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Abstract The adhesive fracture energy, Gc, of metallic

joints, bonded with a rubber-toughened epoxy adhesive,

has been measured using monotonically-loaded tests. Such

tests have been conducted in various relative humidities

and in water, at 21 �C. Two surface pretreatments have

been employed for the substrates prior to bonding: a simple

grit-blast and degrease (‘GBD’) pretreatment or a grit-

blast, degrease and silane primer (‘GBS’) pretreatment.

The joints were formed using metallic substrates which

were either (a) aluminium-alloy substrates, (b) steel sub-

strates, or (c) ‘dissimilar’ substrates (i.e. one substrate

being aluminium-alloy with the other one being steel). For

both test environments, when Gc was plotted against the

crack velocity, three regions of fracture behaviour could

be distinguished. At low rates of displacement the crack

grew in a stable manner, visually along the interface, and

relatively low crack velocities could be readily measured.

This was termed ‘Region I’ and here the value of Gc

measured in the aqueous environment was relatively low

compared to that measured in a relatively dry environment

of 55% relative humidity. On the other hand, at relatively

high rates of displacement the crack always grew in a stick-

slip manner mainly cohesively in the adhesive layer at

approximately 20 km/min. This was termed ‘Region III’,

and here the value of Gc was relatively high and

independent of the environmental test conditions em-

ployed. In this region the crack was considered to grow

faster than the water molecules were able to reach the crack

tip, which explains the independence of Gc upon the test

environment. In between ‘Region I’ and ‘Region III’, a

transition region was observed which was designated as

‘Region II’. The major effect of the ‘GBS’ pretreatment,

compared to the ‘GBD’ pretreatment, was to increase the

value of Gc both in ‘Regions I and III’, although the

presence of the silane primer had the far greater effect in

‘Region I’.

Introduction

There are many advantages that polymeric adhesives can

offer compared to the more traditional methods of joining

such as bolting, brazing, welding, mechanical fasteners,

etc. These include [1–3] the ability to join dissimilar

materials to give light-weight, but strong and stiff,

structures, such as honeycomb sandwich panels. Also,

polymeric adhesives may be used to join thin-sheet

material efficiently. Further, adhesive bonding frequently

represents the most convenient and cost-effective joining

technique and, indeed, the bonding operation can often be

readily automated. For these reasons, adhesive bonding is

widely used in the aerospace, automotive and electronics

industries.
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However, a major concern is that the mechanical per-

formance of structural adhesive joints involving metallic or

ceramic substrates may deteriorate upon being exposed to

aqueous environments [1–3]. Further, these previous

reviews have revealed that it is the interphase of the joint,

i.e. the region adjacent to the interface between the sub-

strate and the polymeric adhesive, which is susceptible to

such attack and on which attention must be focussed.

Nevertheless, there are several problems which remain to

be overcome. For example, the development of (a) a sound

accelerated (i.e. short-term) test methods to assess the

long-term durability of adhesive joints and (b) improved

‘environmentally-friendly’ surface pretreatments to im-

prove joint durability are of great interest.

The present research was therefore undertaken with

several main objectives. A first objective was to investigate

the use of monotonically-loaded tests as an accelerated

ageing method for assessing the joint durability in both

humid and aqueous (i.e. liquid water) environments. A

second objective was to employ this test method to

investigate any improvement in the joint durability that

might be obtained by the use of a silane primer as a surface

pretreatment prior to bonding, this treatment being of

special interest since it is an ‘environmentally-friendly’

treatment method. A third major objective was to identify

the mechanisms of any environmental attack which was

observed. Since only by such mechanisms being elucidated

will improved accelerated test methods and new, more

effective surface pretreatments be developed.

The basic approach taken in the present research has

been to employ a fracture-mechanics tests, using a tapered

double-cantilever beam (TDCB) specimen, and the essence

of the test procedure has been the examination of the

failure behaviour over a wide range of rates of displace-

ment. The joints were formed using a commercially-

available rubber-toughened epoxy adhesive to bond

metallic substrates which were either (a) aluminium-alloy

substrates, (b) steel substrates, or (c) ‘dissimilar’ substrates

(i.e. one substrate being aluminium-alloy with the other

one being steel). In addition to ascertaining the value of the

adhesive fracture energy, Gc, for the different joints in the

various test environments as a function of the corre-

sponding crack velocity, _a, the loci of failure have been

assessed using scanning electron microscopy (SEM), X-ray

photoelectron spectroscopy (XPS) and time-of-flight sec-

ondary ion mass spectroscopy (ToF-SIMS) to help identify

the mechanisms of failure.

Experimental

Materials and surface pretreatments

The adhesive employed was a hot-cured rubber-toughened

epoxy-paste adhesive that was based upon a diglycidyl

ether of bisphenol-A epoxy cured with dicyandiamide. The

substrates were manufactured from either steel (Grade BS

970 070M55) or aluminium alloy (Grade BS 7075 (un-

clad)). Their compositions are given in Tables 1 and 2

respectively.

For both types of substrate, two different surface pre-

treatments prior to bonding were employed. The first sur-

face pretreatment consisted of degreasing the substrates in

a liquid bath of boiling 1,1,1-trichloroethylene which was

followed by grit-blasting using 60–78 lm mesh alumina

particles. The substrates were then vapour degreased above

a bath of boiling trichloroethylene and allowed to cool to

room temperature. This pretreatment is denoted as the

‘GBD’ pretreatment. In the second pretreatment employed,

the previous grit-blasting and degreasing procedures were

first undertaken which was then followed by the applica-

tion of a silane-based primer, to give the ‘GBS’ pretreat-

ment; i.e. a grit-blast silane surface pretreatment. A 1%

(w/w) solution of c-glycidoxypropyltrimethoxy silane

(GPS) solution, using a 90:10 by weight of etha-

nol:deionised water mixture, was prepared and its pH was

adjusted to approximately five by the addition of acetic

acid. This solution was stirred for 60 min to allow com-

plete hydrolysis of the GPS to occur. The solution was then

painted onto the surfaces of the substrates that were to be

bonded, using a small brush. The substrates were drained

onto a tissue and the GPS layer was cured at 93 �C for

Table 1 Chemical composition of BS 970 070M55 steel (by weight)

C Mn Si S P Fe

0.5–0.6% 0.5–0.8% 0.15–0.35% 0.04% max 0.04% max balance

Table 2 Chemical composition of BS 7075 aluminium-alloy (by weight)

Zn Mg Cu Cr Fe Si Ti Al

5.1–6.1% 2.1–2.8% 1.2–2.0% 0.18–0.4% 0.7% max 0.50% max 0.20% max balance
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60 min. This procedure is very similar to that recom-

mended by Digby and Shaw [4].

Joint preparation

To determine the adhesive fracture energy, Gc, an adhe-

sively-bonded TDCB specimen was employed, as de-

scribed below. At the end of the substrates where the load

was to be applied, a thin layer of release agent (‘‘Frekote

770-NC’’, Henkel, UK) was painted over a length of about

90 mm of the substrate surface to act as a precrack.

Applying the release agent with a ‘chevron-shaped’ end

was found to give a precrack that tended to promote stable

failure, as opposed to unstable failure, as described below.

The adhesive was degassed under vacuum for a short

time at 80 �C and was then applied to the faces of the

substrates to be bonded using a spatula. The thickness of

the adhesive layer was 0.4 mm and was controlled via thin

steel wires inserted into either end of the TDCB specimen.

The adhesive layer was cured by heating the adhesive for

2 h at 130 �C, as monitored via an in situ thermocouple,

and the joints were then cooled in the oven overnight.

Fracture-mechanics tests

To determine the adhesive fracture energy, Gc, an adhe-

sively-bonded TDCB specimen was employed. The value

of the adhesive fracture energy, Gc, was determined using

the expression [5]:

Gc ¼
P2

c

2b
:
dC

da
ð1Þ

where Pc is the critical load for crack growth as discussed

below, a is the crack length, b is the width of the specimen

and C is the compliance of the specimen (C = y/P; where y

is the displacement and P is the load). Now, for the similar-

substrate joints, where both substrates were either

aluminium alloy or steel, the beams were contoured to

give a value of the geometry constant, m, of 2 mm–1.

However, when dissimilar-substrate joints were employed,

then the steel substrate was contoured as before but the

aluminium-alloy substrates were contoured with a value of

m of 0.70 mm–1. This was done to account for the

differences in the stiffnesses of the dissimilar substrates;

where the value of m is given by:

m ¼ 3a2

h3
þ 1

h
ð2Þ

where h is the height of the beam at a corresponding crack

length, a. The beams were 310 mm in length, with the

height, h, having a value of 32 mm at a crack length, a, of

150 mm. The width, b, of the beams was 10 mm.

Tests were conducted at a constant rate of displacement,

_y, of the crosshead of the tensile testing machine and the

crack length, a, was monitored as a function of time using a

video camera. The rate of displacement used for these

monotonically-loaded tests was varied between 0.005 and

10 mm/min. The tests were conducted at 21± 1�C in an

environmental chamber which permitted a wide range of

relative humidities to be employed, as well as tests to be

undertaken in water. The relative humidity, RH, in the

environmental chamber was controlled using various salt

solutions [6] and was measured using a hair hygrometer.

The experimentally measured RH values were in close

agreement with the expected RH values, see Table 3. In the

case of the tests undertaken in water, then the chamber was

filled with water at 21± 1�C to just above the top of the

TDCB bonded joint, and the specimen allowed to equili-

brate for about 12 h prior to the test commencing. From

these fracture-mechanics tests the value of the adhesive

fracture energy, Gc, for the different joints in the various

test environments could be determined as a function of the

corresponding crack velocity, _a.

Examination of the fracture surfaces

In the present work three experimental techniques were

employed to study the surfaces of the specimens. Firstly, a

‘JEOL JSM 5300’ scanning electron microscope was used

to examine the surfaces of the fractured joints. Secondly,

since it is not always possible to determine with certainty

the locus of failure using a scanning electron microscope

(for example, a very thin layer of adhesive or oxide would

not be detectable), X-ray photoelectron spectroscopy

(XPS) was also employed. The apparatus used in the

present study was a ‘Thermo VG Scientific Sigma Probe’

spectrometer, equipped with both a monochromatic AlKa
source and an achromatic AlKa/MgKa twin anode

assembly. The monochromatic source was employed in this

work operating in the large area mode which provides an

Table 3 Expected and measured relative humidities (RHs) obtained

from using the saturated salt solutions at 21± 1�C

Saturated salt solution Expected RH (%) Measured RH (%)

CaHPO4�2H2O 95 96–98

Na2SO4 93 88–94

(NH4)2SO4 81 78

NaNO2 66 58–72

KNO2 45 48–50

CaCl2 32 36–38

CH3COOH 20 19–22

ZnCl2 10 10–13

P2O5 0 1–5
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X-ray spot size of 500 lm, charge neutralisation was car-

ried out using an electron flood gun. Survey spectra were

acquired with a pass energy of 100 eV and the high reso-

lution spectra with a pass energy of 50 eV. Quantitative

surface chemical analyses and peak fitting were undertaken

on the high resolution spectra using the software provided

by the manufacturer. Thirdly, time-of-flight secondary ion

mass spectroscopy (ToF-SIMS) was also employed and

spectra were recorded using a VG Scientific Type 23 sys-

tem equipped with a pulsed Ga+ source and a two stage

reflectron analyser. Spectra were acquired over a

500 lm · 500 lm area. The gallium source was oper-

ated at a pulse rate of 50 kHz and pulse width of 25 ns;

total ion dose was kept below the static limit of 1012

ions cm–2 analysis–1.

Crack propagation studies

The relationship between Gcand _a

Before considering the effects of the test environment on

the bonded joints in detail, it is useful to consider the

general form of the relationships which were obtained

between the adhesive fracture energy, Gc, and the corre-

sponding crack velocity, _a. These relationships are shown

in Figs. 1–3 for the (a) aluminium-alloy, (b) steel and

(c) aluminium alloy-steel dissimilar joints, respectively,

that were tested at 21± 1�C in 55% RH (which was the

ambient RH in the air-conditioned laboratory) and for

immersion in water. In these figures the data are plotted in

the form of log10 Gc versus log10 _a. Also, results for the

two pretreatments (i.e. the ‘GBD’ and ‘GBS’) are given for

all types of joints.

For all the joints studied, and in both test environments,

three different regions of crack growth behaviour may be

identified and these have been labelled ‘Region I’, ‘Region

II’ and ‘Region III’, in the spirit of the classic studies of

Wiederhorn [7] on crack growth in glass. ‘Region I’ oc-

curred at relatively low rates of displacement and the

fracture was stable in nature and was visually interfacial,

whereas ‘Region III’ was observed at relatively high rates

Fig. 1 Relationship between the fracture energy, Gc, and the crack

velocity, _a, for the ‘GBD’- and ‘GBS’-pretreated aluminium-alloy

joints. Results are shown for tests conducted at both 21 ± 1�C at 55%

RH and in water. (In these figures the solid or dashed lines ending

with an arrowhead indicate that no results could be obtained in this

range, since the type of crack growth changed from stable to unstable,

as discussed in the text.)

Fig. 2 Relationship between the fracture energy, Gc, and the crack

velocity, _a, for the ‘GBD’- and ‘GBS’-pretreated steel joints. Results

are shown for tests conducted both at 21± 1�C at 55% RH and in

water. (In these figures the solid or dashed lines ending with an

arrowhead indicate that no results could be obtained in this range,

since the type of crack growth changed from stable to unstable, as

discussed in the text.)

Fig. 3 Relationship between the fracture energy, Gc, and the crack

velocity, _a, for the ‘GBD’- and ‘GBS’-pretreated aluminium-alloy/

steel dissimilar joints. Results are shown for tests conducted both at

21 ± 1�C at 55% RH and in water. (In these figures the solid or dashed

lines ending with an arrowhead indicate that no results could be

obtained in this range, since the type of crack growth changed from

stable to unstable, as discussed in the text.)
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of displacement and the fracture was unstable and essen-

tially cohesive in the adhesive layer. ‘Region II’ was the

transition region between ‘Region I’ and ‘Region III’. It

should be noted that previous researchers [8–14] have also

reported results from studies on the sub-critical crack

growth in epoxy-bonded joints which follow the general

pattern reported by Wiederhorn [7].

‘Region I’ behaviour

This region was observed at relatively low rates of dis-

placement, _y, and the crack propagated in a stable manner

visually along the substrate/adhesive interface. (It should

be noted that the dissimilar joints always failed visually

along the steel-adhesive interface, as opposed to the alu-

minium alloy-adhesive interface.) During crack growth in

‘Region I’, the load was essentially constant at a value of

Pc, and a typical load, P, versus displacement, y, curve

associated with stable crack growth is shown in Fig. 4. The

average value of the load, Pc, for crack growth was em-

ployed to determine the value of the adhesive fracture

energy, Gc, as indicated above (see Eq. 1).

For a test at a given rate of displacement, _y, the rela-

tionship between crack length, a, and time, t, was linear as

shown in Fig. 5 which leads, of course, to a constant value

of the crack velocity, _a , throughout the test, as the crack

propagates down the length of the TDCB specimen. The

higher the rate of displacement employed within ‘Region

I’, then the higher the resulting crack velocity, as illustrated

in Fig. 6. Thus, for a given joint system, the crack velocity,

_a, is controlled by the rate of displacement, _y, of the

crosshead. A theoretical relationship between _a and _y may

be derived using simple beam theory [5], assuming that the

Fig. 4 Typical load, P, versus displacement, y, curve associated with

stable crack growth, as seen in ‘Region I’ (and ‘Region II’). The

specimen was a ‘GBD’-pretreated steel joint tested at 0.1 mm/min at

55% RH

Fig. 5 Relationship between crack length, a, and time, t, as seen in

‘Region I’. The specimen was a ‘GBD’-pretreated steel joint tested at

0.05 mm/min at 55% RH

Fig. 6 Relationship between crack velocity, _a, and rate of displace-

ment, _y, as seen in ‘Region I’ for the ‘GBD’-pretreated (a)

aluminium-alloy joints and (b) steel joints. (For each type of

substrate: �: experimental points; and · : points given by Eq. (3).

The straight line plotted represents the best statistical fit for the

experimental data, as obtained via a linear regression analysis)
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load, Pc, at fracture remains constant for a given TDCB

test. Thus, the derivative of the compliance is given by:

_C ¼ 1

Pc
� _y ð3Þ

Rearranging Eq. (1) using Eq. (3) yields:

_a ¼ Pc

2bGc
� _y ð4Þ

The values of the crack velocity, _a, versus the applied rate

of displacement, _y, of the crosshead from both the exper-

iments and Eq. (3) are shown in Fig. 6a and b for the

aluminium-alloy and the steel joints, respectively. The

agreement between the experimental and the theoretical

values is relatively good.

In ‘Region I’ the locus of joint failure was always

visually interfacial between the adhesive and the substrate.

In Figs. 1–3, the final point shown for the Gc versus _a
relationships (i.e. at the highest value of _aÞ for ‘Region I’

behaviour represents the fastest crack velocity that could

be recorded. Indeed, increasing the rate of displacement of

the test above this value by a small increment led to the

observation of ‘Region II’ or ‘Region III’ behaviour.

As may be seen from the data shown in Figs. 1–3 and as

discussed below, the exact values of crack velocity corre-

sponding to these three regions is dependent upon the

substrate and surface pretreatment employed, and the test

environment. However, as an approximate guide, ‘Region

I’ encompasses the crack velocity range from about 10–3 to

10 mm/min.

‘Region III’ behaviour

‘Region III’ behaviour was observed at relatively high rates

of displacement, _y. Here the crack grew in an unstable,

stick-slip manner with the crack growing in an uncon-

trolled way, at a relatively fast velocity, and then arresting.

These observations are clearly in direct contrast to the re-

sults from ‘Region I’. Furthermore, unlike that observed in

‘Region I’, the locus of joint failure in ‘Region III’ was

always essentially cohesive through the adhesive layer.

This type of unstable crack growth has a significant

effect on the associated load, P, versus displacement, y,

curve which now had a characteristic saw-tooth appear-

ance, as may be seen from Fig. 7. The peak values of the

load, Pc, represent the value of the load for the onset of

crack growth and the average of these values was used to

determine the value of the adhesive fracture energy, Gc, as

indicated above. The values of Gc obtained are of the order

expected for this type of adhesive [15]. When unstable

crack growth was observed, the crack propagated at a

relatively high velocity, which was too high to be measured

using the video camera. However, an approximate value of

the crack velocity was estimated from previously published

data by Gledhill and Kinloch [16]. They applied a grid of

conductive paint to the side of the TDCB specimen and, via

the change in electrical resistance of the grid as the crack

propagated and ruptured the paint grid, obtained the rela-

tionship between Gc and _a for a similar adhesive system

which exhibited unstable crack growth. Using the data of

Gledhill and Kinloch, the crack velocity corresponding to

the Gc value in ‘Region III’ for the present tests was about

20 km/min for both the ‘GBD’- and ‘GBS’-pretreated

joints. This value was therefore taken to represent the

resulting crack velocity for unstable crack growth in

the present studies. This is obviously an approximation, but

the absolute value of the crack velocity associated with the

unstable crack growth ‘Region III’ has no significant effect

on the interpretation of the results obtained in the present

study.

Finally, it is noteworthy that Arnott and Kindermann

[17] have also studied the effect of a constant rate of dis-

placement on the value of Gc of structural joints. Although

they did observe in their experiments what we have termed

‘Region III’ behaviour, such cohesive in the adhesive

failure was still associated with stable crack growth.

‘Region II’ behaviour

‘Region II’ is a transition region between ‘Region I’ and

‘Region III’. Two sub-types of ‘Region II’ were identified

as explained below, denoted as ‘Region IIa’ and ‘Region

IIb’ respectively. (For reasons of clarity, the specific

‘Region II’ has in some instances been omitted from

Figs. 1–3, but the details are given in the text below.)

Fig. 7 Typical load, P, versus displacement, y, curve associated with

stick-slip crack growth, as seen in ‘Region III’. The peaks correspond

to crack initiation and the valley to crack arrest. The specimen was a

‘GBS’-pretreated aluminium-alloy joint tested at 0.1 mm/min at

55% RH
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In the transition region ‘Region IIa’ experimental data

could be obtained for joints where the values of Gc were

intermediate between those recorded in ‘Region I’ and those

in ‘Region III’. This behaviour may be seen clearly in Figs. 1

and 2, as indicated by the ‘hatched’ areas, for the ‘GBD’-

pretreated aluminium-alloy and steel joints, respectively.

(Indeed, for the aluminium-alloy and steel joints only the

‘GBS’-pretreated joints tested in the 55% RH environment

did not exhibit ‘Region IIa’ behaviour.) In ‘Region IIa’, the

locus of joint failure associated with this type of stable crack

growth was always visually interfacial between the adhesive

and the substrate, as was observed in ‘Region I’.

In ‘Region IIb’ it was not possible to obtain experi-

mental data in the transition region between ‘Region I’ and

‘Region III’, as it was for ‘Region IIa’. Furthermore, in

some instances the increase in the value of Gc on going

from ‘Region I’ to ‘Region III’ behaviour was relatively

low. The regions denoted ‘Regions IIb’ in Figs. 1 and 2 for

the ‘GBS’-pretreated aluminium-alloy and steel joints,

respectively, illustrate both of these aspects for the ‘Region

IIb’ behaviour. Further, the dissimilar joints exhibited

‘Region IIb’ behaviour under all test conditions, see Fig. 3.

Thus, the term ‘Region IIb’ is simply used to represent a

change in the type of crack growth, i.e. from stable to stick-

slip crack growth, which is always accompanied by a

change from visually interfacial to cohesive in the adhesive

failure, as the rate of displacement, _y, is steadily increased.

Effect of substrate

As noted above, the results for the values of Gc as a

function of corresponding crack velocity, _a, are shown for

various types of joints in Figs. 1–3. There are several

interesting points to be seen from these figures.

Firstly, for a given surface pretreatment (i.e. ‘GBD’ or

‘GBS’), when tested at 55% RH, there is no significant

effect of choice of substrate(s) upon the Gc versus _a rela-

tionship for the different types of joint, and this statement

applies to the results from ‘Region I’, ‘Region II’ and

‘Region III’. Secondly, for ‘Region I’ at 55%RH, for both

types of surface pretreatment (i.e. ‘GBD’ and ‘GBS’), the

value of Gc is almost constant with increasing crack

velocity and the slope of the log10 Gc versus log10 _a

relationship in ‘Region I’ is independent of the type of

substrate and surface pretreatment employed. The slope

showing a relatively very low dependence of Gc upon the

crack velocity, _a, has been found [18] to be controlled by

the viscoelastic nature of the epoxy adhesive. Thus, the low

dependence of the value of Gc upon the crack velocity was

attributed to the low value of the viscoelastic loss factor of

the epoxy adhesive in this range, arising from the highly

cross-linked structure of the epoxy polymer. However,

thirdly, there is a significant effect of the type of

substrate(s), and type of joint, in the ‘Region I’ for the tests

conducted in the aqueous environment. This can be dis-

cerned from Figs. 1–3 but is shown more readily when all

the types of joint are plotted onto one common graph, see

Fig. 8a and b for both the ‘GBD’- and ‘GBS’-pretreated

substrates, respectively. Here it may be clearly observed

that the joints manufactured using the aluminium-alloy

substrates gave the best environmental resistance. On the

other hand, joints based on the dissimilar substrates re-

sulted in the joints which were most readily attacked by the

aqueous environment. Fourthly, the slope for the relation-

ship between log10 Gc and log10 _a is far higher in value for

the tests undertaken in the aqueous environment than for

those conducted in the 55% RH condition. These differ-

ences imply that different mechanisms of environmental

attack are operating in the two different test environments.

Turning to ‘Region III’, when tested in the aqueous

environment, the data shows that there are no statistical

differences in the values of Gc associated with the various

types of joints. The value of Gc in ‘Region III’ is also

independent of the test environment. These observations

Fig. 8 Relationship between the fracture energy, Gc, and the crack

velocity, _a, for the (a) ‘GBD’- and (b) ‘GBS’-pretreated joints in

‘Region I’ for the tests conducted in the water
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are to be expected, since in ‘Region III’ cohesive failure

though the adhesive was observed to occur.

Effect of surface pretreatment

The effect of the type of surface pretreatment employed is

evident in all three regions of the fracture behaviour of the

various types joints, and is of significance for the tests

conducted in both test environments, as may been seen

from Figs. 1–3 and 8.

In ‘Region I’, for both test environments, the values of

Gc for the ‘GBS’-pretreated joints are always clearly higher

than for the ‘GBD’-pretreated joints based upon the alu-

minium-alloy, steel and dissimilar substrates. Nevertheless,

as commented above, it is noteworthy that the slope of the

Gc versus _a relationship is not affected by the surface

pretreatment employed.

In ‘Region III’, the values of Gc for the ‘GBS’-pre-

treated joints were again somewhat higher than for the

‘GBD’-pretreated joints, and this was observed for both the

aluminium-alloy and the steel joints, even though the locus

of failure was essentially cohesive in the adhesive layer in

all cases. The values of Gc, considering both types of

substrate, were 1,010 J/m2 (±100 J/m2) and 780 J/m2

(±100 J/m2) for the ‘GBS’- and ‘GBD’-pretreated joints,

respectively. (This observation may be explained [18] from

work by Maugis [19] who has considered the transition

from stable to stick-slip crack growth that occurs in brittle

materials as the crack velocity is increased.)

Finally, considering the onset of ‘Region II’ behaviour, the

maximum velocity that could be sustained in ‘Region I’ be-

fore the transition to ‘Region III’ behaviour was observed to

be far greater for the ‘GBD’-pretreated joints than for the

‘GBS’-pretreated joints. For instance, for the tests conducted

in the 55% RH environment, the maximum velocity measured

in ‘Region I’ for the ‘GBD’-pretreated aluminium-alloy joints

was 5 mm/min, whereas for the ‘GBS’-pretreated aluminium-

alloy joints it was 1 mm/min. Thus, the transition from ‘Re-

gion I’ to ‘Region II’ occurred in the ‘GBD’-pretreated joints

at a significantly higher rate of displacement, and hence crack

velocity, than in the ‘GBS’-pretreated joints. These observa-

tions again reflect the superior durability imparted by the

‘GBS’ pretreatment, compared to the ‘GBD’ pretreatment.

Mechanisms of failure in ‘Region I’

The tests conducted in 55% RH

Results from crack propagation studies

Before considering the mechanisms in ‘Region I’ for the

tests conducted in 55% RH it is useful to summarise the

relevant results from the crack propagation studies reported

above. Firstly, it must be emphasised that the interfacial

fracture seen in ‘Region I’ in the 55% RH environment is

not intrinsically the result of environmental attack, since

joints tested at 0% RH were observed to exhibit ‘Region I’

behaviour and hence to fail visually along the interface

between the adhesive and the substrate [18]. Secondly,

however, there is a clear effect of the relative humidity of

the test environment in ‘Region I’: the higher the relative

humidity, the lower the adhesive fracture energy, as may be

seen in Fig. 9. Thirdly, the type of substrate, i.e. whether

aluminium-alloy or steel, appears to play no significant role

in the degree of environmental attack when a humid

environment is employed. However, the choice of surface

pretreatment (i.e. ‘GBD’ versus ‘GBS’) and the concen-

tration of water, i.e. the RH, are critical factors. Finally, it

is noteworthy that these observations imply that, in ‘Region

I’, the water molecules reach the vicinity of the crack tip at

a sufficiently fast rate to enable the environmental attack

mechanism to occur readily, since the Gc versus crack

velocity dependence is controlled by the viscoelastic nature

of the epoxy adhesive, not by the RH employed [18].

The ‘GBD’-pretreated joints

In the case of the ‘GBD’-pretreated joints, the intrinsic

stability of the adhesive/substrate interface in the presence

of an aqueous environment may be assessed from the

thermodynamic arguments advanced by Gledhill and

Kinloch [20]. The thermodynamic work of adhesion is

defined as the energy required to separate unit area of two

phases forming an interface. If only secondary forces (e.g.

van der Waals forces) are acting across the interface which

is considered to be the main mechanism of adhesion of

Fig. 9 Relationship between the fracture energy, Gc, and the crack

velocity, _a, for the ‘GBD’-pretreated aluminium-alloy joints obtained

at 0%, 55% and 100% RH. (Filled circles: 0% RH; open circles: 55%

RH and open diamonds: 100% RH.)
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most epoxy adhesives, then the work of adhesion, WA, in an

inert medium may be expressed by:

WA ¼ ca þ cs � cas ð5Þ

where ca and cs are the surface free energies of the adhesive

and substrate, respectively, and cas is the interfacial free

energy. In the presence of a liquid (denoted by the suffix

‘l’), such as water, this expression must be modified and

the work of adhesion WAl is now given by:

WAl ¼ cal þ csl � cas ð6Þ

where cal and csl are the interfacial free energies between

the adhesive/liquid and substrate/liquid interfaces, respec-

tively. For an adhesive/substrate interface the work of

adhesion, WA, in an inert atmosphere, for example dry air,

usually has a positive value indicating thermodynamic

stability of the interface. However, in the presence of a

liquid the thermodynamic work of adhesion, WAl, may well

have a negative value indicating that the interface is now

unstable and may dissociate. Thus, calculation of the terms

WA and WAl may enable the durability of the interface in

the long term to be predicted. The values of WA and WAl for

epoxy/steel joints, respectively, have been reported to be

+291 and –255 mJ/m2 [20]; and for epoxy/aluminium-alloy

joints +232 and –137 mJ/m2 [21]. These values lead to the

conclusion that the epoxy/oxide interfaces will indeed be

susceptible to attack and degradation upon exposure to

water molecules. These ideas have been supported by the

use [18] of surface-analytical methods which confirmed

that fracture indeed occurred mainly at the interface

between the adhesive and the metallic-oxide layer on the

substrate. However, it should be borne in mind that

the thermodynamic approach describes the behaviour of

the joints at equilibrium (i.e. over a relatively long time-

scale) and, given the short length of the test (i.e. a few

hours), it is unlikely that the failure solely occurred as a

result of the presence of water molecules. Thus, it is sug-

gested that the joints failed due to both the application of a

stress and the presence of water molecules at the crack tip,

a phenomenon similar to stress corrosion cracking which

occurs in metals and ceramics (see for example [22]).

However, as the relative humidity was increased, the

number of water molecules was higher and the value of the

adhesive fracture energy was seen to decrease, as indeed

would be expected.

‘GBS’-pretreated joints

Silane pretreatments are known to increase the degree of

interfacial adhesion, see for example [23–26]. This

increase in the intrinsic adhesion has been attributed to the

formation of covalent bonds between the metallic substrate

and silane primer, and in turn between the silane primer

and the adhesive layer; i.e. the silane primer acts as a

‘coupling agent’. Indeed, covalent bonds between the

substrates and the silane, based upon GPS, have been de-

tected for steel [23, 27] and aluminium [26] using sec-

ondary ion-mass spectrometry.

For the present joints tested in 55% RH, the previous

studies revealed [18] that the failure occurred mainly in the

adhesive layer. However, the XPS spectra suggested that

fracture also occurred to a certain extent in the silane and

oxide layers. This is presumably due to the asperities on the

grit-blasted substrate surface being pulled off during fail-

ure, and indicates a complex fracture path. The fact that the

failure occurred mainly in the adhesive layer is consistent

with the presence of covalent bonds being formed across

the adhesive/substrate interface when a silane coupling

agent is used, as widely reported in the literature. As for the

‘GBD’-pretreated joints, it appears that the ‘GBS’-pre-

treated joints failed as a result of both the application of a

stress and the presence of water molecules at the crack tip.

And, as the relative humidity was increased, the number of

water molecules at the crack tip increased and the adhesive

fracture energy decreased as a result; possibly due to the

interfacial covalent bonds being attacked and ruptured.

Although, for the ‘GBS’-pretreated joints, there is a clear

suggestion that a critical concentration of water molecules

may have to be attained before any such environmental

attack occurs [18].

The tests conducted in an aqueous environment

Aqueous versus relative humidity tests

The mechanisms of failure have been successfully identi-

fied for the joints tested in the 55% RH environment, and

indeed at the other levels of relative humidities that were

employed. However, clearly, for the joints tested in the

aqueous environment then a different mechanism of envi-

ronmental attack appears to be operative. This is reflected,

firstly, in the very different slopes seen in the log10 Gc

versus log10 _a plots for the joints tested in the 55% RH

environment, compared to those tested during water

immersion, see Figs. 1–3. Secondly, by further comparing

the results from the 100% RH tests to those in water, for

example compare Figs. 9 and 8a respectively. Thirdly, by

the observation that the type of substrate (i.e. employing

aluminium-alloy, steel or aluminium-alloy/steel dissimilar

substrates) has no effect on the log10 Gc versus log10 _a

relationship for tests conducted in the 55% RH environ-

ment, but has a major effect when joints are tested in water,

see Fig. 8.

J Mater Sci (2007) 42:6353–6370 6361

123



Locus of failure: GBD joints

As for the 55% RH tests, XPS has been used extensively to

assess the exact locus of failure of all joints tested in an

aqueous environment. In the case of the aqueous exposure,

however, the failure modes are somewhat more complex,

particularly in the case of the aluminium-alloy/steel

dissimilar-substrates joints. It is therefore necessary to

consider the surface analysis in rather more detail, and to

achieve this both XPS survey spectra and the quantitative

surface analysis derived from their associated high reso-

lution spectra will be considered, for all three types of joint.

In any assessment of the locus of failure it is essential to

establish the condition of the surfaces prior to the bonding

process. XPS survey spectra for the adhesive and the

‘GBD’-pretreated aluminium-alloy and steel surfaces are

presented in Fig. 10. Both metallic surfaces are relatively

very clean for technological surfaces exposed, albeit

briefly, to atmospheric conditions. Such exposure gives rise

to a small amount of adventitious carbon contamination:

approximately 30 at.% in terms of surface concentration

and a thickness of 0.5–1.0 nm. The driving force for this

contamination is the reduction of surface free energy by the

adsorption of a thin layer of carbonaceous material from

the air. Such a phenomenon is ubiquitous for a high sur-

face-energy material such as a metal oxide but does not

occur to any significant extent with a low surface-energy

material, such as a polymeric adhesive. The fate of this

material on application of an adhesive is not clear but it is

extremely likely that it is either displaced by the adhesive

or absorbed into it. However, one aspect is clear: it does not

remain at the junction between metal substrate and adhe-

sive as it would form a weak boundary layer which would

compromise joint performance. It does, however, present a

slight problem in the interpretation of the locus of failure

data in that a low level of carbon on an interfacial metal

failure surface might be either the result of (a) a true

interfacial failure which has subsequently adsorbed carbon

from the atmosphere or (b) a locus of failure in which the

fracture path has passed very close to the interface but left

a very thin layer of adhesive on the metal substrate. In

order to resolve this dilemma we need to consider the

spectrum of Fig. 10a of the epoxy adhesive. The N1s signal

(ca. 400 eV) is clearly seen and equates to a surface con-

centration of nitrogen of 3.2 at.%, thus in order to define

the locus of failure exactly we need to consider not only the

total assay of carbon on the metal failure surface but also

the surface concentration of nitrogen from the amine curing

agent.

Turning now to the adhesive joints themselves, it is

helpful to consider the steel/steel and aluminium-alloy/

aluminium-alloy joints before moving on to the alumin-

ium-alloy/steel joints. XPS survey spectra for the

interfacial metal failure surfaces of the similar substrate

joints are presented in Fig. 11. Both these spectra show a

modest amount of carbon, as may be seen from the

quantitative XPS data of all interfacial failure surfaces in

Table 4, but at levels that are slightly higher than the

unbonded controls, indicating that there is a small amount

of adhesive residues on the metal surface, although the

failure mode is predominantly interfacial. This conclusion

is reinforced by relatively low, but significant concentra-

tions of nitrogen (i.e. 1.4 and 1.3 at.% for aluminium-alloy

and steel substrates, respectively) associated with the metal

failure surface. Although the spectra are not shown, the

quantitative date from the adhesive failure surfaces are also

included in Table 4. Both adhesive surfaces show a small
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concentration of metal transferred to the adhesive side of

the failure. In the case of the aluminium-alloy surface it is

most likely to be a result of the fracture of asperities of the

grit-blasted surfaces, as discussed above for specimens

tests at 55% RH.

The situation for the steel/steel substrate joints is rather

different and the presence of iron on the adhesive is

thought to be a result of the back-deposition of corrosion

products which occur as a post-failure event. This

hypothesis is reinforced by the visual appearance of the

adhesive side of the beam which has a faint brown (rust)

colouration at the outermost edges. The alternative expla-

nation, that there is failure occurring in the oxide or cor-

rosion product itself, is possible but given the thin layer of

oxide present on the steel to start with, and the electro-

chemical reactions that occur at the crack tip which will be

considered in the next section, this is unlikely. There is a

small amount of Al on both the adhesive and steel-substrate

failure surfaces which is thought to arise from embedded

alumina grit. Given this observation, it is quite reasonable

to ascribe the modest Al signal on the adhesive side of the

failed aluminium-alloy joint to the same source, although

asperity fracture is still a plausible alternative.

In summary, the loci of failure for both ‘GBD’-pretreated

steel and aluminium-alloy joints is predominantly along the

interface with small amounts of cohesive failure in the

adhesive and the respective metal oxides. The adhesive sur-

face from the steel/steel joint is decorated with iron corrosion

product. However, in the case of the aluminium-alloy/

aluminium-alloy joint, the passive film protecting the metal-

lic alloy ensures general corrosion does not occur, although

any corrosion present on this substrate will take the form of

pitting at inclusions and/or grain boundary triple-points.

Turning now to the steel/aluminium-alloy dissimilar-

substrate joints, these joints always failed at the adhesive/

steel interface and the spectra from both the metal and the

adhesive interfacial surface are shown in Fig. 12. The

quantitative data from these spectra are also included in

Table 4. The spectrum of the steel substrate, see Fig. 12a,

is very similar to the metal failure surface of the steel/steel

substrate joint shown in Fig. 11b. The significant differ-

ences are the slight increases in carbon and nitrogen,

indicative of slightly more adhesive residues at the steel

failure surface of the dissimilar joint compared with the

steel/steel assembly. The concentration of calcium at the

surface is comparable to the aluminium-alloy/aluminium-

alloy joint, but increased somewhat relative to the steel/

steel joint.

0

10000

20000

30000

40000

50000

60000

020040060080010001200

O 1s 

C KLL 

Zn 2p 

O KLL 
N 1s 

Ca 2p 

Mg KLL 

C 1s 

Al 2s 

Al 2p 

O 2s 

Binding energy (eV) 

)s(
stnuo

C

0

10000

20000

30000

40000

50000

60000

020040060080010001200

Fe 2p 

O 1s 

C 1s 

Fe 2s 
Fe LMM 

Fe LMM 

O KLL 

N 1s 

Si 2p

Al 2s 

Al 2p 

Fe 3p 

O 2s 

C KLL 

Binding energy (eV) 

stnuo
C

(s
)

(a)

(b)

Fig. 11 XPS survey spectra of the interfacial metal failure surfaces

for similar substrate joints tested in water: (a) ‘GBD’-pretreated

aluminium-alloy, (b) ‘GBD’-pretreated steel

Table 4 Quantitative XPS surface analyses of interfacial failure surfaces of GBD pretreated joints tested in water

Joint type Surface composition (at.%)

C O Al Fe N Ca Cl Na Mg Si Zn

GBD Al alloy substrate 28.8 51.0 14.4 – 0.7 0.8 – 2.3 1.5 – 0.5

GBD steel substrate 30.8 50.5 6.7 6.8 0.6 – 0.2 4.4 – – –

Adhesive control 79.0 16.8 – – 3.1 – 0.3 – – 0.8 –

Al alloy Metal failure surface 38.4 44.6 12.4 0.4 1.4 0.7 – – 0.8 1.3 –

Adhesive failure surface 74.2 20.3 0.6 – 3.3 0.8 0.2 0.6 – – –

Steel Metal failure surface 33.0 56.0 3.6 5.9 1.3 0.2 – – – – –

Adhesive failure surface 55.5 33.3 1.8 2.4 3.6 – 0.2 – – 3.2 –

Dissimilar substrates Metal failure surface 44.8 41.6 1.6 7.9 2.0 0.7 – – – 1.4 –

Adhesive failure surface 71.2 22.8 0.6 1.3 3.4 0.3 0.1 – – 0.3 –
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It is the calcium marker ions, present on all the metal

failure surfaces, that provide a clue to the mechanism of

failure, indicating that electrochemical activity is respon-

sible for the enhanced failure in water compared to 55%

RH. The adhesive surface is spectroscopically similar to

that of the steel/steel joint, although the surface concen-

tration of carbon is significantly higher with a concomitant

decrease in the iron signal. Once again, these iron residues

are believed to be back-deposition of iron corrosion species

following the anodic dissolution of the substrate in the

environs of the crack tip, or general corrosion of the steel

beam in the aqueous medium.

The role of corrosion

The steel/steel and the steel/aluminium-alloy joints both

showed evidence of corrosion on all steel beams. At this

point it is worth reviewing the corrosion process with a

view to assessing its role in the current failure process. The

corrosion of iron can be considered in terms of the two

relevant electrode half reactions: at the anode anodic dis-

solution of iron occurs whilst at the cathode water and

oxygen are reduced to hydroxide ions:

Anode: Fe! Fe2þ þ 2e�

Cathode: 2H2Oþ O2 þ 4e� ! 4OH�

The anodic product is Fe(II) ions which are soluble, and on

oxidation are converted to Fe(III) ions which are insoluble

and will deposit on a nearby surface. It is the hydroxide

ions, produced by the reduction of water and oxygen

molecules, that are deleterious to adhesion. In the case of

metal surfaces covered with an organic coating or adhesive,

the two electrode half reactions occur at discrete sites, the

cathodic process occurring at the tip of an advancing cre-

vice. This phenomenon is known as cathodic delamination

(or disbondment) and has been well documented for

structural adhesives [27] as well as organic coatings [28,

29]. In the case of the steel/steel joints it is clear that the

major mechanism responsible for failure is cathodic

delamination, as indicated in Fig. 13. In the case of the

aluminium-alloy/aluminium-alloy joint the passive film

present on the substrate surface reduces the extent of cor-

rosion quite dramatically. However, it is clear that a

cathodic delamination process plays a small part in the

failure mechanism, perhaps by creating a small crevice

which allows the ingress of liquid water, the usual hydro-

dynamic displacement process will then come into play.

At this point it is useful to justify the use of calcium, and

other cations, as markers for cathodic activity when the

anode and cathode are separated as discrete electrode sites.

At the cathodic surface hydroxide ions are produced as

0

10000

20000

30000

40000

020040060080010001200

N 1s

C 1s 

O 1s

Fe 2p

Fe LMM
Fe 2s 

Fe LMM

O 2s

Fe 3p

Fe 3s 
Si 2p 

Al 2s 

C KLL 

O KLL

Ca 2p

Binding energy (eV) 

Binding energy (eV) 

)s(
stnuo

C
)s(

stnuo
C

0

5000

10000

15000

20000

25000

020040060080010001200

O 1s 
C 1s 

Fe 3p 
Cl 2p 

N 1s 

Ca 2p 
Fe 2p 

Fe LMM 

Fe 2s 

C KLL 

O KLL Fe LMM 

O 2s 

Si 2p 

(b)

(a)

Fig. 12 XPS survey spectra of the failure surfaces from the ‘GBD’-

pretreated dissimilar substrate joint tested in water: (a) the steel

failure surface, (b) the adhesive failure surface

.demusnocnortcelepitkcarccidohtaC
O½ 2 H+ 2 e2+O → HO2 -

a

evisehdA
reyal

etartsbuS

HO -

.decudorpsnortcelenoigercidonA
eF → eF +2 e2+

HO -

HO -

HO -

HO -

HO -

HO -

HO -HO -

gnicnalabegrahcrofsnoitacfonoitargimcinoI
K+, aN +, aC +2

HO -HO -
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representation of the cathodic
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adhesion loss at the interface.
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described by the cathodic half-reaction above. In order to

achieve charge balancing, cations, in the environs of the

cathodic surface, are adsorbed onto the surface, which

achieves electrical neutrality. In the case of an electro-

chemical test using 3% NaCl, or a similar electrolyte, a

significant Na1s signal is seen in the XPS spectrum of these

surfaces exposed to cathodic polarisation whilst those

which have experienced anodic conditions will show an

excess of anions (Cl–) [30]. For adhesive joints tested in

pure water the ions deposited are those present at very low

concentrations, typically calcium, and it has been shown

[27] that the surface concentrations of Ca2+ deposited can

be very low, at the detection limit of XPS. Thus, from these

studies, the use of SIMS was recommended to be em-

ployed, with its better detection limit, to assay such a

marker ion when the test is carried out in pure water.

Having established the role of corrosion in the steel/steel

joint it becomes apparent that such a phenomenon is

important in the case of the dissimilar substrates joint. At

first sight the occurrence of the failure at the steel/adhesive

interface would seem to be a simple case of galvanic cor-

rosion, as an aluminium-alloy will be at the more active

end of the galvanic series than steel. For such galvanic

coupling to occur there needs to be electrical contact be-

tween the aluminium-alloy and steel substrates. This is not

thought to occur and a separate set of experiments using

‘Tufnol’ pins in the testing machine, and insulating spacer

wires in the adhesive layer, to ensure that there was not

electrical contact between steel and aluminium-alloy

beams, produced the same fracture and interfacial chem-

istry results. Also, it should also be noted that corrosion

occurred on the steel beam which would not be present had

the steel beam been the cathodic part, in its entirety, of a

galvanic cell. Now, the reason for the inferior durability of

the dissimilar joints is thought to lie in the diffusion of

oxygen molecules into a developing crevice and the con-

comitant outward diffusion of the cathodic reaction product

(OH–). It is helpful at this point to consider the situation in

terms of oxygen supply that exists for the steel/steel joint.

Along the sides of both beams the anodic reaction will take

place and soluble Fe(II) ions will pass into the solution

leading to a local increase in density. Thus, this solution of

water and Fe(II) ions will sink to the bottom of the testing

tank and the solution in the environs of the adhesive layer

will be refreshed with aerated water. This situation ensures

that there is a ready supply of reactants for the cathodic

reaction which develops a crevice normal to the direction

of crack propagation (i.e. the length of the test piece). As

the diffusion of hydroxyl ions is known to be rapid in

aqueous solution it is likely that the aggregation of these

species at the crack tip is modest, in other words the dif-

fusion coefficient of water molecules into the crevice is

much the same as that of hydroxide ions diffusing out-

wards. Thus, the rate controlling step may be taken to be

the rate of arrival of the water molecules which must feed

the two developing cathodic crevices. This situation is

illustrated schematically in Fig. 14. In the case of the

aluminium-alloy/steel joint the two metal interfaces will

not behave in the same manner, the steel adhesive interface

will develop a cathodic crevice as described above but, as

the aluminium-alloy has a passivated film present, the ex-

tent of cathodic reactions at this surface will be confined to

regions surrounding localised corrosion such as pitting on

the failure surface of the beam. That is to say any corrosion

on the aluminium-alloy beam will be a post-failure event.

This means that the majority of the oxygen molecules

dissolved in the aqueous bath adjacent to the adhesive layer

are available for consumption by the cathodic half reaction

at the steel/adhesive interface. Assuming the outward dif-

fusion of hydroxide ions remains the same, the situation

that now exits is that the inward diffusion of oxygen

molecules exceeds the outward diffusion of hydroxide ions.

This will lead to an aggregation of hydroxide ions at the

crevice tip and an increase in pH in this region. This will

have an increased damaging effect on the level of adhesion

between adhesive and steel substrate and the associated

½ O2 + H2O + 2e → 2 OH-
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J
2Ο

Anodic regions 
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Cathodic regions 

Fe → Fe2+ + 2e

Fig. 14 Schematic illustration

of the supply of oxygen (JO2
Þ to

the crevice(s) developing at the

adhesive-layer/substrate

interface(s). As freshly aerated

water arrives so it must supply

oxygen to both crevices in the

case of the steel/steel joint but

only the steel/adhesive interface

in the case of the dissimilar

substrate joint
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reduction in performance. The adhesive side of the failure

shows, once again signs of discolouration at the outermost

edge, as shown schematically in Fig. 15a, which represents

a short section from the mid-region of the beam. This is

thought to be corrosion deposit and XPS analysis within

this region at a 50 lm spot size confirms the visual inter-

pretation, as indicated in the montage of Fe2p spectra taken

from across the failure surfaces of both sides of the failed

joint, Fig. 15.

To summarise, the situations are as expected for the

same substrate joints whilst for the aluminium-alloy/steel

joint the increased concentration of oxygen molecules

available in solution to feed the crevice developing normal

to the beam side at the steel/adhesive interface weakens the

joint and leads to more rapid advancement of the crack tip,

see Fig. 8a. As the crevice develops so the crevice mouth

becomes anodic and the corrosion product is back-

deposited reducing the inward diffusion of water and

oxygen molecules. However, by this time the damage is

already done and the mechanical perturbation of the re-

duced area at the advancing crack tip has brought about

failure. The development of the cathodic crevice happens

along the beam simultaneously. Thus, the effect is most

serious in the mid-regions where the crevice has developed

significantly but not been blocked by corrosion product.

The situation is summarised schematically in Fig. 16.

The effect of surface pretreatment

So far only the ‘GBD’-pretreated joints have been con-

sidered. In this section the mechanisms of failure and the

role of electrochemical activity on the ‘GBS’-pretreated

joints will be considered. The XPS survey spectra from

‘GBS’-pretreated aluminium-alloy and steel surfaces are

presented in Fig. 17 and the associated quantitative surface

analysis for theses surfaces and the interfacial failure sur-

faces are given in Table 5.

The data from the ‘GBS’-pretreated surfaces are super-

ficially very similar to that from the ‘GBD’ joints, but there

are small but significant concentrations of Si (i.e. 2.5 at.%

on the aluminium-alloy surface, 3.5 at.% on the steel sur-

face). This arises from the silane treatment involved and

indicates the deposition/incorporation of the GPS at the

metal surface. The presence of a covalent bond between

the silanol of hydrolysed organosilane and metal surfaces is

the well established mode of operation responsible for the

improvement of the durability of adhesive joints using

these adhesion promoters and such a bond is readily

identified using SIMS [23, 26]. In the case of an alumin-

ium-alloy a fragment ion is seen at a nominal mass of 71

(SiOAl+) whilst for the steel substrate a fragment at 100

will be observed (FeOSi+). Positive ToF-SIMS data

recorded from ‘GBD’- and ‘GBS’-pretreated aluminium-

alloy and steel surfaces are presented in Figs. 18 and 19,

respectively. Although recorded at relatively low spectral

resolution for a ToF-SIMS system, the presence of both

candidate fragments is clearly seen for the ‘GBS’-

pretreated surfaces and is absent for the ‘GBD’-pretreated

substrates.

The low mass range m/z = 24–34 has also been included

from the ‘GBS’-pretreated aluminium-alloy surface and the

development of the Si28 ion is seen along with the adjacent

Al27 cation. Thus any comparison between the failure

mechanism of ‘GBD’- and ‘GBS’-pretreated joints must

take into account the different adhesion mechanisms: in the

case of a ‘GBD’-pretreated joint the interfacial adhesion
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Fig. 15 Evidence for iron residues on the adhesive side of the failed

‘GBD’-pretreated steel joint: (a) Schematic appearance of adhesive

failure surface at midpoint along the length of the TDCB specimen,

showing positions for XPS analysis. (b) Fe2p XPS spectra from the

regions of (a) showing the presence of iron near the edge of the

specimen. (c) Complementary Fe2p spectra from equivalent positions

on the steel side of the joint
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will arise from solely on secondary forces such as disper-

sion, polar and hydrogen bonding forces, and specific

interactions such as acid-base bonding; whilst for ‘GBS’-

pretreated joints it will also involve primary (covalent)

bonding between the silane adhesion-promoter and the

metallic substrate, and also the adhesion promoter and

adhesive [31].

XPS survey spectra of the metal interfacial failure sur-

faces are shown in Fig. 20 and, although broadly similar to

comparable spectra from ‘GBD’-pretreated substrates, they

show two significant differences, for both the aluminium-

alloy and the steel substrates the carbon and nitrogen

concentrations are all increased slightly indicating an

increased amount of cohesive failure within the adhesive

itself, see Table 5. The silicon concentrations are consis-

tent on all interfacial failure surfaces of the same metal

joints at around 0.8 at.%. On the ‘GBD’ joints, the Si

concentration varied from below the detection limit of XPS

ca. 0.05 at.% to >1 at.%. The consistency on the ‘GBS’-

pretreated joints when taken with the Si concentration on

the unbonded ‘GBS’ surfaces indicates that there is some

failure in the organosilane rich layer. In the case of the

dissimilar substrate joints there are similarities with both

the dissimilar joints manufactured from the ‘GBD’-

pretreated substrates and the steel ‘GBS’-pretreated joints,

as discussed above. The occurrence of the locus of failure

close to the steel/adhesive interface indicates that the same

overall failure mechanism is at work as was seen for

the ‘GBD’-pretreated joints. There is a surplus of oxygen

available at this interface which leads to the development

of a cathodic crevice and associated weakening of the joint

at this point. The presence of a degree of covalent bonding,

however, ensures that the joint is more durable than the

simple ‘GBD’ pretreatment. The development of an
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Fig. 16 Schematic

representation of the factors

influencing supply of oxygen in

the developing crevices. (a) in

the early stages of failure

oxygen is supplied at the

advancing crevice tip as the

crack proceeds along the length

of the beam and also normal to

the direction of crack growth to

establish a small but significant

developing crevice at the edge

of the specimen. (b) the edge

crevice may become blocked

with corrosion products in this

manner in the later stages of

joint failure and thus have a

disproportionate effect on the

failure kinetics
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alkaline environment will still be deleterious to the level of

adhesion achieved, although the effect will not be so pro-

nounced as in the case of simple dispersion or acid-base

bonds. The presence of a small (i.e. <1 at.%) assay of

silicon on all adhesive interfacial failure surfaces indicates

that some failure occurs at the interphase region between

silane and metallic substrate. However, as there is silicon

on both the steel (3.5 at.%) and aluminium-alloy (2.5 at.%)

‘GBS’-pretreated surfaces, it is clear that there is no failure

between the adhesive and outer surface of the silane pre-

treatment layer to any significant extent.

In summary, the application of the ‘GBS’-pretreatment

to aluminium-alloy and steel substrates leads to the

development of a degree of covalent bonding, as predicted

in the literature. This enhances the durability of these joints

and when failure does occur it is of a complex mixed mode

type, with a significant proportion occurring at the interface

between the silane layer and the metallic substrate.

Conclusions

The adhesive fracture energy, Gc, of metallic joints, bon-

ded with a rubber-toughened epoxy adhesive, has been

measured using monotonically-loaded tests. Such tests

have been conducted in various relative humidities and in

water, at 21 �C. Two surface pretreatments have been

employed for the substrates prior to bonding: a simple grit-

blast and degrease (‘GBD’) pretreatment or a silane primer

(‘GBS’) pretreatment. The joints were formed using

metallic substrates which were either (a) aluminium-alloy

substrates, (b) steel substrates, or (c) ‘dissimilar’ substrates

(i.e. one substrate being aluminium-alloy with the other

one being steel). For both test environments, when Gc was

plotted against the crack velocity, three regions of fracture

Table 5 Quantitative XPS surface analyses of interfacial failure surfaces of GBS pretreated joints tested in water

Joint type Surface composition (at.%)

C O Al Fe N Ca Cl Na Mg Si Zn

GBS Al alloy substrate 33.7 47.2 12.9 – 1.8 0.4 – 0.7 0.8 2.5 –

GBS steel substrate 41.3 44.4 4.2 3.6 2.1 0.1 – 0.5 0.3 3.5 –

Adhesive control 79.0 16.8 – – 3.1 – 0.3 – – 0.8 –

Al alloy Metal failure surface 51.8 34.6 8.7 – 2.5 1.2 – 0.4 0.5 0.4 –

Adhesive failure surface 69.2 23.9 1.1 – 3.8 0.3 0.2 – 0.6 0.8 –

Steel Metal failure surface 44.1 44.6 4.2 3.9 1.1 0.5 – – 0.7 0.8 –

Adhesive failure surface 71.2 24.0 0.4 – 2.9 0.2 0.2 0.1 0.1 0.8 –

Dissimilar substrates Metal failure surface 47.8 43.0 2.7 1.9 2.5 0.7 – 0.4 0.3 0.8 –

Adhesive failure surface 66.4 27.1 0.9 0.6 3.9 0.4 0.2 – – 0.4 –
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for the ‘control’ steel substrates: (a) a ‘GBD’ pretreatment, (b) a
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behaviour could be distinguished. At low rates of dis-

placement the crack grew in a stable manner, visually

along the interface, and relatively low crack velocities

could be readily measured. This was considered to be the

most important region and was termed ‘Region I’. Here the

value of Gc measured in the aqueous environment was

relatively low compared to that measured in a relatively

dry environment of 55% RH.

The loci of joint failure have been studied using surface-

specific analytical techniques. There are several potential

loci of failure that can occur in the fracture of adhesive

joints ranging, on the one hand, from true interfacial sep-

aration along the adhesive/substrate interface to a cohesive

failure in the adhesive, or unusually the substrate. In the

work described in the present paper a variety of loci of

failure have been identified, using XPS, and the associated

mechanisms of environmental failure identified for the

joints which failed in ‘Region I’.

For the tests conducted at 55% RH, the failure mode is

critically dependent on the substrate pretreatment, but not

on the type of substrate(s) employed. In the case of the

‘GBD’-pretreated substrates water condenses at the

developing crack tip and stress-assisted interfacial separa-

tion occurs. This is essentially a hydrodynamic process and

can be readily predicted using a thermodynamics approach.

In the case of the ‘GBS’ pretreatment, the interface is much

more durable, since interfacial covalent bonds are formed

and resist such hydrodynamic attack. Thus, the locus of

joint failure is predominantly associated with cohesive

failure in the adhesive.

For the joints tested in liquid water the type of surface

pretreatment and the type of substrate employed were both

of importance. Here a corrosion process is seen to play a

role in failure, and a cathodic disbondment mechanism

occurs, once again leading to a predominantly interfacial

failure, although the kinetics will be faster than the simple

hydrodynamic displacement described above. In the case of

the dissimilar-substrate joints, failure always occurs at the

steel/adhesive interface, which is a result of the greater

cathodic activity in the crevice associated with this

interface. The supply of oxygen to this crevice is the rate-

controlling step in the production of hydroxide ions. The

use of the silane adhesion-promoter in the ‘GBS’ pre-

treatment again enhances the level of durability of the

adhesive/substrate interface, but this region of the joint is

still relatively vulnerable to environmental attack. Unlike

the 55% RH specimens, where the failure is seen to move

into the adhesive, the failure of the joints exposed to water

still occurs predominantly in the interphase region with

evidence that a significant proportion of the failure now

occurs at the silane/substrate boundary.
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