sponses by employing potential and dissipation functions. A large number of phenom-
ena involving intcraction of diffusion, chemical reaction, heat transfer and mechanical
deformation are included in this theory. Zienkiewicz and Cormeau [3] developed an
elasto-visco-plastic algorithm, which is found to be an efficient tool and is applicable
to a wide range of non-linear (material) problems. The solution technique developed
is capable of handling visco-clastic and visco-plastic effects, and various combina-
tions of them. However, the most efficient way of dealing with large deformation and
dynamic clfects is not resolved. Zienkiewicz et al. [4] discussed the finite element
method of solution of elasto-visco-plastic engineering problems. For computation
convenience, bulk material is considered to be composed of several layers, where
each layer might have different material characteristics. However, this model was
limited to isotropic materials and includes very few material laws. Kanchi et al. [5]
discussed a visco-plastic technique and employed this to study the problems of plas-
tic and creep instability. Schapery |6] discussed pertinent aspects of the J integral
and energy release rate theory for non-linear elastic media. He developed mcthods
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ol quasi-static deformation and fracture analysis for non-linear visco-elastic media.
The corresponding principles, which provide the basis for the analysis are applicable
to crack growth, crack closure and other problems such as ablation and interfacial
contact and scparation.

2.1. Strain rate (Reference [7])

Groth [8] presented expression for visco-elastic, visco-plastic and visco-clasto-plastic
strain rate as given in equations (1)—(5) for the onc-dimensional models of adhesive
material under pure shear, as shown in Fig. 1.

Eve = YorlToy — Guvével, (1)
Evp = Yoy ltay — 0] 1 Ty > 10 (2)
=0 if 1 < 10, (3)
vep = Yar[Ter — Grvéye]l + vi[toy — 0] if T > 10 )
= Vorltor — Grvgel if 7 <100 (5

From the equations, (2) and (4), it is observed that the expressions for strain rates
are different for differcnt adhesive models. Visco-plastic strain rate &y, for two-
dimensional analysis is expresscd as

évp = }/<¢)5, (6)
where y, ® and a are fluidity parameter, visco-plastic flow function and flow vector,

respectively. (@) indicates positive values of ®. Fluidity parameter, y, is a material
constant. Different expressions are recommended for the function & by Owen and

Gyy
Txy E;]Aj Txy
(a) Yuy

o
Txy AAAA :— Txy

(b) ey
Gy T
- —_——
C
(© T,

Figure 1. Adhesive material models: (a) the three paramcter solid model. (b) the Bingham visco-plastic
model. and (c) the five parameter visco-elastic —visco-plastic model.
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Hinton [7] and by Zienkicwicz and Taylor [9]. The most common representations arc

q)=eM<£__UO>_L (7
00
F“U() N
P=——1} , ®
a0
F
b =—, ©)]
i}

where M and N arc material constants and og 1s yield stress. Flow rule, F, associated
with these equations is assumed as

F = \/axz + o.‘? — 0.0, + 3;\3“.. (10)

Flow vector (a) is given as

ol
3 X
a= V3 al V. (1)
2J, :
“ !
27,

Deviatoric stress components are denoted by primes and these are obtained from

dijo
ol =0 — ’-’3"". (12)

r

J, represents the second invariants of deviatoric stresses and is written as

’ 1 / / ’ ’ o}
Jy = E(oxa_\, +0.00) + 15, (13)

2.2. Visco-plastic constitutive relation (Reference [7])

The visco-plastic stress-strain relation is written as
Dy =[D'+c"] (14)
D is the material matrix of lincar elastic matcrial and C" is given as
C"=0OAnH", (15)
where © is a constant, Ar, is the incremental time of nth interval and H” is given as

H" = pym; 4+ pamgy, (16)
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where p;, pz, m; and m, arc cxpressed as

P1=)’< v3 ¢>,

2(J2/)l/2

y<¢§ do /30 >

Pr=Y\a)) aF ~ a)n
r2/3 —-1/3 0
mi=|—-1/3 2/3 0],
L 0 0 2
[ olo] 0,0, 20,Ty
my = cr':,a_", o;o_", 20)'.1’“
| 20,7y 20,7y 41’3._‘.

2.3. Finite element algorithm

a7

(18)

(19)

20

A computer program similar to the one developed by Owen and Hinton [7], is devel-
oped to predict the failure loads of adhesive joints. The corresponding flow chart is
illustrated in Fig. 2. The module, which takes into account the non-linear visco-plastic
behaviour of the material is indicated by the dashed portion in the flow chart. Details
of the main algorithm are given in [10].

The additional visco-plastic part of the algorithm developed is explained as follows:

step 1:

step 2:

step 3:

at time t = ¢, find the following:
B" = Bo + BnL3",
C" = C"(o", Ay,
Dy, =D+,
K} = ./'[B“]TD’V‘pB”dQ,
Q
Eyp = y(®)a".
compute incremental displacements and stresses:
(f r=0 cale. Ay, =£[’B”]TD'JPé'V‘pAz,,dQ+Af”),
A8 = [KE]7IA ups
Ac" = Dy (B"AS" — £, A1").
update displacements and stresses:
511+l = §" +C0A8",

O,n—H = o + A(J'”,

where Cj is a constant multiplier used for fast convergence.
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step 4: calculate visco-plastic strain:

F(]z;rl =y (¢>&”+I.

step 5: calculate proportionality factor H:

O,N—H —a"
oo — P

step 6: compute residual stress to be compensated:

op = Ho.n+1

step 7: update stress:
O,n+1 — (1 _ H)O’”H

where og represents the residual stress.

step 8: apply equilibrium correction:

Aw\;lzr;{—l — '[[B”+|]TDC;Ié3+1AI,l+]dQ+ Af"+l + an-H’
Q

wn—H :f[B'l+l]TU£+ldQ+f'l+l,
Q
where ! represents nodal forccs.

step 9: check if visco-plastic strain rate is closc Lo steady state value:

; |
3

il steady state is reached go to main algorithm, or else go to step 1.

| € &4 1.c. tolerance

B", 0", Dy,, K" and &, represent strain displacement matrix, stress tensor, visco-
plastic stress—strain relation, stiffness matrix and visco-plastic strain rate, respectively
of nth iteration. B", o", C", Dyp, and K" are functions of the displacement vector
of nth iteration. These values are updated in every iteration. However, there is a
possibility of divergence in the results by using the K" values. Using constant values
of B" and K" and Newton—Raphson’s modified approximation (Owen and Hinton [7]
and Zienkicwicz and Taylor [9]) one can achicve convergence. Further, this reduces
substantially the computational time and memory. However, é'v’p and D’V’p are updated
in each time step.

If the effective stress o of any element in the adhesive exceeds the yield valuc of
the material oy, then the material state becomes visco-plastic and therefore visco-
plastic analysis is carried out. Visco-plastic module of elasto-visco-plastic analysis is
indicated by the dashed box of Fig. 2.

Visco-plastic calculations are repeated until the strain rate has reached a steady state
value (&y). Then strain encrgy rclease rates are calculated by the technique discussed
in [10]. The fracturc criterion G| + Gy > Gic + Gy is employed to predict the
failure loads.

The developed code is quite general, and could be employed for visco-elastic, visco-
plastic and clasto-visco-plastic analysis of adhesive materials. All that one needs is to
incorporate the corresponding behaviour of the models for adhesives in the expression
for strain rate.
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open paired

update load
AP

solve A6 = K~'AP
update 6 = § + Aé
update ¢ = o + Ao

check
plastic flow

occurred
or

max. load level reached
or

all paired nodes
opened

node
Yes
check
No fracture
G > Ge
calculate
-1
Dvp = [D—l +C]
T
Y
cale. strain rate
évp =r< ¢ > a
check ,
No convergence ™ Yes
Elup S €55
check Yes

yielding
o> 0y

calculate residual
forces Ay,

v

solve

AS = K1 At

Y

calc.

Ac = Dyp(BAS — é,pAt)

update disp. & stress
6=46 + COAts
g=0+ Ac

Figure 2. Flow chart of visco-plastic finite element analysis.
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3. RESULTS AND DISCUSSION

3.1. Validation

In order to validate the developed computer code, the two-dimensional visco-plastic
perforated plate problem analysed by Zienkiewicz et al. [4] is considered. A schematic
diagram of this plate is shown in Fig. 3. The physical dimensions and the material
properties of the plate are listed in Table 1. The stress level is plotted in Fig. 4 against

et

d
e
d g
e tHt
3 s /N
3 mc
P
.

| S5mm |, Smm

-
i

Figure 3. Schematic of perforated plate under uniform tension (Zienkiewicz et al. [4]) showing the plastic
element 7 and the finite element mesh of the plate.
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1.5

O Present
A Zienkiewicz

Effective Stress/ Yield Stress

1.0 l ! 4' |
0 08 16 2.4 3.2 4.0

Time (seconds)

Figure 4. Variation of stress with time for plastic element P of the perforated plate (Fig. 3).

Table 1.
Specifications of the perforated plate problem (Zienkiewicz et al. [4])

Perforated plate

Dimension of plate 36 mm x 20 mm
Diameter of the circular cut out 10 mm

Young’s modulus (£) 70 GPa
Poisson’s ratio (v) 0.2

Stress applied (7) 95 MPa

Yield stress ag 243 MPa
Fluidity parameter (y) 0.01 s~!

the time for an element P, which is in the plastic range. The results is in fairly good
agreement with that by Zienkiewicz et al. [4].

3.2. Single lap joint

Using the developed finite element code elastic and visco-plastic analyses are carried
for a single lap joint (Hiregoudar [11]). Details of the joint (Fig. 5) are shown
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E ) -
te}
Lo kel
L Lt [
! 'I
Adherend
/ [
e ——i

L—Adhesive

Figure 5. Schematic of single and step lap joints.

Table 2.
Specifications of single lap joint (Hiregoudar [11])

Single lap joint

Overlap length (L,) 16 mm
Total length (L) 80 mm
Applied stress (o) 200 MPa
Adhesive thickness (t,) 0.30 mm
Adherend thickness (#,) 1.60 mm

Adhesive (FM 73)

Young's modulus (E) 2.21

Poisson’s ratio (vg) 0.43

Yield stress ag 40 MPa

Fluidity parameter (y) 4495 x 10 ¥ 57!
Constant N 1.426

Constant & 14

Flow functions () (Eo)¥

70

Adherend (Steel)

Young’s modulus (E,) 211.3 GPa
Poisson’s ratio (v) 0.33
Yicld stress og 00

in Table 2. Stresses along the overlap length of the single lap joint are computed
from elastic and visco-plastic analyses and these results are compared in Fig. 6. The
maximum difference in the computed peel stress along the overlap length of the single
lap joint is less than 3.6 per cent, while this difference for shear stress is less than
11.4 per cent. Peel stresses predicted by the present analysis and visco-plastic analysis
carried out by Hiregoudar [11] arc also compared in Fig. 7. The difference in the
computed peel stress along the overlap length of the single lap joint is less than 11 per
cent. It is also observed that this difference is maximum near the edges and gradually
reduces to a minimum towards the central part of the overlap.
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Figure 6. Comparison of elastic and visco-plastic stress distribution along the overlap length of single
lap joint (Hiregoudar [11]).

Using the present finite element code the result obtained for the visco-plastic analysis
of the perforated plate problem of Zienkiewicz et al. |4] 1s in good agreement with
that reported by Zienkiewicz et al., while Hiregoudar [11] has developed has finite
element code for the visco-plastic analysis but has not validated his computer code
with any standard bench mark problem.
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50
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Figure 7. Comparison of peel stress distribution along the overlap length of single lap joint (Hire-
goudar [11]).

In the present analysis a refined mesh consisting of 1816 constant strain triangle
(CST) elements is used, while Hiregoudar [11] has employed a course mesh consisting
of 300 elements. Further in the present analysis the adhesive is modelled as six layers
of elements, while it i1s modclled as a single layer of elements by Hiregoudar [11].
Detail of mesh refinement of the bonded joints and its effect on fracturc parameters are
discussed in [12]. However, we feel that our results are more accurate as compared
to those of Hircgoudar {11], in view of thc use of a validated visco-plastic finitc
element code and refined mesh near the edges in the finite element modcl of the
bonded joints.

3.3. Stepped lap joint

Using the present f{initc element code, visco-plastic analysis is carried out for the
stepped lap joint (Su and Mackie [13]). The joint (Fig. 5) specifications arc listed in
Table 3. Visco-plastic parameters such as {luidity parameter (y ), material constants
(N, ©) and flow function (¢) of the epoxy adhesive are considered to be as those of
cpoxy adhesive (FM73). In Fig. 8 the shear stress and shear strain distributions, in
the adhesive along the overlap and ncar the interface of adherend and adhesive, are
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Figure 8. Comparison of shear stress and strain distribution along the overlap length at interface of
adherend and adhesive of the stepped lap joint.

compared with thosc of Su and Mackie [13]. The difference is found to be less than
11.7 per cent. It is also observed that this difference is maximum near the edges and
gradually reduces to a minimum towards the central part of the overlap length. In
the present analysis a refined mesh consisting of 1816 CST elements is used, while
Su and Mackie [13] have employed a course mesh consisting of nearly 100 elements.
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Table 3.

Specifications of stepped lap joint (thick adherend shear test specimen) of Su and Mackie [13]

Overlap length (L)
Total length (L)
Applied stress (P)
Total joint thickness (1)
Width of the joint (W)

Young’s modulus (Ej)
Poisson’s ratio (vg)
Thickness of adhesive (1)
Yield stress (o)

Fluidity parameter (y)
Constant N

Constant ©

Flow function ()

Young’s modulus (£;)
Poisson’s ratio (v;)
Thickness of adherend (1)

Joint configuration
8 mm
125 mm
3.5 kN
13.35 mm
25.4 mm

Adhesive (rubber-toughened epoxy)

6.60 GPa

0.38

0.65 mm

50 MPa

4495 x 1073 s~
1.426

14

()"

o0

Adherend (Steel)

210 GPa
0.3
6.35 mm

Further in the present analysis the adhesive is modclled as six layers of elements,
while it is modclled as a single layer of elements by Su and Mackie [13]. Because
of the use of refined mesh near the edges as compared to Su and Mackic [13], the
present results are expected Lo be accurate.

3.4. Double lap joint

Effccts of crack location, stacking sequence, critical strain energy release ratc of
adhesive material, overlap length and adhesive thickness on the strength of double
lap joint (Fig. 9) are investigated. Because of symmetry, only one half of the joint is
considered for the analysis. The problem is treated as one of planc strain and a finite
element mesh consisting of 1816 CST clements is ecmployed for the analysis.

Three non-dimensional parameters are defined, namely,

Gp

= = 21

g Ge (2hH)
L,

1= =, 22
L, (22)
ts

t=—, (23)

Ir
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Table 4.
Specifications of double lap joint

Double lap joint

Overlap length (L,) 40 mm
Total length (L) 80 mm

Adherend (carbon fibre reinforced plastic)

Longitudinal modulus (E;) 137 GPa
Transverse modulus (E;) 7 GPa
Shear modulus (Gy) 4.5 GPa
Poisson’s Ratio () 0.3
Adherend thickness (1) 10 mm

Adhesive (Epon VIII)

Young’s modulus {Ey) 35 GPa
Poisson’s ratio (vg) 041

Thickness of adherend (1) 2 mm

Fracture toughness (G¢) 0.36 kJ/m?

Yield stress ag 45 MPa

Fluidity parameter (y) 4.495 x 1073 7!
Constant N 1.426

Constant © 1.4

Flow functions (&) (M)N

0

Fracture criterion Gy + Gy 22 G

where G and Gc are the fracture toughnesses of the adhesive employed and the
standard adhesive (epoxy), respectively. L, and L, denote the overlap length and
the total length of the bonded joint. In addition #; and #, rcpresent the thicknesscs
of adhesive and adherend, respectively. G is considered to be in multiples of G.
Assuming constant fracture toughness of the adhesive (G¢), adherend thickness ¢,
and overlap length L, parametric study is carried out. The adherends and adhesive of
the joint are considered to be carbon fibre reinforced plastics (CFRP) and Epon VIII
(Table 4), respectively. Visco-plastic parameters such as fluidity parameter (y), ma-
terial constants (N, ©) and flow function (®) of the epoxy adhesive (Epon VIII) are
considered to be as those of epoxy adhesive (FM73). Critical crack location ‘A’ is
considered in the present work.

3.4.1. Stacking sequence. Symmetric quasi-isotropic combinations are considered
to investigate the effect of stacking sequence on the bond strength. Four fibre
orientations considered are 0°, 45°, 90° and —45°. In an earlier work [10], it
was found [0°/45°/90" /—45°]s laminatc exhibits maximum bond strength. Further,
the presence of 0° ply in the immediate neighbourhood of the adhesive results in
stronger joint. Visco-plastic analysis is carried out for three different layup sequences,
namely, [0°/0°/0°/0°]s, [0°/45°/90°/—45°]s and [0°/0°/90°/90°]s ol CFRP ad-
herends. It is found that [0°/0°/90°/90°]s layup is stronger than [0°/45°/90° /—45°]g
layup. The failures loads are compute for various adhesive fracture toughnesses ratio
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Table 5.
Computed failure loads for various g (= G-/ G¢) values and different laminae combinations

Crack Failure loads in N/mm for L,/L¢ = 0.50 and ¢,/ = 0.20
Ge/Ge length (mm) [07/07/0° /015 [07 /0% /907 /90°]s [0°/45°/90° /—45°]g
0.1 0.164 5.760 5.984 5.696
0.2 0.164 8.096 8.416 8.032
03 0.164 9.920 10.304 9.856
04 0.164 11.520 11.904 11.392
0.5 0.164 12.800 13312 12.672
0.6 0.164 14.080 14.592 14.016
0.7 0.164 15.232 15.872 15.168
0.8 0.164 16.384 17.024 25.472
0.9 0.164 17.472 18.304 16.192
1.0 0.164 18.560 19.456 17.408
1.1 0.164 19.840 20.736 18.944
1.2 0.164 20.992 22.016 20.096
1.3 0.164 22.400 23.296 21.632
14 0.164 23.552 24.576 23.040
1.5 0.164 24.704 25.984 24.320

g (= G/Gc), overlap lengths 1(= L,/L,) and adhesive thickness ration t (= r5/f)
for these three layups. Detail of these results arc discussed in the respective sections.

3.4.2. Fracture toughness of adhesive. For various g (= G/ Gc¢) values and layups
the computed failure loads are listed in Table 5. As was found in the linear elas-
tic analysis reported in [10], in the present visco-plastic analysis also it is observed
that as g increases, failure load increases for all the threc layup sequences consid-
ered. Adhesives with higher critical strain energy release rate (high g value) lead
to a stronger joint. Therefore, in order to achieve a higher fracturc strength of the
joint, adhesives with higher critical strain energy release rate are suggested. Only
variation of failure load with crack length for various g values in [0°/0°/0°/0°]s,
[0°/0°/90°/90°)s and [0°/45°/90°/—45°]g (optimal) CFRP laminates are shown in
Fig. 10.

Fracture toughness of adhesive is generally denoted by Kj¢, the stress intensity
factor for ideal plane strain adhesive material. In th present study, for convenience
critical strain encrgy release rate G is termed as fracture toughness.

3.4.3. Overlap length. For various values of 1 (= L,/L,) and the three layups cho-
sen, the computed failure loads arc listed in Table 6. As was found in the linear
elastic analysis reported in [10], in the present visco-plastic analysis also it is ob-
served that as I increases, failure load increases for all the three layup sequences.
For higher fracturc strength of the bond, larger overlap length (high 1) is suggested.
Variation of failure load with crack length for various 1 values in [0°/0°/0°/0%]s,
[0°/0°/90° /90°]s and [0°/45°/90° /—45°]s (optimal) CFRP laminates are depicted in
Fig. 11.
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Figure 10. Variation of failure load with crack length for crack initiation at location ‘A’ and different
g(= G/Gc) values in [0°/0°/0°/0°]s, [0°/0°/90°/90%]5 and {0°/45°/90°/—45"]s (optimal) CFRP
laminates.

Table 6.
Computed failure loads for various 1(= Lo/L¢) values and different laminae combinations

Crack Failure loads in N/mm for G/C/Gc =040 and t;/1, = 0.20

Lo/Ly length (mm) [0°/0°/0°/0°]s [07/0° /907 /90°]5 [0°/45° /907 /—45°]s
0.307 0.050 4.463 - -

0.333 0.054 4.752 4.607 4271

0.363 0.059 5.112 4.968 4.607

0.400 0.065 5472 5.448 5.040

0.444 0.073 5.832 5.880 5.520

0.500 0.164 11.616 12.048 11.472

— plastic flow.

3.4.4. Adhesive thickness. For various t (= f5/1,) values and layups the computed
failure loads are listed in Table 7. As was found in the linear elastic analysis reported
in [10], in the present visco-plastic analysis also it is observed that as t increases,
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Figure 11. Variation of failure load with crack length for crack initiation at location ‘A’ and differ-
ent (= L,/Ly) values in [0°7/0°/0°/0°]s, [0°/0°/90°/90°]s and [0°/45°/90°/—45°]s (optimal) CFRP
laminates.

Table 7.
Computed failure loads for various t (= 1,/1) values and different laminae combinations

Crack Failure loads in N/mm for G(./G¢ = 0.40 and Lo/L = 0.50
/1y length (mm) [0°/0°/0° /0°]s [0°/0°/90° /90°]s [0°/45° /907 /—45°]g
0.012 0.164 16.384 17.792 16.128
0.025 0.164 15.488 16.000 14.848
0.033 0.164 15.040 15.296 14.528
0.050 0.164 14.336 14.592 13.696
0.100 0.164 13.056 13.440 12.672
0.200 0.164 11.616 12.048 11.472

failure load decreases for the three layup sequences. For higher fracture strength of
the bond, small thickness of the adhesive (low t) is suggested. Variation of failure
load with crack length for various t values in [0°/0°/0°/0°]s, [0°/0°/90°/90"]s and
[0°/45°/90°/—45°]s (optimal) CFRP laminates are shown in Fig. 12.
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Figure 12. Variation of failure load with crack length for crack initiation at location ‘A’ and different
t (= ty/1:) values in [0° /07 /07 /0°]g, [0°/0°/90° /9015 (a) and [0°/45°/90°/—45°]s (b) (optimal) CFRP

laminates.
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4. CONCLUSIONS

On the basis of elasto-visco-plastic analysis carried out, the following conclusions are
drawn

e The elastic analysis predicts lower failure loads as compared to the elasto-
visco-plastic analysis. Therefore, for a realistic analysis, it is suggested that
elasto-visco-plastic behaviour be considered.

e Strain energy release rate is highly influenced by the adhesive properties, such
as fluidity parameter and flow rule.

o Stress distributions, along the overlap length of the single lap joint, are predicted
by the present elasto-visco-plastic analysis and the results arc found to agree
with those reported by Hiregoudar [11].

e Stress distributions, along the overlap length and across the adhesive thickness
of the stepped lap joint, are predicted by the elasto-visco-plastic and the results
agree with the those reported for thick adherend shear test (TAST) specimen
by Su and Mackie [13].

e Strain energy release rate is sensitive to layup sequences in composite ad-
herends. A proper choice of layup sequence in the composite adherend results
in an efficient bonded joint.

e Use of adhesive of high fracture toughness, large overlap lengths and small
thickness of adhesive individually results in a stronger bonded joint.
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