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The ageing effects on a structural epoxy adhesive due to exposure to relatively high 
temperature and high humidity have been studied. Both the modifications to the bulk 
properties of the polymer and the reduction in adhesive strength have been considered. 
Concerning the mechanical properties of the bulk adhesive, various techniques have 
been exploited but, in particular, viscoelasticimetric measurements have shown how 
the complex modulus alters with water uptake and the glass transition temperature 
decreases. Adhesive properties have been investigated using a torsional shear test. 
Preliminary results suggest that this technique is well suited to the investigation of 
ageing effects. 
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Structural adhesives are now widely used in various 
sectors, particularly in the aerospace and automotive 
industries. Various advantages are offered by this 
means of joining compared with the more con- 
ventional methods such as bolting or riveting. 
Lightness and reduction of stress concentrations are 
two major factors but other considerations such as 
sealing to fluid flow and streamlining are also 
significant. Nevertheless, during its service lifetime, a 
structural adhesive joint often has to withstand 
deleterious - -  and, in particular, humid - -  environ- 
ments over long periods. Although high temperature 
alone may lead to the degradation of a structural joint, 
there is much evidence in the literature to show that 
the synergic effects of humidity together with tem- 
perature are particularly pernicious 1-3. The 
mechanism(s) by which strength reduction occurs are 
not entirely understood although the immediate causes 
of failure can usually be attributed to the breakdown of 
interracial bonds (either of a primary or a secondary 
nature) and/or  a decrease in mechanical (cohesive) 
strength of the polymeric material constituting the 
adhesive itself. There is some evidence that a marked 
reduction in strength is accompanied by absorption of 
a critical concentration of water in the joint 4. 

The present work describes preliminary investiga- 
tions of the effects of high humidity and relatively high 
temperature on both bulk adhesive and bonded joints, 
using various experimental techniques. Materials 
chosen for this study are an epoxy resin with zinc- 

coated steel plate as the principal substrate. 
Viscoelasticimetric tests have been employed as a 
means for following variations of the bulk adhesive 
characteristics during ageing. The structural resistance 
of adhesive joints has been assessed using a torsional 
shear test developed with an aim of reducing to a 
minimum unwanted stress contributions due to tensile 
and cleavage effects. 

Experimental 

Materials and preparation 

The adhesive chosen for this study was a structural 
epoxy adhesive comprising a diglycidyl ether of 
bisphenol A (DGEBA) with dicyandiamide as the cross- 
linking agent (Permabond ESP 470). A preliminary 
investigation was carded out using a differential 
scanning calorimeter (DSC manufactured by Setaram) 
to determine the curing cycle of the adhesive resulting 
in the highest glass transition temperature, Tg (readily 
attainable). Samples of epoxy weighing ~ 30 mg in 
standard aluminium DSC vessels, were run initially at a 
heating rate of 10°C min -I for a primary scan and the 
Tg values were obtained from a secondary scan at the 
same heating rate. As a result, the curing cycle adopted 
consisted of heating at 10°C rain -1 to 160°C with the 
temperature being maintained at this value for 30 min. 

Bulk samples of the epoxy resin were obtained by 
moulding into sheets of dimensions 130 x 115 x 5 mm 3. 
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After curing, individual test-pieces were cut and 
machined from these sheets for the viscoelasticimetric 
experiments described below. Before testing, samples 
were dried at 60°C for 15 days. 

Two types of adherend were employed to constitute 
the adhesive joints. The principal substrate was zinc- 
coated (10pm) steel plate of thickness 0.7 mm. It is the 
interface between this material and the adhesive which 
is of primary interest. The secondary, or supporting, 
substrate was a hollowed cylinder in aluminium of 
specification AU4G. This material was chosen as 
a means of applying stresses to the adhesive layer since 
it is well known that adhesion between epoxy resins 
and aluminium is good provided the latter undergoes a 
suitable surface treatment. 

Pre-bonding preparation of the steel plate was 
limited to ultrasonic cleaning using trichloroethylene 
for a period of 10 min. The cylindrical aluminium 
adherend was treated using a well established recipe 5' 6 
in which the procedure is as follows. Initial cleaning is 
effected in trichloroethylene vapour for 20 min. The 
aluminium is then etched in a sulpho-chromic acid 
bath (consisting of 100 parts of water, 30 parts of 
concentrated sulphuric acid (1 N) and 6 parts of 
Na2Cr2OT. 2H20) at a temperature in the range 66 to 
71°C for 15 min. The treatment is completed by rinsing 
in distilled water and drying at 600C. 

Test procedures 

Various experimental techniques have been employed 
with the aim of following the evolution of both 
adhesive bulk properties and bonded joint character- 
istics during ageing effected at a temperature of 70°C 
and 100% relative humidity (RH). 

Bulk adhesive 

After having established the curing conditions leading 
to the highest value of Tg, as described above, the 
dynamic mechanical properties of the adhesive were 
investigated. As is well known, the mechanical 
behaviour of polymers is generally modified by water 
absorption. A Viscoanalyseur manufactured by 
Metravib was used to measure the complex mechanical 
response of the epoxy resin as a function of ageing 
time. Polymer samples of dimensions 10 x 4 X 4 mm 3 
were tested in the compression-compression mode. In 
this type of experiment a sinusoidally varying 
compressive strain is applied to the smaller faces of the 
test-piece, already maintained under slight 
compression. 

The complex mechanical behaviour was measured: 

• at a fixed frequency of 5 Hz whilst increasing the 
temperature from -130°C to 180"C at a rate of 
20C rain-l; and 

• at frequencies varying between 5 Hz and 600 Hz in 
the temperature range of 20"C to 180"C, again using 
a heating rate of 2"C min -t. 

These experiments were complemented by gravimetric 
vapour sorption measurements on bulk adhesive sheets 
of dimensions 130 x 115 x 4 mm 3. 

Bonded  jo in ts  

Structural joints are often subjected to various 
combinations of stress distribution but a well designed 
assembly has to resist primarily in shear. It has been 
known for many years that simple shear, as 
encountered with the single lap configuration, induces 
a cleavage component and tensile stressesTi Joint 
failure usually initiates due to tearing stresses near the 
ends of the overlap 8. The torsional shear test presents 
the advantage of subjecting the adhesive joint 
essentially to shear stresses. Giliespie and Rideal first 
developed the napkin ring test in which two hollow 
cylinders are bonded together 9. Other studies have 
since been performed using this geometry!°-lsi A 
modification of the napkin ring test has been used to 
study the adhesion and cohesion of coatings on 
steel16. 17. The essential difference is that one of the 
cylindrical members is replaced by a plate or sheet 
adherend. This geometry has been adopted in the 
present work in which a hollowed-out cylinder of 
aluminium (of internal radius, r i, and external radius, 
re, respectively equal to 5 and 10 mm) is bonded onto 
the zinc-coated steel adherend. Torsional testing 
equipment was designed and built specifically for 
studying this type of joint. The joint is shear loaded by 
rotating the cylinder whilst the steel plate remains 
fixed. In the present work, the angular displacement 
rate was kept constant. Deformation of the plate/ 
cylinder system is monitored using an extensometer 
consisting of a lever arm attached to the cylinder and 
contacting a displacement transducer (LVDT). Simple 
geometrical considerations allow the linear displace- 
ment to be converted to a measurement of shear strain. 
The applied couple, M, is measured using a strain 
gauge bridge mounted on the load, transmitting axis of 
the apparatus, Equating the external couple to the 
internal moments within the annular adhesive layer, 
we have: 

i r e  l( 27r M = ( r ( I . e ) r  2 d rd ~  
Jr ) 

2n fro v (r) r 2 dr (1) 
/ 

where r and 0 are polar coordinates. Defining e as the 
glueline thickness and 0 as the angle of rotation (see 
Fig. 1), the shear strain, y, is given by: 

rO _ v(r) (2) 
y(r) = e G 

where G is the shear modulus of the adhesive. 
Equations (1) and (2) lead to: 

2eM 
G = nO(r 4 _  r4 ) (3) 

It should, however, be pointed out that this equation 
assumes that the rotation measured, 0, is entirely due 
to adhesive strain. A correction is required to allow for 
strain contributions from the plate and (part of) the 
cylinder. Equation (3) thus leads to an apparent value 
of G. By conducting a series of  experiments on joints of 
different thicknesses, it was possible to assess the 
stiffness of the metallic parts of the system at 
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Fig. 1 Schematic diagram of strain in cylindrical test-piece due to 
applied couple 

5.9 × 10 -5 rad N - l  m - l  and thus calculate the true 
shear modulus of the adhesive. 

Results and discussion 

Bulk properties 

Results of the viscoelasticimetric study conducted on 
the bulk adhesive at a constant frequency of 5 Hz are 
shown in Fig. 2. The dynamic glass transition, defined 
by the temperature, Tg, at which the principal 
maximum in the loss tangent, tan 5, occurs, is at 
126°C. Other transitions of a secondary nature exist at 
temperatures T/~ and T r of - 4 0 ° C  and -100°C.  
Young's modulus for the polymer, obtained as the 
absolute value of the complex modulus, is of the order 
of 4000 MPa at 30°C (in the glassy state) and about 
45 MPa at 150°C (in the rubbery state). The glass 
transition extends over about 60°C. Ageing at 70°C 
and 100% RH leads to a shift of the loss tangent 
maximum to lower temperatures (see Fig. 3). Similar 
results have been reported in the literature ~8. =9. After 
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Fig. 3 Comparative loss tangent data for epoxy aged for various times 

360 h of ageing, the loss tangent maximum broadens 
and at 430 h a split in the peak occurs. Experiments 
have been conducted up to 1260 h of ageing; results are 
summarized in Table 1. After 1000 h the principal loss 
peak is twice its original width. 

The frequency scanning experiments give results 

Table 1. Comparative values of various parameters with time of ageing. The two values for tan 5max and Tg 
indicate the presence of a double peak 

Ageing time E2o tan 5m,x Tg ~ AT 
(h) (Mea) (°C) (°C) (°C) 

0 4000  0.853 125.6 78 60 
50 4100  0.793 117.3 75 65 
73 4100  0,755 113.9 70 70 

221 4000  0.780 103.3 50 80 
365 4000  0,748 98.8 45 85 
431 3900  0 .646 /0 .649  85 .1 /101.5  45 
503 3900 0 ,658 /0 .689  82.5 /98.9  45 
763 - -  0 ,657 /0 .746  78.2 /95.5  40 100 

1261 3800  0 , 5 8 3 / - -  76 .9 / - -  30 

E2o 
tan 6ma. 
r ,  
T, 
AT 

storage modulus at 20°C 
loss tangent maximum 
glass transition temperature (corresponding to tan &,.=x) 
temperature at onset of marked modulus decrease 
temperature range corresponding to marked modulus decrease 
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Fig. 4 Master curves for adhesive storage modulus, unaged and after 
189 h ageing 

which may be treated using the time-temperature 
superposition principle of Williams, Landel and 
Ferry 2°. WLF master curves have been plotted both for 
the freshly cured adhesive and that aged for 189 h. 
These curves, shown in Fig. 4, were constructed using 
horizontal shifts of the storage modulus corresponding 
to a reference temperature, Tref, of 1260C. The shift 
factor, aT, is expressed by the well-known equation: 

-CI(T- Tref) 
log aT = (4) 

C2 + T- Tref 

in which Cl and C2 are constants depending on the 
polymer in question. Using Tg for the unaged material 
as T~f, the values for C] and C2 obtained were 
respectively 19.4 and 130.2 for the freshly cured 
polymer and 48.1 and 439.4 for that aged over a period 
of 189 h. 

The gravimetric experiments conducted to study 
water uptake led to the results summarized in Fig. 5. 
Mt represents water absorption by weight at time t'and 
Moo the equivalent asymptotic value correspondin~ to 
apparent equilibrium (second stage), As can be seen, 
the behaviour can be essentially split into three stages. 
The initial stage of water uptake is a smoothly 
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Fig. 5 Water uptake, Mt/M®, vs. t 1/2 for bulk adhesive: (a) Fickian 
increase; (b) "equilibrium" zone; and (c) tertiary beheviour 
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increasing function of the square root of time. t ~::. until 
the second stage corresponding to apparent 
equilibrium is attained. This behaviour is termed 
Fickian and has previously been reported for epoxy 
resinslS. 21.22. The equilibrium value of water uptake 
corresponds to 2.2% by weight. Exploiting the linear 
section of the initial uptake stage, the diffusion 
coefficient, D, may be calculated from." 

d(Mt/M~o) 4 ( D )  .'? 
d(t I/2) = 7 (5) 

where l is the adhesive sheet thickness. Edge effects are 
neglected. The value of D obtained was 
11.9 x 10 -9 cm 2 s -1 at 70°C and 10(Wo RH, in reasonable 
agreement with that of 18.1 x 10 -9 cm 2 s -1 at 60°C and 
100% RH reported elsewhere 23. 

The third stage of the absorption curve shows an 
increase in uptake attaining a second, apparently 
equilibrium, value of 3.2% by weight after 2000 h of 
ageing. This phenomenon has not, to the authors' 
knowledge, previously been reported in the literature. 

These results effectively show that hydrothermal 
ageing of the bulk epoxy adhesive leads to marked 
changes in the mechanical properties of the material, 
due presumably to plasticization effects to a large 
extent. 

J o i n t  proper t ies  

Fig. 6 shows typical nominal stress/strain curves for 
torsional adhesive joints of various thicknesses. The 
apparent shear modulus clearly increases with joint 
thickness. This effect, described above, is due to the 
fact that the angle of rotation measured takes into 
account strain in the steel plate and part of the 
aluminium cylinder as well as that in the adhesive 
layer. As the glueline thickness is increased, the 
proportion of 0 accounted for by the polymer grows 
and thus the recorded behaviour tends towards that of 
the adhesive alone. The apparent modulus thus 
increases. Correcting for these extraneous effects leads 
to a value of the true adhesive shear modulus of 
2430 + 50 MPa (before ageing). 

Tensile tests were performed on standard dumb-bell 
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Fig. 6 Nominal streas/strain curves for torsional joints of various 
thicknesses 
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shaped samples of the polymer (moulded and 
machined as described above). These led to values of 
Young's modulus, E, of 6550 + 620 MPa and Poisson's 
ratio, v, of 0.36 + 0.01. Although the discrepancy 
between the values of E obtained by viscoelasticimetry 
and tensile tests remains unexplained, good agreement 
between the latter and that obtained from torsional 
joints was found. Using the values of E and v above 
and the relationship: 

E 
G -  

2(1 + v) 

the shear modulus of the adhesive, G, was found to be 
2410 + 230 MPa using results from the tensile tests. 

Both yield stress, r v, and failure stress, rf, were 
found to be independent of joint thickness, mean 
values being respectively 29 + 1 MPa and 36 + 6 MPa. 
This is somewhat in contradiction to observations 
reported in the literature where rf tends to decrease 
with increasing glueline thickness I°" ]1. 

Failure surfaces were found to depend on adhesive 
thickness. For values of e less than about 0.3 mm. 
failure is generally cohesive. Above this value, a mixed 
adhesive and cohesive type of failure occurs. This is 
apparent in Fig. 7 which shows in (a) a typical 
cohesive failure and in (b) a mixed-mode failure. On 
the right hand side of Fig. 7(b), the grooves correspond 
to the impression of the machined cylinder. 
Nevertheless, it must be pointed out that it has not yet 
been ascertained whether this apparently adhesive 
failure is truly adhesive or whether a thin layer of 
polymer remains attached to the metal. 

Ageing tests were conducted on joints of thickness 
0.6 mm for up to 475 h. Adhesive shear modulus 
apparently decreases with ageing time as shown in Fig. 
8. Both r f  and failure strain, tan yf, also evolve with 
exposure at 70°C to 100% RH. Both decrease with 
ageing time although there is no apparent change in 
tan ?'r before 200 h. After ageing, a circular white line 
concentric with the cylinder axis appears in fractured 
joints which apparently corresponds to water 

(6) 

penetration within the glueline. Depth of penetration 
increases (see Fig. 9) with time of ageing until the line 
of separation becomes indistinct (after about 200 h). A 
plot of ]~enetration distance versus the square root of 
time. t b~, is reasonably linear (see Fig. 10) thus leading 

Fig. 7 Typical fai lure sur faces:  (a) joint thickness of 0.3 mm giving 
cohes ive  fai lure; and (b) joint thickness of 0.7 mm giving mixed fa i lure  
(cohes ive  on left and (apparent) adhesive on right) 
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Fig. 8 A d h e s i v e  shear  modulus (torsional test) vs. time of ageing 
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Fig. 9 Failure surfaces after various t imes  of  ageing, t: (a) AI/adhesive interface, t = 0 h; (b) ste~ plate/adhesive interface, t = 114 h; and {c) steel p late/  
a d h e s i v e  interface, t = 472 h 
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Fig. 10 Apparent penetration depth of water within annular glueline vs. 
square root of time, t t/2 

to the supposition that water ingress is Fickian. 
Concerning the steel plate/epoxy interfacial zone. it 

was noticed that less adhesive remained on the 
substrate after failure following exposure to humid 
conditions. This effect is presumably due to local 
physical and/or chemical modifications caused by the 
presence of water and leading to interfacial weakening. 
Taking this into account together with the fact that no 
marked reduction in adhesive modulus was observed 
by viscoelasticimetry, suggests that the observed 
reduction in shear modulus in torsional tests is an 
artefact caused essentially by a reduction in the 
effective outer radius of the glueline annulus after 
water ingress. 

Conclusion 
The work described here represents initial results of a 
study of humid ageing of an epoxy structural adhesive 
both as a bulk material and in bonded joints. 
Gravimetric and viscoelasticimetric results indicate that 
water uptake is significant at 70°C and 100% relative 
humidity and that absorption behaviour is essentially 
Fickian, The glass transition temperature, Tg, and the 
elastic modulus corresponding to the rubbery state 
both decrease with water uptake. These phenomena are 
very probably related to plasticization of the polymer. 

A torsional shear test has been developed and 
preliminary results suggest that this technique is well 
adapted to studies of the evolution of mechanical 
properties of bonded joint characteristics after ageing. 
The inherent joint geometry allows homogeneous water 
ingress. Joint failure after ageing appears to be 
intimately related to plasticization of the polymer by 

water and to weakening of the steel substrate/adhesive 
interfacial zone. 
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