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environment to study the mixed-mode fatigue behavior. Under constant humidity environments, the

fatigue threshold strain energy release rate initially decreased with aging time until it reached a constant

minimum value for long times. In contrast, the crack growth rates continued to increase with aging time.

It is hypothesized that at crack growth rates close to threshold the fatigue behavior is governed by the

epoxy matrix, whereas at relatively high crack growth rates the fatigue behavior is governed by the loss of

the rubber toughening mechanism. Increasing the aging temperature accelerated the degradation of the

joints leading to a reduction in the time to reach the constant minimum value and increased the crack

growth rates.

Under a cyclic aging environment with intermittent salt spray, neither the threshold strain energy release

rate nor the crack growth rates degraded until four weeks of aging. The superior fatigue performance of these

joints compared to joints aged in constant humidity environments was due to the lower water concentrations

in the adhesive while aging. This conclusion was supported by moisture uptake measurements of the adhesive

in deionised and salt water environments that showed simple Fickian behavior at room temperature and

dual-Fickian behavior at higher temperature. The salt water environment produced osmotic pressure that

decreased the moisture concentration in the second stage of diffusion.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Moisture can degrade adhesive joints by damaging the
adhesive–adherend interfacial region or the adhesive itself. The
effect of moisture on bulk epoxy adhesives depends on whether
the absorbed water molecules are in a free or bound state [1]. Free
water molecules plasticize and soften the adhesive, decreasing its
glass transition temperature [2]; however, these effects are rever-
sible upon drying. Bound water molecules, on the other hand,
introduce irreversible damage to the adhesive by hydrolysis and
chain scission [3]. Su et al. [4] studied the fatigue degradation of
steel double lap joints made from several different epoxy adhesives
subjected to different aging environments, and found that the
adhesive that absorbed the most moisture also degraded the most.
Hence, it is important to characterize the moisture diffusion
behavior of an adhesive in order to understand its fatigue
degradation behavior.

The fatigue behavior of fresh (undegraded) adhesive joints has been
studied extensively in ambient test environments [5,6] and aggressive
ll rights reserved.
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test environments [7–9]; however, the fatigue performance of aged
adhesive joints is not well understood. Ferreira et al. [10] found that
increasing the temperature of the aging environment decreased the
fatigue life of composite adhesive lap joints, and related this behavior
to the increased creep deformation with temperature. Lubke et al. [11]
found that the fatigue behavior of epoxy-aluminum DCB joints
degraded more in a high-humidity aging environment than in a
natural outdoor environment; however, only mode I loading was
considered. In contrast, Su et al. [4] found that the fatigue life of
epoxy-steel double lap joints was more or less the same in both
outdoor and high-humidity environments. In all these tests, the closed
adhesive joints were first aged for relatively long periods and then
fatigue tested in an ambient environment.

Closed joints are usually used in degradation studies, although
they take a long time to degrade due to the length of the diffusion
paths, and the degradation is non-uniform across the joint area.
This non-uniform degradation makes it difficult to associate a loss
of joint strength with a particular level of degradation. These
limitations can be overcome using open-faced specimens that
reduce the length of diffusion path to the thickness of the adhesive
layer, thus producing a relatively uniform state of moisture
concentration and degradation in a relatively short period of
time. Open-faced specimens have previously been used to study
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degradation under quasi-static loading [12–16], and the present
study extends their application to cyclic loading.

This paper investigates the effect of the aging environment on
the mixed-mode fatigue behavior of open-faced joints made
with aluminum alloy adherends and a highly-toughened epoxy
adhesive. The experiments illustrate the effects of aging time and
temperature on both the fatigue threshold and crack growth rates
(CGR). The experiments also compare the durability of joints aged
in constant humidity and cyclic environments.
Table 1
Stages of the cyclic aging environment.

Aging stage Temperature and humidity Elapsed time (h)

Ambient stage 2573 1C, 45710% RH 0–8

Humid stage 4972 1C, 100% RH 8–16

Dry stage 6072 1C, o30% RH 16–24

Salt spray was applied in the ambient stage four times for 30 s each.
2. Experiments

2.1. Specimen preparation

Both open-faced and closed asymmetric double cantilever beam
(ADCB) specimens were made using a proprietary DGEBA-based, heat-
cured, rubber-toughened structural epoxy adhesive, and AA5754-O
aluminum sheet with a commercial coil-coated pretreatment. Since
this pretreatment could not be reliably reproduced on thicker bars,
fatigue test specimens were made with 2 mm thick sheets that had
been commercially pretreated. To avoid yielding of these relatively
thin sheets while applying a wide range of strain energy release rates,
G, the reinforcement technique discussed in Ref. [17] was used; i.e. the
sheet was stiffened by bonding it to an AA6061 aluminum bar using a
‘‘reinforcing’’ layer of adhesive.

2.1.1. Open-faced specimens

The fatigue behavior was studied in various environments using
open-faced ADCB specimens. On one side of the sheet, a 0.4 mm thick
‘‘primary’’ layer of adhesive was cast using a backing plate coated with
polytetrafluroethylene release agent, while the other side of the sheet
was reinforced by attaching it to a 12.7 mm thick P2-etched
aluminum AA6061 bar using a 0.4 mm thick reinforcing layer of
adhesive (Fig. 1). Since under mixed-mode loading the crack path is
close to the more highly strained adherend [18], the reinforced
pretreated sheet was used only as one of the adherends and the other
adherend was made from a thicker aluminum bar. The desired
bondline thickness was achieved by placing 0.4 mm size piano wires
in both the primary and reinforcing adhesive layers. Since both the
primary and reinforcing layers utilized the same adhesive, both layers
could be cured in a single step using the cure profile recommend by
the manufacturer; i.e., at least 30 min at 180 1C. The assembly was
clamped using large binder clips (25.4 mm wide by 50.8 mm long,
from ACCO brands) that were centered directly above the spacing
wires in both adhesive layers to avoid an uneven bondline thickness.
After curing, the backing plate was removed and the open-faced
specimens (Fig. 1) were exposed to various environments for a range
of times, as shown in Tables 1 and 2.

The present experiments focused on the effects of irreversible
degradation by drying the aged specimens in a vacuum oven
containing anhydrous calcium sulphate at 40 1C for approximately
7 days. This eliminated reversible effects such as plasticization by
water molecules [13]. After drying, the complete ADCB specimen
(Fig. 2) was made by bonding the primary adhesive layer of the
open-faced specimen to a 25.4 mm thick P2-etched aluminum
Fig. 1. Open-faced specimen used for aging. The arrows indicate the
AA6061 bar using a 0.25 mm thick ‘‘secondary’’ layer of adhesive
(the P2 etch uses sulphuric acid as described in [19]). The bondline
thickness of the secondary layer was achieved by placing 0.65 mm
diameter (sum of primary and secondary layer thicknesses) piano
wires between the sheet and the second adherend in locations
without adhesive. In order to improve the bonding between the
primary and secondary adhesive layers, the degraded primary layer
was sanded lightly with a 100 grit sand paper, wiped with acetone
and then dried prior to the application of the secondary adhesive.
After the secondary cure, the excess adhesive on the sides of the
specimen was removed using a belt sander with a 120 grit sand
paper and water as a coolant, followed by hand sanding with a 600
grit sand paper. A thin layer of white paper correction fluid diluted
with hexane was then applied to enhance the observation of the
crack tip during the fatigue testing.

2.1.2. Closed specimens

To investigate whether the presence of the secondary adhesive
layer had any effect on the fatigue behavior of the adhesive primary
layer, fatigue tests were also carried out on closed ADCB specimens
made with a single 0.4 mm thick layer of adhesive between the
sheet and second adherend. This choice of bondline thickness was
made following the work of Ameli et al. [16], who found that the
fracture toughness of double-layer joints depended on the thick-
ness of the primary layer of adhesive, but not on the combined
thickness of the primary and secondary layers. Therefore, the
thickness of the adhesive layer in these closed specimens was
chosen to be equal to the thickness of the primary layer in the open-
faced specimens. The configuration of these closed specimens was
the same as the open-faced specimens (Fig. 2), except for the
absence of the secondary adhesive layer.

2.2. Aging conditions

Open-faced specimens were exposed to either a constant or
cyclic humidity environment. Two different constant humidity
environments were used: one at 40 1C and other at 60 1C, both at
95% relative humidity (RH). A constant RH was achieved by placing
the specimens in air-tight plastic containers that contained a
saturated salt solution of K2SO4. To maintain a constant tempera-
ture, the containers were placed in temperature controlled ovens.

For the cyclic environment, the conditions were varied between
the ambient, humid, and dry stages in a daily cycle as shown in
Table 1. During the ambient temperature stage, the specimens
were exposed to a salt spray (salt fog) four times for 30 s each, as
direction of moisture diffusion into the primary adhesive layer.



Table 2
SDF model parameters of the adhesive for both humid environments studied.

Environment H2O content (g/m3) Absorption Desorption Mr (%)

D17SD (10�14 m2/s) D27SD (10�14 m2/s) M1N7SD (%) MN7SD (%) td
1/2 (s1/2)

40 1C and 95% RH 48.0 134717 3.970.7 3.3470.09 4.7870.15 532 1.40

60 1C and 95% RH 121.7 314725 8.970.9 3.6870.11 6.9870.18 315 1.72

Each data point is the average of three repetitions, where SD indicates the standard deviation.

Fig. 2. Configuration of open-faced reinforced ADCB specimen after being closed (dimensions in mm, not to scale). The thickness of primary, secondary, and reinforcing

adhesive layers are 0.4, 0.25, and 0.4 mm, respectively, and the thickness of the sheet is 2 mm. The location of the clip gauge is also shown. The upper adherend is the open-

faced adherend shown in Fig. 1.
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described in Ref. [20]. The salt solution used in the salt fog was
composed of 0.9% NaCl, 0.1% CaCl2, and 0.075% NaHCO3 (percen-
tages by weight).

2.3. Gravimetric measurements

The moisture uptake of the adhesive was characterized using
gravimetric measurements of two sets of three adhesive wafers
(30�30�0.4 mm3) immersed in either salt water or deionised
water. To ensure an initially dry state, the samples were kept in a
vacuum oven at 40 1C for 7 days prior to immersion. The mass
uptake was measured by weighing the wafers at fixed time
intervals, after removing them from the liquids and drying them
with clean tissue paper.

2.4. Fatigue tests

Fatigue testing was performed with a servo-hydraulic load
frame under displacement control using a sinusoidal waveform at a
frequency of 20 Hz. A constant displacement ratio (i.e. ratio of
minimum to maximum displacement, dmin/dmax) of 0.1 was used.
The testing began with the application of the highest strain energy
release rate, G, which then decreased as the crack grew under
constant displacement until the threshold crack growth rate of
10�6 mm/cycle was reached at the threshold strain energy release
rate, Gth. The joints were enclosed in a chamber containing
desiccant to maintain a room temperature dry environment
(o10% RH) while testing.

2.4.1. Crack length measurements

The crack length was measured using both optical and specimen
compliance methods. Optical measurements were performed using
a CCD camera mounted on a motorized linear stage. A telescopic
lens attached to the camera allowed a field of view of 2 mm. To
obtain clear photographs of the crack tip, load cycling was stopped
and held at the mean load for 15 s every 9000 cycles. The specimen
compliance was obtained from the relationship between the crack
opening and the applied force during the unloading portion of the
loading cycle. A clip gauge (model 3541, Epsilon Technology Corp.,
Jackson, WY, USA) recorded the opening displacement at the
loading pins (Fig. 2). For each specimen, a polynomial relationship
between the optically observed crack length and the specimen
compliance was established according to ASTM E647 [21]. Using
this relationship, the crack length was inferred from the continuous
clip gauge compliance data, and used in all calculations of crack
growth rate and G.

2.4.2. Strain energy release rate calculations

A beam-on-elastic-foundation model for unequal adherends
was used to calculate G and phase angle, C (defined as
c¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffi
GII=GI

p� �
, where GI and GII are the mode I and mode

II strain energy release rates, respectively), from the measured
force and crack length [17]. The average phase angle calculated
using the model was 141 for the ADCB specimen, with only a
negligible change occurring as the crack grew. For example, C
increased by only 21 for an increase in crack length from 40 to
120 mm [17]. The phase angle in the closed open-faced joints was
essentially the same as that in the closed joints that were made for
comparison without the secondary adhesive (difference of less
than 0.51).

2.5. Measurement of residual adhesive thickness

To define the crack path, the thickness of the residual adhesive
on some of the fracture surfaces was measured at various crack
lengths on the more highly-strained adherend. The elevation
datum corresponding to the steel interface was established by
removing residual adhesive from a narrow region on both sides of
the joint width using a solvent (mixture of methylene chloride
and methyl alcohol; Glue Buster, Kosmic Surf-Pro Inc., Saint
Amable, Quebec). An optical profilometer (NANOVEA ST400, Micro
Photonics Inc., CA, USA) was used to make a line scan across the
width of the joint with both ends on the datum regions, thereby
giving the thickness of the residual adhesive layer.
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3. Results and discussion

3.1. Moisture diffusion

For constant humidity environments, the water absorption of the
present adhesive was previously found to be non-Fickian, with a
pseudo-equilibrium state at intermediate exposure times before
reaching a final saturation state [22]. The water desorption, however,
was found to follow a simple Fickian trend [22]. The diffusion
coefficient of the first stage and the saturated were both functions
of temperature. Desorption studies showed that even after prolonged
drying the adhesive retained a significant amount of water, and that
the amount of retained water was proportional to the fractional mass
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deionised water at (a) room temperature and (b) 40 1C. Each data point is an average

of three repetitions. The standard deviation in each case was approximately 2%.

Table 3
SDF model parameters of the adhesive immersed in salt water and deionised water. Ea

deviation.

Temperature (1C) Solution D17SD (10�14 m2/s) D27

20 Salt water 37.675 –

Deionised water 30.72 –

40 Salt water 150711 16.

Deionised water 136730 16.
uptake at the end of the second stage. This absorption and desorption
behavior was characterized using a sequential dual-Fickian (SDF)
model [22], which is described in Appendix 1.

Fig. 3 shows the measured moisture mass uptake and the fitted
SDF model versus the square root of time for the adhesive wafers
immersed in salt water and deionised water. Table 3 lists the SDF
model parameters of the adhesive under both immersion condi-
tions. At room temperature, the second diffusion mechanism was
absent and the moisture uptake followed a simple Fickian behavior
where both the second stage diffusion coefficient, D2, and fractional
mass uptake, M2, were equal to zero. Furthermore, insignificant
differences in the fractional mass uptake M1N, and diffusion
coefficient D1, of the first stage were observed between both
immersion environments (t-test, 95% confidence interval), indicat-
ing that the salt did not affect the moisture diffusion behavior at
room temperature.

At 40 1C the moisture uptake followed a non-Fickian behavior,
as also seen in [22]. The first stage of diffusion was similar for both
immersion conditions (insignificant difference in M1N and D1, t-
test 95% confidence), whereas in the second stage the saturated
mass uptake was significantly lower for the samples that were
immersed in salt water than for those immersed in deionised
water. This is consistent with previous work which demonstrated
that increases in the concentration of the NaCl in a salt solution
decreases the saturated water mass uptake into an adhesive due to
osmosis [23,24]. Since the effect of the salt was observed only in the
second stage of diffusion, this implies that the osmotic effects were
predominant only during the second stage. Furthermore, using the
same adhesive used in this study, Ameli et al. [22] showed that the
diffusion mechanism in the first stage is governed by chemical
interaction between the water molecules and the epoxy matrix,
whereas the diffusion mechanism in the second stage is governed
by relatively mobile water molecules in the adhesive. Therefore, it
can be concluded that the salt water environment produces an
osmotic pressure that does not affect the chemical interactions of
the water molecules with the adhesive, but affects the diffusion
kinetics of the mobile water molecules in the epoxy during the
second stage of absorption.
3.2. Fresh open-faced specimens

To provide a baseline to which the effect of degradation can be
compared, fatigue tests were conducted on fresh open-faced
specimens. For these specimens, the secondary layer of adhesive
of 0.25 mm thickness was applied and cured immediately after the
primary layer was cured. The measured fatigue threshold strain
energy release rate, Gth, of these joints was 12579 J/m2 (7stan-
dard deviation, 3 threshold measurements with each threshold
from a single specimen).

The primary difference between an open-faced joint that has been
closed to form an ADCB and a conventional closed joint is the presence
of the secondary adhesive layer. This will increase the local
ch data point is the average of three repetitions, where SD indicates the standard

SD (10�14 m2/s) M1N7SD (%) MN7SD (%) td
1/2 (s1/2)

3.6470.1 3.6470.1 N

3.5370.1 3.5370.1 N

6675 4.2270.2 6.2670.1 580

4574 4.0670.1 5.4670.1 580
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compliance slightly and introduce a second cure cycle to the primary
adhesive layer. To investigate these effects, the fatigue behavior of
fresh open-faced joints was compared to that of the conventional
closed joints that were prepared with a 0.4 mm thick single layer of
adhesive. Fig. 4 shows that the average Gth of the open-faced
specimens was 9% lower than that of the closed joints, but this
difference was statistically insignificant (t-test, 95% confidence level).
Furthermore, Fig. 5 shows that the crack growth rate curves of both
the closed and open-faced joints overlap, indicating a similar fatigue
crack growth behavior. In all tests using the ADCBs made from the
open-faced joints, the fatigue crack path was within the primary
adhesive layer. Hence, it was concluded that the presence of the
secondary adhesive layer and the second cure cycle had an insignif-
icant effect on the fatigue behavior of the primary adhesive layer. This
is consistent with the fracture test results of Ameli et al. [16], who
showed an insignificant effect of a second cure cycle on the quasi-
static critical strain energy release rate of conventional closed DCB
joints prepared with the same adhesive used in the present study.

3.3. Aging of joints in constant Humidity environments

3.3.1. Effect of aging time and temperature on Gth

Fig. 6 shows the variation of Gth with aging time for 95% RH at 40
and 60 1C, and the average Gth of unaged open-faced joints. The curves
are the least-squares power function fits at each temperature. Two
stages of degradation were observed in each environment. In the first
stage, the threshold for the joints aged at 60 1C decreased by 65%
(from 12579 to 4376) and by a lesser amount, 54% (from 12579 to
5874) for the joints aged at 40 1C. In the second stage, Gth remained
constant at a low value with further aging. Increasing aging
temperature also increased the rate at which the joints degraded
and decreased the time to the onset of the second stage; i.e.
approximately after two weeks at 60 1C and after one month at 40 1C.

The quasi-static fracture toughness of the adhesive used in this
study was found previously to degrade in three stages [12].
Although these results were established with a different pretreat-
ment, since the crack path was cohesive in both the present study
and that of Ref. [12], the effect of pretreatment should be negligible.
In the quasi-static fracture study of ref. [12], the first two stages of
degradation were similar to those described above, but during the
third stage, after very long aging times, the critical quasi-static
fracture toughness decreased further. In the present study, it was
not possible to determine whether a third stage of degradation
might exist for specimens aged over 6 months at 60 1C and 95% RH,
because fatigue cracks grew in the reinforcing adhesive layer rather
than in the primary adhesive layer for these long exposure times.
This occurred because moisture diffused into the reinforcing layer
from the exposed sides of the open-faced joint, reaching moisture
concentrations of 3.8% at centre and 6.98% at the edges of the
reinforcing layer. This absorbed moisture was not completely des-
orbed while drying the primary adhesive layer, and probably
caused damaging internal stresses to develop during the secondary
cure cycle. Hence, the reinforcing layer was weaker than the primary
layer. This limitation could have been avoided by applying an
additional sealant to the sides of the open-faced specimens.
3.3.2. Effect of aging time and temperature on crack growth behavior

Fig. 7 shows the scatter in the crack growth rate curves of
specimens aged for two months at 40 and 60 1C. It can be seen that
the scatter is slightly larger in the degraded specimens than in the
fresh joints (Fig. 5). Fig. 8 shows the variation in the crack growth
rate curves with aging time at 40 and 60 1C, respectively. At shorter
aging times (up to one month at 40 1C and one week at 60 1C),
insignificant differences were observed between the crack growth
rate curves of fresh and aged joints. However, as the aging time
increased, the crack growth rates at a given applied Gmax increased
(i.e. the curves for the aged joints began to shift upward). This
happened sooner and to a large extent at 60 1C than at 40 1C,
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reflecting the accelerating effect of temperature on fatigue degra-
dation. This is illustrated further in Fig. 9, which shows that the
differences in the crack growth rates at the two aging temperatures
were insignificant after the first week of aging, and grew after that.
For example, at an applied Gmax of 250 J/m2, the crack speeds were
0.4, 5.8, 8.5, and 7.9 times greater at 60 1C than at 40 1C for aging
times of one week, two weeks, one month and two months,
respectively.

The threshold and crack growth rate behaviors were affected
differently by degradation. At 60 1C, Gth decreased to a saturated level
after two weeks of aging, whereas the fatigue crack growth rate
continued to decrease until after 4 months of aging. It is hypothesized
that the fatigue failure mechanisms near the threshold are different
from those at higher crack growth rates. Indeed, using a rubber
toughened epoxy adhesive, Azimi et al. [25] showed that adhesive
toughening mechanisms were absent at crack growth rates close to
the threshold, and that the fatigue behavior was similar to an
unmodified epoxy. Hence, it is likely that the continuing increase
in the crack growth rate with aging time was related to the loss of the
toughening mechanisms from the rubber particles, and the decrease
in Gth was related to the degradation of the epoxy matrix.

3.3.3. Effect of aging time and temperature on crack path

Fig. 10 shows that the crack paths in both the unaged and aged
joints were cohesive at all crack growth rates. Furthermore, the
thickness of the residual adhesive on the more highly-strained
open-faced adherend decreased monotonically with decreasing
crack growth rate (decreasing Gmax) in all specimens (Fig. 11). In
[17], a similar trend was explained in terms of the decreasing size of
the plastic zone at the tip of the crack as the applied G decreased.
Assuming that the average crack path tends toward the centre of
the plastic zone, the residual adhesive thickness will also decrease
as the applied G decreases and the crack slows. Related to this
argument, Fig. 11 also shows that at a relatively high crack growth
rates, the thickness of the residual adhesive decreased with aging
due to the lower associated G levels and the resulting smaller crack
tip plastic zones. The residual adhesive thickness in the threshold
region did not change appreciably with aging time.

3.4. Aging of joints in cyclic environment

Figs. 12 and 13 show the Gth and crack growth rate curves of
open-faced joints aged in the cyclic environment for two and four
weeks, respectively. Statistically insignificant differences were
observed in Gth and the slope of the linear Paris regions of the
fresh and aged joints (t-test, 95% confidence), indicating that the
joints were undegraded even after four weeks of aging in the cyclic
environment. In contrast, Figs. 6 and 8 show that, for the same aging
time, the joints degraded significantly in the constant humidity
environments. For example, after 4 weeks of aging, Gth of the joints
aged in the constant humidity environment decreased by 62%
(from 125710 to 47 J/m2) at 60 1C–95% RH and by 42% (from
125710 to 7270034 J/m2) at 40 1C–95% RH, whereas Gth of the
joints aged in the cyclic humidity environment increased slightly
by 3% (from 12579 to 128711 J/m2). It was therefore hypothe-
sized that the moisture concentration in the specimens aged in the
cyclic environment was below that in the specimens aged in the
constant humidity environments. To investigate this hypothesis, a
two-dimensional finite element model was used to estimate the
moisture concentration in the adhesive for specimens aged in the
cyclic environment.

The cross-section (0.4�18 mm2) of the adhesive layer was
modeled using a total of 192 4-node thermal PLANE55 elements
(ANSYS 12.0, Canonsburg, PA, USA), used with a thermal—diffusion
analogy. The top surface and the sides of the adhesive were
assumed to be at the saturated moisture concentration, and
moisture transfer was prevented on the bottom surface. To simplify
the model, water diffusion was approximated using Fick’s law
rather than the more accurate dual-Fickian mode. Table 4 shows
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to the linear Paris region of the crack growth curves shown in Fig. 8.

Fig. 10. Fracture surfaces on the more highly-strained (reinforced) adherend for: (a) unaged joint, (b) 2 weeks aged at 60 1C–95% RH, and (c) 4 months aged at 60 1C–95% RH.
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Table 4
Moisture diffusion parameters of the adhesive used in the finite element model.

Data is from [22].

Aging stage D (10�14 m2/s) MN (%)

Ambient stage 45 1.78

Humid stage 207 6.67

Dry stage 271 1.62
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Fig. 14. Moisture concentration (mass of water per unit mass of adhesive) profile at

the adherend–adhesive interface of the open-faced specimen exposed to the cyclic

environment.
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the adhesive diffusion parameters that were used for the different
stages of the cyclic aging environment of Table 1. These diffusion
parameters were taken to be those measured in [22], for the same
adhesive used in the present study. Mesh refinement did not
change the moisture concentration at the adhesive–adherend
interface by more than 0.1%.

Fig. 14 shows the finite element model predictions of the
moisture concentration versus aging time at the adhesive–adherend
interface, which is the locus of failure in the threshold region.
It can be seen that the moisture concentration at this interface
reached a cyclic equilibrium, varying between 2.2% and 4.3% after
the third day of aging. These concentrations were significantly
below the saturated moisture concentrations of 4.8% and 7.0% at
40 and 60 1C aging environments, respectively. Moreover, these
levels of water uptake would not increase with longer exposure
to the cyclic environment since drying and absorption reached
a cyclic equilibrium. This explains why the fatigue behavior of
the joints aged in the cyclic environment would be superior to that
of joints aged in the constant humidity environments. Moreover,
the intermittent salt spray application did not appear to accelerate
the degradation process, probably because of the decreased
saturated moisture concentration in the adhesive in the presence
of the salt solution. Finally, the thermal cycling aspect of this
accelerated aging test did not seem to produce any measureable
effect.
4. Conclusions

The mixed-mode fatigue behavior of degraded toughened
epoxy-aluminum adhesive joints was studied using open-faced
ADCB specimens. Both constant humidity environments and cyclic
environments were studied. In constant humidity environments,
the fatigue threshold and crack growth rate behavior were affected
differently. The fatigue threshold strain energy release rate, Gth,
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decreased from an undegraded value to a constant minimum value
that did not change even after prolonged aging. In contrast, the
crack growth rates continued to increase with aging time, showing
no tendency to reach a limiting value. It was hypothesized that the
continuing increase in the crack growth rate with aging time was
related to the loss of the rubber toughening mechanism, and that
the decrease in Gth was related to the degradation of the epoxy
matrix. Increasing the aging temperature accelerated the rate at
which Gth decreased from its initial value. The crack paths remained
cohesive in the adhesive layer in all of the experiments, with the
residual adhesive thickness on the more highly-strained adherend
decreasing as the crack growth rate (or applied G) decreased.

For joints aged in the cyclically changing environment with
intermittent salt spray, neither Gth nor the crack growth rates
degraded until after four weeks of aging. The superior fatigue
performance of these joints compared to joints aged in constant
humidity environments was due to the lower equilibrium water
concentrations in the adhesive, which were modeled using the
finite element method. This was supported by moisture uptake
measurements of the adhesive in deionised and salt water envir-
onments which showed that the diffusion was simple Fickian at
room temperature and dual-Fickian at the higher temperatures.
The salt spray produced an osmotic pressure that affected the
diffusion kinetics of the mobile water molecules in the epoxy
during absorption.
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Appendix A. Moisture diffusion

The sequential dual-Fickian (SDF) model was used to determine
the moisture concentration at any time, t, and distance, x, from the
boundary by [22]:

Cðx, tÞ ¼ 1�
4
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X1
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ð�1Þn

2nþ1
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where C1N and C2N are the saturated concentrations of the first and
second diffusion mechanisms such that C1N+C2N¼CN, where CN

is the total saturation concentration. D1 and D2 are the diffusion
coefficients of the first and second moisture uptake mechanisms,
respectively. td is the time at which the transition from the first
diffusion mechanism to the second one occurs, and F(t) is the
aviside step function which is equal to zero for negative values and
equal to one for positive values.

Integrating Eq. (A.1) over the spatial variable, the fractional
mass uptake, Mt for the SDF model at any time t is given by

Mt ¼ 1�
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where M1N and M2N correspond to the first and second uptakes,
respectively, and M1N+M2N¼MN. The fractional mass uptake at
any time t, Mt was determined experimentally using gravimetric
measurements according to

Mt ¼
Wt�Wi

Wi
� 100% ðA:3Þ

where Wi and Wt are the sample weights before any exposure
and after an exposure time of t, respectively. The model has 5
parameters: D1, D2, C1N, C2N and td. Further details on calculating
the model parameters are given in Ref. [22].
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