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(Received Nmrmba 12, 1068) 

ABSTRACT 

The hypothesis that the weakness of thick joints is due to 
stresses caused by contraction of the adhesive on setting requires 
a linear relation between the strength of a joint and the adhesive 
thickness. However it is statistically preferable to describe our 
experimental data by relating either log strength or linear strength 
to log thickness. The predicted slopes or thickness-dependences of 
the joint strengths are at least three orders greater than those ob- 
served. Both the preferred relations have a possible theoretical basis, 
namely the statistical nature of rupture. 

INTRODUCTION 

WAKE 11, 21 HAS developed an argument that the weakness of thick joints 
when compared with thin ones is due to stresses built into the joint by 

the contraction of the adhesive on setting, or by differential contraction be- 
tween adhesive and adherend after curing at an elevated temperature. His 
treatment may be summarised as follows. In a ‘poker-chip’ butt joint, to be 
tested in tension, contraction of the disc of adhesive, of original thickness do, 
is first notionally allowed to take place, and then a radial stress is applied to 
counteract it, causing a strained thickness d,/r2 where r is the ratio of the 
strained to the unstrained radii. For any material subjected to a finite defor- 
mation, large compared with that normally considered in classical elasticity 
theory, the radial stress is given by G( r2 - l/?A), where G is the shear mod- 
ulus, which expression when multiplied by the strained thickness gives “the 
total force acting across a section of unit length . . . acting as if it were . . . in 
the plane of the two interfaces” [l], equal to G do( 1 - 1/T8), On breaking 
in axial tension, the total work done W is taken as equal to the energy to 
rupture the two adhesive bonds plus the work done by the adhesive disc 
when freed from constraints [Z] : 

W = 2f l+  2Gdor,r( 1 - l/@) ( 1 )  
where f = force to rupture bonds, 1 = distance over which adhesive forces 
act and r, = radial contraction of disc 

1. ADHESION, Vol. 1 (January 1969), p. 48 
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W GdoT,?r 
21 1 

i.e. f = - -- (1 - 1/@) 

Thus the theoretical force to rupture a bond is subject to a negative correction 
increasing directly with increasing thickness of adhesive layer 121. 

Taking R,‘ as the unstrained and R, as the strained radii, then by definition 

& * T  = R, (3) 
Taking a as the linear contraction (inch/inch) on setting at room tem- 

perature, then 

Thus from Eqn. 3 
R, - R,*a = R, 

1 - a = I /T 

T, = R, - & = R,a = 

(4 )  

( 5 )  

(6)  

The radial contraction 
Rs(r - 1) 

T 

So r, may be eliminated from Eqn. 2 to give: 

Thus the negative correction to the theoretical force to break the bond is 
predicted to be proportional to ( a )  the specimen’s radius, ( b )  the adhesive’s 
shear modulus, ( c )  the adhesive thickness and ( d )  the r terms within the 
brackets, which together increase steeply as a function of a. The value of 1 
is not known, but has been assumed [ S ]  to be in the order of 1 X lo-’ in. 

Alternatively, the argument leading to Eqns. 1, 2 and 7 can be modified 
as follows. The radial stress should be multiplied by the cylindrical area 
(equal to the strained thickness times the strained perimeter 27rR,), to give 
the total force Gd,( 1 - l/rS) *2TR,. Then the total work done on breaking in 
axial tension (cf. Eqn. 1) would be approximated by the energy to rupture 
the two adhesive bonds plus the work done by the adhesive disc, taken to be 
the product of the force and half the radial contraction (since the force dimin- 
ishes to zero through the total contraction) : 

W = 2fl+ Gd,r,?r( 1 - l/rS)Rs ( 8 )  

Again eliminating r,, the force to rupture the bonds will be 

In contrast with Eqn. 7, this predicts that the negative correction to the 
theoretical force to break the bond is proportional to the square of the speci- 
men’s radius, and not to the radius itself. 
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COMPARISON OF THEORETICAL AND EXPERIMENTAL 
RELATIONSHIPS 

Bryant and Dukes [4,5,6] have made many measurements of the strengths 
of joints over a wide range of thicknesses, using four different joint designs 
and two room-temperature curing adhesives, one a rubber and the other a 
tough epoxy, not very dissimilar to polystyrene, previously considered [2l in 
this context. Although many of their measurements have been in shear, rather 
than tension, it is thought worthwhile to compare their results in both modes 
with Eqns. 7 and 9, as the above energy consideration should be applicable 
to either mode of testing. The measurements were made over a wide range 
of strain-rates at each adhesive thickness, and for the present purpose the 
strain-rate parameter has been eliminated by interpolating to a standard true 
rate of 1 sec-’ (corrected for deformation in machine and linkages) or altern- 
atively to a time-to-break of 1 min. For any given joint design and adhesive 
thickness the highest correlations were found between joint strength and 
strain-rate or time-to-break with both on logarithmic scales, and the appro- 
priate least-squares regression was used to normalise each strength determina- 
tion to the standard rate (or time-to-break), The use of the log/log relation- 
ship rather than another does not affect what follows, since the particular 
relationship chosen would make little difference to an interpolation (but not 
of course to an extrapolation), 

There resulted for each joint design a number of normalised strength de- 
terminations at each adhesive thickness. Three different relations between 
normalised strength and thickness have been examined statistically-( a )  
linear strength against linear thickness (i.e., ‘plaidplain’), ( b )  log strength 
against log thickness (i.e., ‘log/log’), and ( c )  linear strength against log thick- 
ness (i.e., ‘plain/log’). The statistical parameters of each relation for each 
combination of adhesive and joint design are shown in Table 1, together with 
values of shear modulus and linear contraction as measured for each adhesive. 

The linear (plaidplain) relation in every case has a lower correlation 
coefficient than either of the other relations. Comparison of the Fisher z-trans- 
formations is made in Table 2, in which the degree of significance is derived 
from tables of Student’s t .  Using MS.9160 adhesive, the plain/plain correla- 
tion coefficients are significantly lower than those for the log/log relation in 
four out of five comparisons (the fifth does not quite reach the 5% level), 
but with AY.103 adhesive the plaidplain coefficients are not significantly 
lower when compared with those of either of the other relations. The least 
scattered set ( MS.9160/Al) shows the most adverse comparisons against the 
plaidplain relation. In six out of seven comparisons the log/log coefficients 
are higher than the plain/log ones, but only one of these is statistically sig- 
nificant. In the only case in which a plaidlog coefficient is greater than the 
log/log one, the difference is insignificant. 
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Table 2. Statistical Comparison of Different Relations Between 
loint Strength and Adhesive Thickness 

Adverse Comparisons against each Relation in turn, 
measured by Az/S.E.: 

Vs. Linear 
(Plain/ Plain) vs. Log/Log vs. Plain/Log 

Sub- Design Error Log/ Plain/ Plain/ Plain/ Plain/ Log/ 
Adhesive strafe @ of Az Log Lag Plain Log Plain Log 

Joint Standard 

- - - 3.2** 
- (0.21 
- (0.9) 

- (0.7) 

- - 
Steel 0 0.218 4.1*** (0.8) 
Steel 0 0.164 (1.9) (1.8) 

MS.9160 Steel 0 0.218 3.3** 2.4* - - 
Al 0 0.243 3.3** 3.6*** - (0.3) - - 
Steel +\I--, 0.196 2.1* (2.0) - - 

- (0.1) 
- (0.1) 

Steel 0 0.175 (1.4) (1.3) - - 
AY.103 Steel -+]I+ 0.144 (0.4) (0.2) - - 

* Significant at the 5% level 
** Significant at the 1% level 

*** Significant at the 0.1% level 

Thus statistically it seems preferable to describe these measurements by 
relating either log strength or linear strength to log thickness rather than 
linear strength to linear thickness, as required by Eqns. 7 and 9. 

QUANTITATIVE COMPARISON OF THEORY AND EXPERIMENT 
However it is of interest to compare the measured plaidplain data with 

the theory. The theoretical strength correction factor, 
aR,G[l+ l/r7 - ( l / F  + l/r)l/Z 

has been calculated for each adhesive, by substituting in Eqns. 5 and 7 the 
measured values of G and a, taking A, = 2 in. and Z = 1 X lo-* in.; it is in 
the order of lo7 psi/in. for MS.9160 and 3 x lo9 psi/in. for AY.103. (If Eqn. 
9 rather than Eqn. 7 were used, these figures would be reduced by a factor 
of about 1/3). This theoretical figure (from Eqn. 7) for MS.9160 is 2 X lo3 
to 4 x 103 times greater than the measured linear (plaidplain) correction 
factors in shear, and lo4 times greater in tension. For AY.103 it is 5 X lo4 and 
lo5 times greater respectively. It is probably a coincidence that each theoreti- 
cal figure is roughly the square of the value measured in shear. Wake [21 
chose an arbitrary value for I of 5 X (cf. lo-* in.) in order to fit the 
data for polystyrene (with a modulus close to that of AY.103), and this 
admittedly would reduce the theoretical figure for MS.9160 to about one- 
fifteenth of the value measured in shear and one-fifth of that in tension, and 
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The Effect of Adhesive Thickness on Joint Strength 

would remove the discrepancy for AY.103 in shear, leaving the theoretical 
figure less than three times the value measured for AY.103 in tension. 

When the two adhesives are compared, it is seen that a reduction of linear 
contraction by a factor of 4/7 together with a thousand-fold increase in G 
is associated with merely a twenty-fold increase in the linear correction fac- 
tor, measured in shear or tension, and not 570-fold as predicted by (7) .  

CONCLUSION 

The hypothesis that the weakness of thick joints is due to stresses caused 
by contraction of the adhesive on setting requires a linear relation between 
the strength of a joint and the adhesive thickness. It is however statistically 
preferable to describe our experimental data by relating either log strength 
or linear strength to log thickness. The predicted slopes or thickness-depend- 
ences of the joint strengths are at least three orders greater than those ob- 
served. 

The hypothesis assumes adhesive failure at the interface, which was not 
observed in any of our experiments. Cohesive failure might well favour the 
following argument. Both the preferred relations ( log/log and plain/log) 
between joint strength and adhesive thickness have a possible theoretical 
basis [71, in the analysis by extreme value statistics of the negatively skewed 
frequency distribution of tensile strengths (of rubbers), involving the fre- 
quency function of the maximum flaw. The former relation would hold if a 
Weibull type of distribution is used, and the latter if an exponential one. 
Thus it is possible that the dependence of joint strength on adhesive thickness 
is a consequence of the statistical basis of rupture. 
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