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Durability of Aluminium Adhesive Joints Bonded
with a Homopolymerised Epoxy Resin

Silvia G. Prolongo
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Universidad Rey Juan Carlos, Madrid, Spain

The durability of epoxy—aluminium joints that use a homopolymerised epoxy resin
was studied, and the effects of relative humidity, temperature, and salt concen-
tration were analysed. The adhesive properties were measured by lap—shear tests,
and the water uptake of the epoxy resin was determined by gravimetric measure-
ments. Ageing and degradation effects on the epoxy resin and on the aluminium
substrates were also analysed.

The homopolymerised epoxy resin absorbs little water (1.5 wt%) because of its non-
polar network structure. The water uptake is enhanced by increasing relative
humidity and temperature; however, the joint strength remains constant because
of epoxy plasticization. A saline environment is damaging to the adhesive joints,
because of metal corrosion, but was not significantly harmful to the epoxy resin,
because of a lower diffusion coefficient of salt water. The T4 decrease of the epoxy
adhesive due to water absorption depends only on the amount of absorbed water
and is independent of the hydrothermal ageing conditions.

Keywords: Durability; Epoxy resin; Homopolymerisation; Hydrothermal ageing;
Lap-shear test; Plasticization

1. INTRODUCTION

Epoxy resins dominate the field of structural adhesives because of
their high wetting ability, good mechanical properties, and excellent
chemical and thermal resistance. However, their main shortcoming is
their strong tendency to absorb water in humid environments [1,2].
Water absorption usually weakens the adhesive joints [3-5].
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The reduction in joint strength can be associated with two phenomena:
1) adhesive separation, due to the presence of water on the interface
between the substrates, and 2) physicochemical degradation of one
of the components, often the adhesive [6,7]. These effects can usually
be distinguished by the failure mechanism: interfacial failure when the
main cause is adhesive separation and cohesive failure when adhesive
degradation occurs [6].

Numerous factors govern the durability of epoxy resin bonds to alu-
minium substrates, such as the nature of the thermoset adhesive and
aluminium alloy, the adherend surface pretreatment, the joint geo-
metry, and the conditions of hydrothermal ageing, among others [3-5].
Some epoxy resins are not very durable because of their tendency to
absorb water. The maximum water uptake at saturation varies from
2.5 to 15 wt%, depending on the nature of the hardener used, the age-
ing conditions, and the pH of the electrolyte [8]. The nature of the
aluminium alloy is also important, because its susceptibility to cor-
rosion may vary. On the other hand, the substrate surface pretreat-
ment is the largest influence on joint durability [7]. A durable
pretreatment must produce a hydration—resistant oxide on the metal
surface. Also, the use of silane coupling agents and suitable primers
usually increases bond durability. The joint design can also influence
the ageing effect because different designs produce different stress
concentrations. Finally, hydrothermal conditions strongly affect joint
durability. Numerous variables, such as water quality, exposure time,
and salt concentration, influence the behaviour of epoxy—aluminium
joints [9].

In previous studies [9,10], several homopolymerised epoxy resins
behaved in a manner similar to other commercial epoxy adhesives.
The main quality of the homopolymerised epoxy was its low water
absorption, which is due to the low concentration of hydroxyl groups
in its cross-linked structure. The homopolymerisation process follows
an anionic addition mechanism initiated by tertiary amines, often imi-
dazoles [11,12]. This reaction occurs in stages. The initiation stage
consists of the formation of anionic reactive species (epoxy/imidazole
adducts). Then, these species react with other oxirane rings or
hydroxyl groups to generate the epoxy network. Finally, the initiator
regeneration occurs by N-alkylation and/or p-elimination. This
implies that if the epoxy conversion is high, the epoxy resin will have
little or no hydroxyl and oxirane groups, and therefore, it will have
nonpolar behaviour, which decreases its capacity to absorb water. In
fact, this kind of epoxy resin is widely used in a variety of electrical
and electronic applications because of its relative low hygroscopicity,
high dielectric capacity, and low thermal expansion coefficient [12].
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The main limitations are its relatively low glass-transition tempera-
ture (Tg), around 100-140°C, and its high rigidity.

In this article, the joint strength and the durability of a homopoly-
merised epoxy resin have been studied. The separate and combined
influences of temperature, relative humidity (RH), and salt concentra-
tion have been analysed.

2. EXPERIMENTAL
2.1. Materials and Specimen Preparation

The epoxy resin is based on diglycidyl ether of bisphenol A (DGEBA),
supplied by Ciba (Barcelona, Spain) under the commercial name
Araldite F. The equivalent weight was 178 g/eq, measured by chemical
titration. The initiator for epoxy homopolymerisation was 2-methyl-
imidazole (2MI), from Sigma-Aldrich (Madrid, Spain). The curing
conditions were estimated in previous differential scanning calor-
imetry (DSC) studies [9]. Two wt% of 2MI were added, and the
thermal curing treatment (150°C) was applied for 1h. The epoxy
probes (25 x 12.5 x 1mm) were manufactured on hot plates using a
mould whose walls were previously treated with an anti-adherent
demould agent, Marbocote 445 Eco, Araldite, Everberg, Belgium.
The joint strength was determined by a lap-shear test, which fol-
lowed the UNE-EN-ISO 1465 standard. The metallic substrate was
aluminium A1050. Before the adhesive was applied, the adherend sur-
faces were prepared, following the UNE-EN 13887 standard [10]. They
were first wiped with methyl ethyl ketone, and then they were ground
at 5000 rpm with silicon carbide paper (grain size 76 um, 180 mesh).
A specific mould was used, according to the UNE-EN-ISO 1465
standard, for the adhesive application. After the surface treatment,
aluminium pieces (100 x 25 x 1.4mm) were assembled into single
lap-shear joints with 12.5 mm of overlap length. The adhesive thick-
ness was uniform, 0.22 + 0.02mm. Before any test, the prepared
probes were stored in a vacuum for 24 h at room temperature.

2.2. Experimental Techniques

Lap-shear joints were tested in air at room temperature before and
after ageing in various environments. Hydrothermal ageing was car-
ried out by exposure for 7 days in a climate chamber at different RH,
temperature, and salt concentrations, according to the UNE-EN-ISO
29142 standard. The ageing conditions can be divided in several
sets of hydrothermal tests: (1) at constant humidity (30% RH) and



20: 34 21 January 2011

Downl oaded At:

4 S. G. Prolongo and A. Urena

different temperatures (23, 40, and 80°C); (2) at constant temperature
(23°C) and different humidities (30, 45, 80, and 98% RH); (3) at con-
stant temperature (23°C) and humidity (98% RH), with varying salt
concentrations—nonsaline environment (distilled water) and saline
environment (50 g/L NaCl solution); (4) at varying temperatures (23,
45, and 80°C), humidities (30, 45, 80, and 98% RH) and salt concentra-
tions (nonsaline or saline environments).

The adhesive strength was calculated as the average value of five
measurements, determined using a universal tensile machine with a
crosshead speed of 1 mm/min.

To determine separately the ageing and degradation effects on each
component (epoxy adhesive and aluminium), specimens of both were
also tested. The percentage of absorbed water was measured by the
gravimetric method, using a high-precision balance (Metter Toledo,
New York, NY, USA, 4 0.00001g).

The glass-transition temperature (Ty) of the epoxy adhesive was
measured by DSC (Mettler TA 300) to evaluate the plasticization.
The measurements were made in the dynamic mode by applying two
thermal scanning cycles, from 30 to 250°C with a heating rate of
10°C/min, under a nitrogen atmosphere.

The fracture surfaces were analysed using scanning electron
microscopy (SEM, Philips XL30, Eivdhoven, The Netherlands). SEM
observations were made in the environmental mode at 0.4-0.8torr.
The nature of the corrosion products formed on the aluminium adherend
surfaces was determined by X-ray emission spectroscopy (dispersive
energy, EDS-SEM).

3. RESULTS AND DISCUSSION
3.1. Effect of the Humidity

Popineau and Shanahan [6] recently studied the durability of epoxy—
aluminium joints after immersing them in water at room temperature.
They observed that both the mechanical properties of the epoxy
adhesive and the strength of aluminium—epoxy joints decrease rapidly
after short times of water immersion (1 day). For longer times (2 days),
the ageing rate decreases. Finally, for a long period of water immer-
sion (7 days), despite the increase of absorbed water in the adhesive,
the joint properties remain constant. However, complete immersion
in water is not as damaging as exposure in a humid environment
because there is less available oxygen in the former case [3,13]. There-
fore, to analyse the effect of humidity on the epoxy—aluminium joints,
the joints were subjected to atmospheres with different RH, at room
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temperature, for 7 days in a climate chamber. Seven days is the neces-
sary time for the homopolymerised epoxy resin to reach water satu-
ration in the climate chamber at 98% RH. This was determined
using the gravimetric method: weighing the sample each day until it
reached a constant weight.

Water absorption was measured by gravimetry on the bulk resin
because of the difficulty of precisely detecting differences of weight
on the aged adhesive—aluminium joints. This method has been also

FIGURE 1 Macrographs of (a) the debonded area of aged joint and (b) two
aluminium substrates without any treatment (on the left) and after corrosion
in a saline environment (on the right).
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successfully used by Popineau and Shanahan [6]. They found that
there was a direct correlation among the absorbed water content,
the decrease of physical properties of the bulk resin, and the joint
strength. Figure 1a shows a macrograph of the debonded area of aged
aluminium—epoxy joint tested. The high uniformity of the adhesive

water uptake (%)
o
(93}
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©
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FIGURE 2 Effect of humidity on lap-shear strength (g) of the aged epoxy—
aluminium joints and percentage of absorbed water and T, of epoxy adhesive.
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surface indicates that the water diffusion was uniform through the
entire bonded area.

Figure 2 and Table 1 show the lap-shear strength of aged joints at
different humid environments. The percentage of water uptake and
the Ty value of homopolymerised resin after the hydrothermal ageing
are also given. It is worth noting the relatively low amount of absorbed
water by the resin compared with other epoxies cured with amine or
anhydride hardeners [3,6], which usually absorb between 3 and 15 wt%
of water, depending on the hardener and additives. The low water up-
take of homopolymerised resins is explained by the low concentration
of polar groups in the epoxy network structure. The concentration of
hydroxyl groups in the homopolymerised resins is very low. The
increase of RH causes an increase of water uptake, although, in any
test, water saturation is not reached. The maximum water uptake at
saturation of the DGEBA/2MI resin was measured by immersion in
distilled water for 1 month at room temperature, and we found that
the homopolymerised epoxy resin only absorbs 1.5 wt%. The maximum
absorbed water was determined as the water percentage at equilibrium,
which is when the sample weight remains constant. Figure 2 shows

TABLE 1 Lap-Shear Strength (¢), Tg, and Water Uptake Percentage of the
Aged Epoxy—Aluminium Joints

Ageing conditions Results

RH (%) T (°C) Atmosphere o (MPa) % wt water T, (°C)
Humidity effect

30 23 Nonsaline 3.8+0.3 0 140
45 23 Nonsaline 42+0.3 0.4 137
80 23 Nonsaline 3.9+0.2 0.8 131
98 23 Nonsaline 43+ 04 1.2 130
Temperature effect

30 23 Nonsaline 3.8+0.3 0 140
30 45 Nonsaline 4.0+0.2 0 142
30 80 Nonsaline 3.6+0.3 0 141
Saline effect

98 23 Nonsaline 43+0.4 1.2 130
98 23 Saline 3.2+0.2 1.0 133
Combined effect

80 80 Nonsaline 3.2+0.2 1.1 128
98 45 Nonsaline 3.5+0.1 1.5 126

98 45 Saline 2.9+0.2 14 128




20: 34 21 January 2011

Downl oaded At:

8 S. G. Prolongo and A. Urena

that the water absorption produces a decrease of T, for the epoxy adhe-
sive. This phenomenon is known as the plasticization effect [14,15].

Despite the changes observed in the adhesive, the joint strength is
hardly affected by exposure to humid environments. In principle, the
presence of water on joints should cause important damages associa-
ted with interfacial disbonding and the swelling of the aged adhesive.
This apparent anomaly is explained by epoxy plasticization. The water
absorption must cause both adhesive swelling and increase in flexi-
bility, causing the joint strength to remain constant.

Figure 3 shows several SEM micrographs of the adhesive surfaces
on the tested joints. The epoxy surface of the joint aged at 30% RH
shows a smooth fracture, with a low concentration of fracture lines.
Also, these lines are straight, thin, and parallel, which is character-
istic of a brittle adhesive. In contrast, the epoxy adhesive aged at 98%
RH for 7 days presents a rougher surface, which is characteristic of
higher ductility. This change must be associated with absorbed water,
which acts a good plasticizier and increases the flexibility of the epoxy
adhesive. In summary, at room temperature, the effect of humidity on

Mg Dot WO i mg;""}
Mo BSE AL a6 o A

1.
B s % HR [N

FIGURE 3 SEM micrographs of epoxy surface of joints aged for 7 days at
23°C in air (30% RH) and in a humid atmosphere (98% RH).
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the joints is not catastrophic because of both the low absorbed water
content and the plasticization of the resin.

3.2. Effect of Temperature

The aluminium-epoxy joints were also aged at different temperatures
at room humidity (30% RH). No significant changes, such as weight
gain, decrease of T, or differences in fractography, were observed on
the adhesive joints. This indicates that the absorbed water amount
is negligible and that the possible postcuring process does not occur.
At low temperatures, 23 and 45°C, the joint strength remained con-
stant, but at high temperature, 80°C, it slightly decreased (Table 1).
This decrease could have two origins: the decrease of adhesive—
substrate interfacial stress and the residual thermal stresses arising
at the joints because of the difference in the thermal expansion coef-
ficient (TEC) of both components [9].

3.3. Effect of the Saline Environment

The joints were aged in atmospheres at 98% RH with different salt
concentrations: nonsaline (water vapour) and saline (vapour of a
50-g/L NaCl solution). The results are collected in Table 1. The saline
atmosphere is more damaging to the epoxy—aluminium joints than the
nonsaline atmosphere. These results contrast with those observed by
other authors [3,15], who found that continuous immersion in a 3.5%
NaCl solution was less aggressive than immersion in distilled or deio-
nised water. This difference must be associated with the presence of
oxygen in the climate chamber, which enhances aluminium corrosion.

The salt concentration seems to present two contrary contributions,
acting positively on the adhesive and negatively on the aluminium
adherends. The water absorption of the epoxy resin is slightly lower
in a saline atmosphere than in a nonsaline one (positive effect). This
phenomenon has been already observed by other authors [5], and it
could be explained by the lower diffusion coefficient of saltwater
relative to distilled water, due to its higher density. In contrast, the
aluminium substrates are more affected by a saline atmosphere (nega-
tive effect). The surface pretreatment applied is basically the mechan-
ical process of abrasion. Therefore, the aluminium surfaces had no
protective layer, only the thin natural aluminium oxide layer. This
implies that the susceptibility of untreated A1050-type aluminium
alloy to corrosion must be high.

The corrosion phenomenon was directly observed by the appear-
ance of a dark layer on the aluminium substrates (Figure 1b), which
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TABLE 2 Elemental Composition of Aluminium Surfaces Before and After
Ageing in a Saline and Nonsaline Atmosphere, Measured by EDS-SEM

Atmosphere Al (wt%) O (wt%) Cl (wt%)
Initial 74.4 25.6 —
Nonsaline 67.8 32.2 —
Saline 53.4 46.1 0.5

was analysed by EDS-SEM. Aluminium specimens were subjected to
different ageing treatments, at 98% RH and 23°C for 7 days in nonsa-
line and saline environments, and then they were analysed. The
results are shown in Table 2. The composition, supplied by the manu-
facturer, indicated that A1050 aluminium contains 0.29wt% Fe,
0.09wt% Si, and less than 0.01wt% other elements, such as Mn,
Zn, and Ti. The electron beam penetration is approximately 1pm in
SEM; therefore, the EDS analysis is superficial. For this reason, the
measured oxygen concentration (25.6 wt%) is high, due to the natural
aluminium oxide layer. The theoretical oxygen percentage on pure
aluminium oxide is 47 wt%. Both ageing treatments, in nonsaline
and saline environments, cause an increase of oxygen concentration,
although this effect is more marked in the saline atmosphere. The
oxygen concentration on saline-treated aluminium is nearly twice as
much as the one on the initial substrate, indicating that the formed
oxide layer is considerably higher. Also, the presence of chloride ions
on the saline-aged aluminium surface indicates that this atmosphere
enhances corrosion.

The analysis of fracture surfaces of the adhesive joints after the
lap-shear tests showed that saline humid atmospheres generally
corrode the aluminium susbstrates. Figure 4 shows the electron
backscattered images of the aluminium side of the adhesive fractures
in joints for the different ageing conditions. Both the as-joined
specimen and the specimen treated in humidity (98% RH) present
similar characterisitics without degradation signs on the fracture
surface. Although the failure mechanism is mainly adhesive, rema-
nents of epoxy resin are detected on both surfaces (dark zones). In
contrast, adhesive joints treated in the 98% RH saline enviroment
showed a thick layer of corrosion products that covered practically
all the fracture surface. This corrosion layer has a porous mor-
phology, which is principally responsible for the loss in the strength
of the joint.

These two effects could justify the reported results [3]. On adhesive
joints whose adherends have a good protective coating, aluminium
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FIGURE 4 Electron backscattered images of the aluminium side of the
adhesive fractures in joints at different ageing conditions: (a) as joined, (b)
98% RH in deionised water, and (c) 98% RH in a saline atmosphere.
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corrosion will be negligible, and therefore, the main effect will be
water uptake in the adhesive. In this case, the decrease of the joint
strength is mainly caused by those variables that enhance the water
absorption. However, the untreated joints could present different
behaviour because of a second effect, the aluminium corrosion.
The corrosion is enhanced mainly in saline environments at high
temperature.

3.4. Combined Effect of Humidity, Temperature,
and Saline Environment

As expected, humidity, temperature, and a saline environment create
a synergistic effect (Table 1). At the same value of RH (80 and 98%
RH), the temperature increase (from 23°C to 45 and 80°C) causes more
damage to joints because of the increase in absorbed water by the
epoxy adhesive. This is because of the increase of water diffusivity;
this behaviour is observed in both nonsaline and saline environments.
The damage caused by the combination of temperature and RH can
also be explained by the activation of the corrosion mechanisms in
aluminium with the temperature. Some authors [3] have even found
that, at high temperature, the metal surface catalyses degradation
of the adhesive.

The increase of humidity and temperature causes a proportional
increase of the percentage of absorbed water, which induces a decrease
in Ty. Figure 5 shows the T, values as a function of absorbed water for

145 +— T T g T

1401

125 4— ; . .
0.0 05 1.0 15
water uptake (wt %)

FIGURE 5 T, values of the epoxy adhesive as a function of the percentage of
water uptake.
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all tests. There is a linear relationship between the water uptake and
the T, decrease. Also, this linear ratio does not depend on the ageing
treatment. This means that the plasticization effect of the epoxy resin
is dependent on only the amount of absorbed water and is independent
of ageing conditions, such as humidity, temperature, and even salt
concentration. Note that the T, decrease does not depend on salt
concentration, which implies that the distilled water has the same
plasticization effect as a saline solution. This could be because the
plasticization effect originates only when pure water molecules enter
into the epoxy network.

The fit of the experimental data (Figure 5) to the straight line was
carried out by linear regression of least squares. The ordinate value is
140 + 1°C, coinciding with the T, value of the neat epoxy resin. The
calculated slope (— 9 + 1°C) indicates the rate of T, decrease due to
the water plasticization. The T, of the homopolymerised epoxy resin
decreases 9°C per each 1wt% of absorbed water. This value is similar
to that reported by other authors for different epoxy resins [16,17].
This means that although the homopolymerised epoxy resin presents
a low tendency to absorb water, the effect of water uptake does not
depend on the network structure.

Assuming that the T, decrease caused by the water absorption can
be explained by the Fox law (1/Tg = w,/Tga + Wy/Tgy) [18], the Ty of
the water was determined to be —144°C, which is close to —139°C,
the theoretical value of water T,. This means that the water absorbed
into the homopolymerised resin behaves in a way similar to the ideal
miscible mixture. Also, the positive deviation of the Fick law indicates
strong interactions between components [19], commonly by hydrogen
bonds between the polar groups of the epoxy resin and the water
molecules.

4. CONCLUSIONS

The durability of epoxy—aluminium joints that use a homopolymerised
epoxy resin as adhesive has been analysed. The effect of several
parameters, such as RH, temperature, and salt concentration, has
been studied. The homopolymerised DGEBA/2MI resin absorbs only
around 1.5wt% water at saturation because of its nonpolar network
structure. The water absorption into the epoxy matrix causes a Tg
decrease of 9°C per each 1wt% absorbed water.

The RH increase causes an increase in the percentage of water
absorbed by epoxy adhesive but it scarcely affects the joint strength.
The reason is that the water ingress into the epoxy adhesive induces
two contrary effects: swelling and plasticization. Also, the effect of



20: 34 21 January 2011

Downl oaded At:

14 S. G. Prolongo and A. Urena

the hydrothermal ageing in saline and nonsaline environments is dif-
ferent. In saline environments, the amount of absorbed water is
slightly lower because of the lower diffusion coefficient of saltwater
into the epoxy adhesive. Also, the aluminium adherends are more sus-
ceptible to corrosion in a saline atmosphere. Finally, the T, decrease
associated with water plasticization depends on only the amount of
absorbed water, not the hydrothermal aging conditions.
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