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The investigation of adhesive butt joints using the finite element method of solution
indicates a variation of stresses through the thickness of the adhesive in contrast to the
existing analyses which assume zero stress variation. Both plane stress and axisymmetric
cases have been investigated and the effect of adhesive modulus and thickness on the stress
distribution have been considered. It has been shown that there is significant variation of
normal and shear stresses across the adhesive thickness especially at the adhesive-air
interface.

INTRODUCTION

During the past several years adhesive joints have assumed increasing im-
portance in a wide variety of engineering applications. The important reasons
for this wide usage are that the adhesive bonding leads to joints with reduced
stress concentrations and to light weight construction.

The theoretical analysis of lap joints has been attempted by many in-
vestigators,'S, whereas very few have attempted analyses for butt joints,”-8
and only under restricted assumptions, like infinitely rigid adherends. Most
of the analyses connected with the adhesive joint, however are based on the
assumption that the stresses do not vary through the thickness of the adhesive,
thus reducing the role of the adhesive to that of a transfer medium between
two adherends. This assumption simplifies the analysis to a great extent and
has resulted in obtaining simplified expressions for the strength of the joints.

The object of this investigation is to show that the stresses vary through the
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thickness of the adhesive. In contrast to the usual assumption of zero stress
variation, it will be shown that both the normal and shear stresses vary
significantly across the thickness of the adhesive especially at the edge of the
joint.

In an interesting paper by Pirvics,' 2t a finite difference technique has been
used to analyse adhesive joints. To show the versatility of the technique
Pirvics has solved an adhesive butt joint with a void in the adhesive. The very
existence of a void introduces changes in the stress pattern which may
include the variation of stresses across the adhesive thickness. In the present
investigation the finite element method has been used to solve the problem of
a butt joint without any void. It is shown that even in this case of a complete
butt joint there exists a variation of stresses across the thickness of the
adhesive. The existence of stress singularity at the interface corner, and the
variation of the stresses through the thickness of the adhesive, make the
validity of the conventional approach to strength evaluation of adhesive
joints questionable. Wooley and Carver® attempted to solve the problem of
a single lap joint using the finite element technique, taking only two constant
stress elements across the thickness of the adhesive. This may not be sufficient
to take into account the stress variation across the adhesive thickness. This is
especially so for sufficiently thick adhesive layers. To the authors’ knowledge,
the only rigorous analysis concerned with the elastic analysis of scarf joints
of which butt joints form a special case is by Pethinaidu,'® where an energy
method is used to obtain the stresses in the joint with the usual assumption of
absence of stress variation across the thickness of the adhesive.

FINITE ELEMENT ANALYSIS

Both plane stress and axisymmetric butt joints are analysed by the finite
element technique. The physical problem is shown in Figure 1. Since the joint
is symmetrical only one quarter of the joint is used in the analysis. The
element configuration is shown in Figure 2. The X and Y coordinates for
plane stress case are indicated in Figure 2. For the axisymmetric case the
same axes would represent the R and Z axes respectively.

The assembly consists of 305 nodal points with 553 constant stress tri-
angular elements. The density of the elements varies as indicated in Figure 2,
the pattern being adopted to account for the stress gradient at adhesive-air
and adhesive-adherend interfaces. The width of the adhesive is divided into
40 parts and the adhesive has been represented across its thickness by 8 layers
of elements in order to study the stress variation through the thickness of the

1 The authors are grateful to Dr. L. H. Sharpe, Bell Telephone Laboratories, for bringing
this paper to their attention.
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adhesive. The butt joint is subjected to uniaxial tension (Figure 1). The total
load on the edge has been suitably lumped at the nodes for the two cases of
plane stress and axisymmetry. The geometrical boundary conditions imposed
are shown in Figure 2.

The numerical results cover two values of the ratio b/n and two values of
ratio, Ex/Ec. The adherend corresponds to steel with a Young’s modulus of
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FIGURE 1 Schematic representation of joints solved.
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FIGURE 2 Finite element configuration.
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2.0 x 10° kg/cm?, and two values of Young’s modulus are used for the
adhesive: the value of 2.198 x 10* kg/cm? (Ea/Ec = 91), corresponds to a
rigid epoxy and 4.395 x 10% kg/cm? (Ea/Ec = 455) corresponding to a high
density polyethylene. In each case stress distribution along two levels within
the thickness of the adhesive is evaluated. The first level corresponds to the
elements close to the central region of the adhesive and the second to those
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close to the interface. These two levels are referred to as level 1 and level 2
(Figure }). Figures 3 to 6 show the distribution of ¢, and t,, for plane stress
case and Figures 7 to 10 show the distribution of the corresponding adhesive
stresses g, and Trz for the axisymmetric case. In these figures the stresses
have been non-dimensionalized by dividing them by the applied stress, p.

Txyfo
Plane smss:b/q:la t‘xy/p 1028
£,220x105 kgfem?, 1,030 1026
Eos2.198x10% _u_, u-0B
P o'yfo curve 1~ ---ary.-émmo Level 1 o
’I'/:’D_ Tayp curve‘{ oty:022933 Level 2 don
118}
rizp
108l
104
Sy/p
LOOQ = W opt W —rbitrm b o = NHowa B P =N — N -
a96}
0921
asst
[(1.73 9%
0801
0,75\;.4.*,»'5-.-’-’5««4 d'l 7 Gt e
FIGURE 5 Variation of ¢y and rxy for plane stress case.
?:ylp
Jo-32
o Plane stress b/n <20
1200 €, 220 X10%glem?, 3, 0430
- €c =425 X10%g/em?,  ps0-23
TS Syip Curn} ~evsot y 30:04200 Level §
?:ylp Curve ) —— at y x0:22933 Level 2
I o Yl
096
0081
Tyt
0-80! il leog.l - 1 P 1.
(] [X) 02 03

FIGURE 6 Variation of oy and 4y for plane stress case.
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From the Figures 3 to 6 it can be seen that a,/p at level 1 for all the cases
decreases towards the edge of the joint after being uniform for a considerable
distance from the centre. For b/n equal to 10 g,/p is uniform up to about 80,
of the joint width and for b/n equal to 20 it is uniform up to nearly 909 of
the joint width. From this point it decreases rapidly towards the edge of the
joint. At level 2, o,/p once again remains uniform but to a lesser extent and
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decreases for a short distance and then rises rapidly towards the edge of the
joint indicating the stress concentration at the adhesive air interface. For
b/n equal to 10, it is uniform up to about 60 %; of the joint width and for b/n
equal to 20, it is uniform up to about 759 of the joint width, i.e., to a lesser
distance than at level 1.

&
i Axisymmetric caw blns20
[ 3 E,:20x0bkgfem?, Yuo 20
£ 219n10% oo -, 02
CUP ONVE e O y20.04200 Lovel |
IM" TRaPp curi of ys0- 22803 Lovel 2
wF
/4
00}
_ bsof-
(L3
M.
TR wl o x
s et 53 g

FIGURE 9 Variation of o; and ¢, for axisymmetric case.

It is interesting to note that at level 2, o,/p decreases over a certain length
before increasing towards the edge. A similar trend is observed in the case of
squeezing of a highly viscous fluid between two rigid plates.!! It is seen that
with considerable increase in the adhesive modulus no significant change in
the maximum stress concentration can be observed although there is an
increase in stress concentration with decrease in E value. This may be due to
the fact that the evaluation of the maximum stress is done at a point in the
neighbourhood of the adhesive air interface, within the adhesive. In order to
get a clear picture of the stresses exactly at the edge extrapolation of cen-
troidal values is necessary which requires considerable judgment.

1x,/p follows the same pattern as for o,/p for b/n equal to 10. At level 1 the
magnitude of 7,,/p is quite small and after being almost zero up to 607; of
the joint width it increases to a small value and decreases again to zero close
to the edge. At level 2, it is close to zero up to around 409 of the joint width
and subsequently rises steeply towards the edge. For b/n equal to 20 ,,/p at
level 1, is zero up to about 809 of the joint width and then rises to a small
value, but does not become zero. At level 2 it is zero up to about 709 of the
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joint width and then rises steeply towards the edge. The shear stress should
reduce to zero at the edge. Once more there is no significant variation in its
magnitude with change in the modulus of elasticity of the adhesive.

The analysis given in Ref. 10 is based on the assumption of constant stress
through the thickness and as a result in the case of butt joints, there is zero
stress concentration in ¢, which is extremely improbable taking into account
the presence of stress singularity at the interface corner. In addition the shear
stress was found to be zero throughout the adhesive.
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FIGURE 10 Variation of o, and r., for axisymmetric case.

The behaviour under the axisymmetric case follows the same pattern as
under the plane stress case. However, the stresses are uniform to a lesser
distance and the stress concentrations are slightly higher.

From the above discussion it can be concluded that there is significant
variation of the stress pattern across the adhesive thickness specially near the
adhesive—-air interface, and that the stresses are not uniform through the
thickness of the adhesive.

It is a fairly well established fact that apart from the adherends and
adhesive in a composite structure, there are surface layers at the interface
which have characteristics different from the bulk material and these are
known as boundary layers. Therefore an analysis of the mechanical behaviour
of adhesive joints must give due importance to the effect of such boundary
layers. The presence of boundary layers can be easily considered in the finite
element analysis. Presently the effect of boundary layers on the stresses in a
butt joint is under investigation.
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NOMENCLATURE

, Y
Z

Oys Ty
oz, TRZ

Width of the adhesive joint

Young’s modulus of the adherend

Young’s modulus of the adhesive

Thickness of the adhesive

Applied stress

Coordinate axes for plane stress case
Coordinate axes for axisymmetric case
Poisson’s ratio for adherend

Poisson’s ratio for adhesive

Normal and shear stresses in plane stress case
Normal and shear stresses in axisymmetric case
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