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Modelling the Environmental Degradation of the Interface
in Adhesively Bonded Joints using a Cohesive
Zone Approach

C. D. M. Liljedahl
A. D. Crocombe
M. A. Wahab
School of Engineering, University of Surrey, Guildford, United Kingdom

I. A. Ashcroft
Wolfson School of Mechanical and Manufacturing Engineering,
Loughborough University, Loughborough, United Kingdom

The use of a cohesive zone model (CZM) to predict the long-term durability of
adhesively bonded structures exposed to humid environments has been investi-
gated. The joints were exposed to high relative humidity (RH) environments and
immersion in both tap and deionised water for up to a year before quasi-static test-
ing to failure. Both stressed and unstressed conditions during aging were con-
sidered. The degradation was faster for the stressed joints and for those joints
immersed in the more corrosive environments. Two mechanisms were suggested
to explain this behaviour: cathodic delamination and stress-enhanced degradati-
on. In the model, the cohesive zone parameters determine the residual strength
of the joints. The degradation of these parameters was, in the first instance, related
directly to the moisture concentration. The model was then extended to include
degradation due to stress and more corrosive environments. Good correlation
between the numerical modelling and the experimental results was obtained.

Keywords: Cohesive zone model; Durability modelling; Finite element; Progressive
failure; Residual strength

1. INTRODUCTION

Adhesives are increasingly being used in the aerospace and automotive
industries instead of conventional bonding. Their main advantages are
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their ability to bond dissimilar materials and the large stress-bearing
area, which results in lower stress concentrations in comparison with
rivets and bolts. The major disadvantage is the reliability of the bond
strength in humid environments. Hence, it is of great importance to
be able to predict the long-term durability to better understand the
degradation process and, at the same time, reduce the amount of
expensive and time-consuming durability testing in the development
and certifying stages of product development.

To be able to assess the integrity of a bonded structure, the moisture
profile throughout the joint has to be determined. Diffusion in adhe-
sives has been modelled extensively and accurately by Fick’s second
law [1–4]. Neumann and Maron [5] have investigated the stress
dependence of absorption in polymeric composite materials and found
a slight increase in the uptake rate for stressed samples. Petropoulus
and Sanopoulou [6] have determined stress-dependent diffusion exper-
imentally by means of colored tracer and bi-refringence profile
measurements. A sharp diffusion front between the swollen and un-
penetrated polymer was seen (Case II kinetics). Roy et al. [7] have
measured uptake in epoxy adhesives bonded onto aluminium sheets.
The assembly was bent to induce a strain in the adhesive during the
uptake. An increase in diffusivity of 32% was found at 10% strain
for aging at 50�C and 95% relative humidity (RH).

In the absence of water, the work of adhesion is positive, but in the
presence of water, the relation gives a negative value, and hence, the
interface becomes thermodynamically unstable [8]. However, the thermo-
dynamic approach describes a joint at equilibrium but not how long it
takes to achieve this state. The fracture energy was seen to decrease with
an increase in the RH of the aging environment [9]. The degradation can
also be explained by considering the interfacial chemistry; the strength of
bonds that water forms with an inorganic oxide is substantially greater
than the interactions between an oxide and a polymer [10].

Yet other possible mechanisms of degradation of the interface are
cathodic delamination or electrochemical-corrosion [11]. Kinloch et al.
[12] have suggested that the inferior strength of a tapered double can-
tilever beam (TDCB) joint when immersed in water compared with
100% RH might have been due to such a corrosion process. The role
of ion diffusion in the cathodic-delamination process for coated
steel has been determined by Deflorian and Rossi [13]. The rate of
delamination was seen to be a function of the salt concentration in
the solution. In distilled water, the delamination was almost
unmeasurable. However, the induction time was determined by the
diffusion of water through the coating. The same characteristic has
been found by Sargent [14]. Specimens immersed in tap water failed
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early on in the test, and specimens immersed in distilled water did not
show any significant reduction in strength even after 7 years.

Covalent bonds might exist across the interface in a joint [15]. Any
chemical reaction involving the destruction of these bonds would be
accelerated under the application of stress. Lam et al. [16] derived a
relation for debonding through hydration using chemical kinetics and
thermodynamics. Comparison between the model and experimental
crack-length data gave good agreement, and the authors concluded
that this indicated that the bond degradation was governed by time-
dependent, stress-assisted hydration rather than by the water alone.

Peak strains (or stresses) have been used extensively to predict the
joint strength of adhesively bonded joints [17–20]. However, it is, dif-
ficult to use this method because of the bimaterial singularities
inherent in a bonded joint. This imposes a problem when analysing
the stresses in a joint. Crocombe [21] has suggested global yielding
as a failure criterion for bonded joints. The author emphasised that
this can give a good prediction of the failure load in certain cases. Fail-
ure usually initiates at a small crack or flaw, and hence, fracture
mechanics is a versatile method for evaluating the strength of joints
or the resistance to crack initiation and crack growth. Fracture mech-
anics have been used to predict joint strengths by many researchers
[22,23]. However, this approach is only valid under small-scale yield-
ing and is not appropriate when there is gross plastic deformation
before failure. Another approach to model the strength and progress-
ive damage is through a cohesive zone model (CZM). When using a
CZM, the interface strength is governed by a traction separation
law. A CZM has been used to simulate and predict the behaviour of
a wide range of bonded joints successfully in dry conditions [24–27].
Crocombe et al. [28] and Liljedahl et al. [29] have used a CZM to pre-
dict the long-term durability of adhesive bonded joints successfully.
However, adhesive plasticity was not included.

In this study, the durability of adhesively bonded joints exposed to
humid environments was investigated. The effect of corrosive environ-
ments and stress during aging are discussed, and an approach to
include this in the CZM is described.

2. MATERIAL PROPERTIES AND EXPERIMENTAL RESULTS

During this study, a mixed mode flexure (MMF) adhesive joint frac-
ture specimen, a notched coating adhesive (NCA) specimen, a single-
lap joint (SLJ), and an L-joint were tested. A heat-cured film adhesive
(FM73 from Cytec Engineered Materials, Tempe, AZ, USA) was used
to bond all specimens.

Modelling Environmental Degradation 1063

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
3
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



The environments in which the joints were aged before testing at
room temperature were 80%RH=70�C, 96%RH=50�C, and immersion
in water (tap and deionised) at 50�C.

2.1. Adhesive

The adhesive used in this investigation was the heat-curing, toughened
epoxy adhesive FM73 (Cytec). The FM73 film was yellowish with a nom-
inal thickness of 0.18 mm. Dumbell specimens were manufactured to
determine the material properties of the bulk adhesive. To manufacture
a cured adhesive sheet of 0.5 mm in thickness, four layers were stacked
together. The adhesive compound was degassed in a vacuum oven at 80–
90�C for approximately 10 min before cure to prevent voiding in the sam-
ples. The best results were obtained by cycling this technique a number
of times. A release film, a glass plate, and a weight were then placed on
top on the adhesive stack, and the compound was cured at 120�C for 1 h
as suggested by the manufacturer. Spacers were used to control the
resulting sheet thickness. After cure, dumbbell specimens of overall
length of 65 mm, gauge length of 30 mm, and width of 5 mm were cut
with a computer numerical control (CNC) machine.

The moisture uptake in the adhesive in the various environments
was determined with gravimetric experiments, carried out on the bulk
adhesive dumbell specimens. The results are given in Table 1. The
uptake rate was strongly dependent on the temperature but essen-
tially unaffected by the moisture saturation level. The saturation level
increased, as expected, with the RH for all bulk specimens.

The coefficient of thermal expansion (CTE) was determined by
means of a bimaterial beam, consisting of a thick layer of adhesive
(1.1 mm) cast on a thin high-strength steel strip (0.2 mm). The residual
stresses induced following cooling to room temperature caused the
strip to bend. The deflection of the curved strip as a function of the
temperature was measured with an LVDT (linear variable differential
transducer). From these data, the coefficient of thermal coefficient of

TABLE 1 Moisture-Uptake Parameters for the Adhesive FM73

Adhesive
Relative

humidity (%) Temperature (�C)
Saturation
content (%)

Diffusion
coefficent

(10�14 m2=s)

FM73 Immersion 50 1.2 52.2
FM73 95.8 50 2.2 50.2
FM73 79.5 70 2.5 790.0
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the adhesive can be determined [30]. The CTE was found to be
7.7� 10�5 K�1.

The swelling of the adhesive was determined by measuring the
expansion of the dumbell specimen with a shadow graph (Mitutoyo
Profile Projector PJ 300, Kawasaka, Japan). The samples were
removed periodically from the aging environment and weighed, and
the length of the specimens was measured. The swelling was found
to be linear with the moisture content and to be 0.0021 (%�1). This
is a trend that has been observed by other researchers with different
adhesive systems [31].

The mechanical properties were determined by testing dumbell spe-
cimens in tension in displacement control mode at 1 mm=min at room
temperature after saturation in the aging environments (50�C=96%
RH and 70�C=80% RH). Typical results from these are given in
Fig. 1. The results are summarised in Table 2. The elastic modulus
and the ultimate tensile strength both decreased as the polymer net-
work became plasticised by moisture. After saturation in the 96%
RH environment, the modulus decreased by 25% and the ultimate
strength by 15%. A value of 0.4 was used for the Poisson’s ratio.

The viscoplastic properties of the adhesive were determined by car-
rying out creep tests at the aging temperature at three stress levels,

FIGURE 1 Bulk stress–strain curves at various moisture levels.
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after saturation in the aging environments. The same configuration of
dumbell film specimen was used as in the tensile test. After aging, the
specimens were wrapped in soaked cotton wool and then in thin plastic
film to retain the moisture. The wrapped specimen was then placed in
a pre-heated temperature cabinet on the test machine, and an exten-
someter were used to measure the strain. The extensometer data was
stored on a datalogger regularly throughout the test. The specimen
was loaded in tension at 1 mm=min until the creep load was reached.
The load was then held constant. The results can be seen in Fig. 2.
The resistance to creep was seen to decrease in the presence of moist-
ure, but even after saturation in water, it remained very resistant
compared with another adhesive tested by the authors [29]. The

TABLE 2 Mechanical Properties for the Adhesive at Various Moisture
Concentrations at 20�C

Adhesive Environment Moisture content (%) E (MPa) ruts (MPa)

FM73 Dry 0.0 2000 45
FM73 80%RH=70�C 1.1 1700 42
FM73 96%RH=50�C 2.2 1500 38

FIGURE 2 Creep data for various moisture concentrations.
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experimental data were fitted to a power law [Eq. (1)] to be able to use
the data in the modelling:

_eecreep ¼ Aqntm ð1Þ

where a dot represents differentiation with respect to time, q is
equivalent stress, t is the time, and A, n, and m are constants. The
best-fit creep parameters are given in Table 3.

2.2. Substrate

The elastic modulus of the aluminium (7075 T6) was determined with
a tensile test (BS EN 1386:1997) and was found to be 68400 MPa.
A Poisson’s ratio of 0.33 was used for the aluminium. The CTE used
for the aluminium alloy was 2.36� 10�5 K�1.

Before bonding, the aluminium alloy substrates were pretreated
in a chromic acid etch solution (CAE) according to DEF STAN 03-2=
Issue 3. All joints were cured for 1 h at 120�C.

2.3. Fracture Toughness

The fracture toughness, after saturation in the aging environments,
was determined using MMF and NCA specimens. Both specimens
were open faced during the aging process. This gave a shorter aging
time and a uniform moisture distribution along the interface.

An NCA specimen is a coated substrate. Following aging, the
coating is cut (notched) across the centre of the specimen, as shown
in Fig. 3. The specimen was then loaded in tension, and the strain at

TABLE 3 Creep Parameters at 50�C (Force (N), Length (mm), Time (s), Stress
(MPa))

Condition A n M

Dry 6.5458� 10�11 4.75 �0.6
96%RH 1.3493� 10�10 4.75 �0.5
Immersion 1.5848� 10�10 4.75 �0.5

FIGURE 3 Dimensions of the NCA specimen (width 12.7) (all dimensions
in mm).
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which the coating debonded from the substrate gave a measure of the
interfacial strength. The length, width, and thickness of the 7075 T6
aluminium substrate used to manufacture the NCA specimen were
100 mm, 12.7 mm, and 3.175 mm, respectively. The thickness of the
coating was 0.6 mm. A poly(tetrafluoro ethylene) (PTFE) film was used
to form the precrack. After curing, the specimen was saturated in
deionised water at 50�C. The specimen was then removed from the
aging environment and loaded in tension at 1 mm=min, and the strain
when the adhesive layer debonded was recorded using an in situ
video microscope. Further strain-induced crack-length data could not
be obtained because of the speed of the crack growth following
initial debonding. The experimental results are shown in Fig. 4. It
proved more difficult to use the NCA test at 95% RH, 80% RH, and
unaged conditions because the coating tended to crack before debond-
ing occurred. Thus, the MMF configuration was used for these aging
conditions.

The MMF specimens are shown in Fig. 5. Specimens to be tested
unaged were assembled and cured in one step. A PTFE film was used
to form the precrack. For the aged specimens, the coated substrate
was exposed to the environment and left to saturate as for the
NCA specimen. After exposure, the specimen was removed from the

FIGURE 4 Experimental results and simulation of the NCA specimen aged
by immersion in deionised water.
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environment, abraded, and cleaned with acetone. A secondary bond
adhesive (Hysol EA9321, Henkel, Düssldorf, Germany) was then
applied, and the assembly was allowed to cure in the aging environ-
ments for 6 days. After curing, the specimen was removed from the
environment and the excess adhesive on the sides was removed to
facilitate the monitoring of the crack growth. The specimen was then
tested at room temperature. The MMF specimen was used to obtain
the fracture toughness for the adhesive system in the unaged con-
dition and after saturation in the 80% RH and 96% RH environments.
The dimensions for the MMF are given in Fig. 5.

FIGURE 5 Dimensions of the MMF specimen (width 12.7) (all dimensions
in mm).

FIGURE 6 Experimental results and modelling for the MMF specimen (load-
displacement).
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The specimen was supported by rollers and loaded in displacement
control at 0.05 mm=min. Results are shown in Figs. 6 and 7. The failure
load dropped significantly in the presence of moisture. For both the dry
and for the MMF saturated at 80% RH, the load-displacement curve
showed a smooth peak around the maximum load, whereas, the speci-
men saturated in the 96% RH exhibited a more abrupt decrease in load
after the peak load was reached. This was due to the change in failure
locus after aging at 96% RH. The interface was the weakest link of the
joint after aging in 96% RH, whereas the failure was cohesive (near the
interface) for the other two environments. On initial detection of crack
growth, the test machine was stopped and the crack length measured
using an in situ video microscope. The specimen was then loaded again
and stopped upon subsequent crack growth, and the crack length was
remeasured. This was repeated until the crack had grown to midspan.
MMF tests were not undertaken for immersion in water as it proved
difficult to produce a secondary bond in these conditions.

2.4. Joint Tests

The joints discussed here are a single-lap joint (SLJ) and an L-joint.
Before testing, the joints were immersed in water for up to a year.

FIGURE 7 Experimental results and modelling for the MMF specimen (load
crack length).
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The joints were tested at 1 mm=min, and the dimensions are given in
Figs. 8 and 9. The L-joint was loaded in a three-point pulloff configur-
ation; i.e., the skin was supported by rollers, and a displacement was
applied on the stringer (vertical leg of the angle). The experimental
results are plotted in Figs. 10 and 11. For both the stressed and the
unstressed SLJ, the load initially dropped rapidly and then levelled
off, decreasing at a lower rate. The reduction before levelling off
was, however, more severe for the stressed SLJ. The strength for
the stressed SLJ apparently increased for the specimens aged for
the longest time. This increase in strength is not yet fully understood.

The failure mode for the dry joint was mainly cohesive. For the wet
joint, the amount of interfacial failure increased with aging time. The
failure surfaces of the SLJ after immersion for 26 weeks are shown in
Fig. 12. The failure surface of the L-joint after 30 weeks of immersion
can be seen in Fig. 13. From the figures, it can be seen that the inter-
facial damage was apparently more severe for the stressed SLJ and
the L-joint than for the unstressed SLJ.

FIGURE 8 Dimensions of the SLJ (all dimensions in mm).

FIGURE 9 Dimensions of the L-joint (width 25, R 0.76 on the flange where
not given) (all dimensions in mm).
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FIGURE 10 Experimental results and predictions for the SLJ (unloaded and
loaded at 800 N).

FIGURE 11 Experimental results and predictions for the L-joint.
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3. MODELLING

The failure response of the joint was simulated using a CZM. A two-
parameter CZM was used where separations in modes I, II, and III
were accounted for. However, the fracture energy (which determines
material failure, Fig. 14) in all modes was the same. The CZM para-
meters were the energy (C0) and the tripping traction (ru). The stiffness
before unloading was set high to avoid any significant compliance of the
CZM element before the onset of damage (Fig. 14). Plasticity and creep
have been incorporated in the adhesive continuum elements as out-
lined in the next few paragraphs. The commercial FE (finite element)

FIGURE 12 Failure surfaces for the SLJ after 26 weeks for the a) SLJ
(unstressed) and b) SLJ stressed.

FIGURE 13 Failure surfaces for the L-joint after 30 weeks of immersion.
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package, ABAQUS (Hibitt, Karlsson & Sorensen, Inc., Pawtucket,
RI, USA) was used for all the numerical modelling work. Nonlinear
springs (ABAQUS 6.5: 18.1.1) were used to specify the traction–
separation law at the interface in the two-dimensional (2D) modeling.
In the three-dimensional (3D) model, the traction–separation law was
modelled with ABAQUS CZM elements (ABAQUS 6.5: 18.5.1) as these
became available only after the 2D modelling work had been com-
pleted. The responses of the two different elements were shown to be
equivalent.

CZM is CPU intensive, and therefore, it was convenient to model
the joints in 2D if appropriate. Extensive diffusion and stress analysis
without CZM elements were, thus, carried out to determine if 2D
models could be used. First, assessment of the diffusion in 2D and
3D modelling was undertaken. Then stress analysis (linear material
properties but nonlinear geometry) was carried out to determine for
which joints a 2D model could be used. Additionally, the residual stres-
ses due the mismatch of thermal expansion and swelling in the joints
were compared with the mechanical stresses at the failure load to
determine if these had to be included in the CZM. For the NCA
and the MMF specimens, only saturated conditions were considered,
and the diffusion did not need to be modelled explicitly. It was found
that the diffusion in the SLJ could be modelled accurately in 2D as
the width was twice as long as the overlap and, thus, diffusion from
the sides was less significant. However, the L-joint had to be modelled
in 3D as the overlap was square.

FIGURE 14 Shape of the CZM used throughout the study.
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The stresses in the NCA specimen were found to be accurately mod-
elled assuming plane stress conditions. This was because the coating
was thick and constrained only by a substrate on one side. The dry
MMF specimen was best represented with plane stress in the sub-
strate and plane strain in the adhesive. The wet MMF specimen, hav-
ing a thicker adhesive layer, was best represented with plane stress in
both the adhesive and the substrate. The substrate was not con-
strained in the width direction, and this was why the plane-stress
assumption was a good representation of the stress state. Plane strain
did represent the adhesive stress state better for the specimen with a
thin adhesive layer as it was heavily constrained by the substrate.
However, the thick adhesive layer allowed for some movement in
the width direction, and therefore, plane stress was seen to accurately
represent the adhesive stress state in these joints. The SLJ was mod-
elled accurately assuming plane-strain conditions as the adhesive was
constrained by the substrates and the adhesive layer was thin.
Neither thermal nor swelling residual strains were significant and
did not have to be included. In other work, not reported here [32],
joints had mixed substrates and the residual stresses were then more
significant.

Analyses were also undertaken using von Mises and a linear
Drucker–Prager plasticity model (ABAQUS 6.5: 11.3.1). When using
von Mises plasticity and the experimentally determined stress-strain
curve (Fig. 1), global collapse occurred for the SLJ at a load lower than
the experimental failure load. This clearly indicated the need for the
more advanced pressure-dependent Drucker–Prager yield model.
Using a friction angle (the angle between the horizontal axis and the
initial yield curve in the equivalent stress–hydrostatic pressure space)
of 32.5� in the Drucker–Prager model resulted in a global collapse load
higher than the experimental failure load and was similar to the fric-
tion angle used by Wang and Chalkley [33]. Adhesive plasticity had to
be included in the modelling because the fracture energy initially
increased with crack length for the MMF specimen. This R-curve
behaviour could only be simulated when using adhesive plasticity.
This aspect has been discussed in much greater detail elsewhere
[34] for the unaged joints.

The CZM in the following sections was, undertaken in 2D where
appropriate, as discussed previously. First, the CZM parameters were
determined for various moisture concentrations using the MMF and
NCA specimens. These parameters were then used to predict the
response of the SLJ. Finally, the response of the L-joint was predicted.
The adhesive continuum was modelled using a linear Drucker–Prager
model, as explained previously, with a friction angle of 32.5� and
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moisture-dependent hardening as determined experimentally (Fig. 1).
Creep was included when modelling the aging of the stressed SLJ,
using the parameters in Table 3.

Initial CZM modelling of the MMF specimen was undertaken to
assess mesh effects. Four noded plane-strain elements were used,
and the finer mesh can be seen in Fig. 15.

The effect of the predicted failure load at two different energy levels
and for various tripping tractions can be seen in Fig. 16. The response
was mesh independent if the CZM properties were chosen so that they
resulted in a response below the region where the process zone length
(PZL) became discontinuous. The CZM properties used throughout
this study operated in this mesh-independent region.

3.1. Determination of Time Independent CZM Parameters
for the Aging Environments

The CZM parameters were determined from the MMF specimen for
unaged conditions and for saturation at 80% RH and at 96% RH.
The mesh used for the MMF model with the thicker adhesive layer
specimen is shown in Fig. 15. Four noded elements were used, and
the smallest element along the crack path was 0.25 mm. The upper
interface strength was modelled with CZM elements as the precrack
was at that interface.

The tripping traction was determined by the onset of nonlinearity in
the load-displacement response (Fig. 6). The fracture energy (C0) was
then determined by correlating the simulated load–crack length char-
acteristics with the experimental results (Fig. 7). This gave a unique
set of CZM parameters for each of the aging environments. The simu-
lations using the calibrated parameters are shown in Figs. 6 and 7.
The excellent match between experiment and simulation is clear.

FIGURE 15 Mesh used for the MMF specimen.
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The CZM parameters for saturation by immersion in water were
determined from the NCA test. The debond strain obtained from the
model was correlated with the recorded initial experimental debond
strain. The results can be seen in Fig. 4.

The moisture-dependent fracture energy and tripping traction para-
meters determined from the MMF and NCA calibrations are shown in
Fig. 17. The fracture energy was seen to decrease rapidly initially and
then flatten out, whereas the opposite occured for the tripping traction.

3.2. Prediction of the Aluminium Single-Lap Joint

The determined CZM parameters were used in this section to predict
the durability of the SLJ. The prediction was undertaken in two steps.
First, the moisture profile throughout the joint was predicted in a dif-
fusion analysis. Then, the predicted moisture profile was read in as a
predefined field in the subsequent CZM of the SLJ because both the
adhesive continuum and CZM parameters were a function of the
moisture concentration (Figs. 1 and 17). The mesh used for the SLJ
throughout this section is shown in Fig. 18. The fillet was modelled
to get as accurate a correlation between the model geometry and the
experimental test specimen as possible.

FIGURE 16 Effect of the CZM parameters (elastic adhesive continuum).
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FIGURE 17 Determined moisture-dependent tripping traction and fracture
energy.

FIGURE 18 Mesh used for the SLJ.
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In the first section, the modelling of the unstressed SLJ is discussed,
and in the second section, approaches to model stress-dependent
effects are developed.

3.2.1. Unstressed SLJ
The prediction of the unstressed SLJ was undertaken as described

previously. First, diffusion analysis for the different aging times was
carried out. The predicted field was then read in as a predefined field
in the progressive damage modelling to model the response and the
failure load of the SLJ. The results are given in Fig. 9. The predicted
response is seen to correlate well with the experimental results.

The predicted damage initiation and crack growth in a dry and a
wet SLJ can be seen in Fig. 19. The dashed and the solid lines
represent damage initiation and material rupture, respectively. From
the graph it can be seen where the damage initiated on the overlap
and the characteristics of the subsequent crack propagation through
the joint. For both the dry and the wet joints, the damage initiated
at the bimaterial interface corner (Fig. 20). The crack then propagated
through the fillet in the dry joint. After the fillet failed, the joint failed

FIGURE 19 Failure paths through dry and aged (365 days in water)
aluminium SLJ.
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by limit state collapse because the tripping tractions could not be
achieved. This was due to the large plastic zone around the cracked fil-
let as the load now was carried by the part of the overlap not yet
yielded. However, the failure load was, governed by the initial failure
of the CZM elements in the fillet region. For the wet joint, damage
initiated over the whole overlap before failure occurred catastrophi-
cally by rapid crack propagation through the entire overlap.

3.2.2. Stressed SLJ
The strength of the stressed lap joints during aging was seen to

degrade more than the unstressed ones (Fig. 10). The mechanisms
considered for this apparent stress-induced effect were stress
enhanced degradation and stress-enhanced diffusion. When modelling
the stress-enhanced degradation mechanisms, creep was included in
the modelling by defining the viscoplastic response using a power
law [Eq. (1)]. The parameters derived and given in Table 2 were used
and were set to be a function of the current moisture concentration at
the material points. However, the creep strain was small (less than the
elastic strain) even after exposure for a year at the aging load (800 N).
This indicates that the severe degradation was not due to creep
failure.

Stress-enhanced diffusion. The ingress of water may be enhanced
in the presence of stress and can be related to the change in free

FIGURE 20 Damage in the wet SLJ (8�magnification of the displacements).
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volume by a Doolittle [35] equation [36]:

ln
Dr

D0

� �
¼ a

1

Wf 0
� 1

Wfr

� �
;

Wfr ¼ Wf 0 þ
DV

V0

� �
;

Wf0 ¼M1
qM

qW

;

where Wf0 is the free volume fraction in the unloaded condition, qW and
qM are the density of water and matrix, respectively, and a is a con-
stant of proportionality. Both stressed and unstressed volumes relate
to the test temperature (50�C), which was the same for both the
unloaded and loaded tests.

Neumann and Marom [36] have determined the value of a by fitting
the equation to uptake data for an epoxy aged at 52�C under various
stress levels. The value of a found was 0.033. Fahmy and Hurt [37]
used a value 0.31 to predict the diffusion in stressed epoxy samples.
However, this was, determined assuming the polymer to be above
the glass transition temperature, and hence, the dependence on stress
was overestimated.

The change in free volume is equal to the volumetric strain. Hence,
when modelling stress- or strain-dependent diffusion, the diffusion
coefficient can be set to be dependent on the volumetric strain:

DV

V0
¼ ex þ ey þ ez:

The stress-dependent diffusion was simulated by defining a solution-
dependent field variable as the volumetric strain, using a USFLD
FORTRAN subroutine (ABAQUS 6.5: 25.2.39) in a coupled stress-dif-
fusion analysis (ABAQUS 6.5: 6.5.4). A stress dependence based on the
volumetric strain corresponding to the higher value of a was used.
(This gave an increase of 50% in the diffusion coefficient at 25 MPa
uniaxial tension.) The mesh used is showed in Fig. 17. The results
for the stress-enhanced diffusion (SEDi) can be seen in Fig. 10. The
strength does not reduce sufficiently even though the stress-depen-
dent diffusion was overestimated.

Stress-enhanced degradation (SEDe). The other mechanism con-
sidered was stress-enhanced degradation. The approach used to model
this is described next.
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A chemical reaction can often be described by a first-order equation.
The degradation due to stress was, thus, included in the following
manner:

�dS

dt
¼ A� c� r� S;

where A is a constant, c is the moisture concentration, S is the (stress-
degraded) retained strength ratio (varying from 1 to 0), and r is the
equivalent stress. No stress-dependent degradation was assumed to
occur if the stress was below a threshold stress (rt), following an
approach often used in fatigue testing.

The rate of degradation was assumed to be much faster than the
moisture ingress and therefore could be related directly to the moist-
ure concentration. The equivalent moisture concentration (ceq), which
takes both moisture and stress dependence into account, was thus
postulated as:

ceq ¼ cþ ð1� SÞ � ðcsat � cÞ;

where c is the moisture concentration and csat is the saturation content
in water. When there are no stresses in the joint, S ¼ 1 and ceq ¼ c.
This is consistent with the approach outlined for unstressed SLJ in
Section 3.2.1. When stresses are present in the joint during aging then
ceq increases faster than c.

This was implemented by undertaking a fully coupled stress-dif-
fusion analysis in which ceq was obtained by using a USFLD routine
in which S was calculated at each integration point using the following
recursion algorithm:

StþDt ¼ St þ Dt� dS

dt
:

The enhanced degradation parameters were then transferred to a sub-
sequent failure analysis. In the failure analysis, the CZM parameters
were set to be a function of the ceq instead of c.

Various analyses were undertaken to determine A and the thresh-
old stress rt by correlating the numerical results with the modelling.
The best-fit parameters can be seen in Table 4.

The results can be seen in Fig. 10. There was a good correlation
between the numerical simulation and the experimental results for
all aging times except the joint aged for 52 weeks, where the strength
apparently increased. This increase in strength is not yet fully under-
stood, but the failure mode was not significantly different from that at
26 weeks, and control specimens showed no postcure over this period.
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3.3. Predicting the Response of the Aluminium L-Joint

The L-joint was modelled in only 3D because the overlap was
25� 25 mm, so moisture diffusion in all directions was equally signifi-
cant. Various analyses were carried out for the dry joint with different
mesh sizes because the 3D model was computationally expensive and
using a coarser mesh reduced the computational time considerably.
The mesh sizes considered were 0.125� 0.35� 0.95 mm, 0.06� 0.2�
0.5 m, and 0.06� 0.15� 0.4 mm. The mesh with the intermediate mesh
size can be seen in Fig. 21. Both the substrates and the adhesive were
modelled with eight-noded brick elements.

The predicted response of the dry L-joint using the CZM parameters
determined with different mesh sizes can be seen in Fig. 22. The
analyses with different mesh sizes gave very similar results. This indi-
cated that the mesh size was small enough to ensure that the PZL was
continuous for all three meshes. Thus, the coarsest mesh was used in
the subsequent analysis of the wet joints.

The predicted load-displacement curve is compared with the experi-
mental results in Fig. 22 for the dry joint. The predicted strength was
marginally underestimated. Both the experimental data and numeri-
cal simulation showed the same type of failure: first progressive and
then, at the end, catastrophic (Fig. 22). The initial mismatch in joint
stiffness is due to machine displacement, which was present in the
experiment but was not included in the FE modelling.

The simulated crack growth through the dry L-joint was as
expected because it was under plane-strain-type conditions in the
centre of the joint and plane stress at the edge. The simulated crack
growth correlated well with the image of the failure surface (Fig. 23),
with the crack propagation in the centre in advance of that of the
edges. Both simulated and actual crack fronts were curved, with crack
growth being more advanced in the centre than at the edge.

The crack propagation through the dry joint can be seen in Fig. 24a
and 24c (showing the displacement and load at which the CZM
released at each point in the adhesive). As seen in Fig. 24a, the crack
propagates slightly faster in the centre of the joint. The corresponding
propagation in a joint aged for 52 weeks can be seen in Figure 24b

TABLE 4 Parameters Determined for the
Stress-Enhanced Degradation

A (s�1 MPa�1) rt (MPa)

1.3� 10�6 4
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and 24d. The crack propagated with an increase in load through wet
adhesive until the dry adhesive was reached (Fig. 24d). In the exposed
joints, the crack propagated faster at the wet edge than in the centre of
the joint (Fig. 24b).

3.3.1. Cathodic Delamination
The predicted strength of the L-joints can be seen in Fig. 11. The

rate of degradation for the predicted joints was slower than that found
experimentally. There were signs of corrosion on the substrates and
debonding of the adhesive before testing on some of the joints. This
might be due to an electrochemical process (because the joints were
immersed in tap water and not deionised water) in the form of cathodic

FIGURE 21 a) Intermediate mesh used for the L-joint and b) close-up of the heel.
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FIGURE 22 Predicted (three different mesh sizes) and experimental load-
displacement responses of the L-joint.

FIGURE 23 Comparison between the experimental crack propagation and
the modelled crack propagation in the dry joint: a) image of L-joint surface
and b) the modelled damage in the dry joint (light and dark gray represent
failed and undamaged elements, respectively).
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delamination [11]. Cathodic delamination consists of the following
reactions (Fig. 25): electrons of the free exposed aluminium surface
are dissolved

Al! Al3þ þ 3e�

and in the relatively anodic region covered with epoxy, oxygen and
water react with the electrons to produce hydroxyl ions:

O2 þ 2H2Oþ 4e� ! 4OH�:

Hydroxyl ions are deleterious [38] to the interface strength, the
adhesive debonds, the newly exposed aluminium now acts as cathode,
and the remaining bonded overlap acts as the anode. This process
continues until the whole overlap has debonded.

Cathodic delamination in the L-joints was modelled as follows.
Delamination was set to occur when the adhesive had experienced a

FIGURE 24 Load and displacement at crack propagation (CZM element fail-
ure) through the L-joint (3D, coarse mesh): a) displacement (dry), b) displace-
ment (wet, 365 days immersion), c) Load (dry) and d) load (wet, 365 days
immersion).
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critical moisture content for a certain period of time. After delami-
nation had occurred, the diffusion was set to be very fast at the critical
location in question, thus moving the boundary conditions forward.
The parameters are the critical moisture content above which
delamination occurs and the time for delamination to occur after this
level has been achieved (delay time). This was implemented using the
USFLD routine in a diffusion analysis.

The delamination parameters (moisture concentration and delami-
nation flag) were then transferred to a failure analysis. In the failure
analysis, the CZM strength was set to zero at material points where
delamination was flagged as having occurred. Elsewhere the CZM
strength was dependent on the moisture concentration.

The effect of using different parameters is seen in Fig. 10. The critical
moisture content governs when the delamination occurs, whereas the
delay time determines the rate once the delamination has started. A criti-
cal moisture content of 0.99% of the saturation level in combination with
a delay time of 2 weeks was seen to give a reasonable prediction.

4. CONCLUSIONS AND FUTURE WORK

The ingress of moisture in the adhesives was determined with gravi-
metric experiments. The uptake rate was seen to be strongly depen-
dent on the temperature but essentially unaffected by the moisture
saturation level. The saturation level increases, as expected, with
the RH for all bulk specimens.

The fracture energy for various moisture concentrations was
determined with MMF and NCA specimens. The fracture energy was
seen to decrease significantly in the presence of water at the interface.

The CZM parameters were determined from these tests. The trip-
ping traction could be determined from the load-displacement

FIGURE 25 Schematic representation of cathodic delamination in an
adhesively bonded joint.

Modelling Environmental Degradation 1087

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
3
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



response of the MMF joint by identifying the onset of nonlinearity.
When the tripping traction had been determined in this way, the frac-
ture energy (C0) was determined by correlating the experimental fail-
ure load to the simulated failure load. The CZM for immersion in
water was determined from the experimental NCA specimen test
results.

The determined parameters have been used to predict the residual
strengths of a number of different joint configurations. The predictions
of the aluminium SLJ aged by immersion in deionised water were
good. For the aluminium joints that were stressed during aging,
stress-enhanced degradation had to be included. The model para-
meters were determined by correlation of the experimental failure
load with the results from the simulations. Stress-enhanced diffusion
did not contribute significantly to the rate of degradation.

The prediction of the dry L-joint was good. However, the wet predic-
tions were overestimated. Therefore, cathodic delamination was
included in the model because the joints were immersed in tap water.
When including this degradation mechanism, the experimentally
determined reduction could be simulated.

Despite the developments, the effect of corrosion and stress has to
be studied in greater detail and the models improved further.
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