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The fatigue resistance of adhesively bonded joints is an important aspect of reliable structural design in
many sectors. In this paper, the effect of load ratio on the fatigue behaviour of adhesively bonded joints
was investigated using both experimental and numerical approaches. Single lap joints were tested

Keywords: under cyclic loading at different load ratios and load levels to characterise their response. A numerical
Epoxy model that accounts for the load ratio effect in constant amplitude fatigue loading was developed to
Finite element stress analysis predict the response of these bonded joints. The progressive damage of the adhesive material was
Eaﬁﬁuet' modelled using a cohesive zone approach with a bi-linear traction-separation response. Damage
Oad ratio

initiation and propagation phases were monitored using the backface-strain and in-situ video-
microscopy techniques. The load ratio effect on the fatigue behaviour of adhesively bonded joints was
successfully predicted using a strain-based fatigue damage model. The numerical results were found to

be in good agreement with the experimentally observed fatigue damage evolution and failure life.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Adhesively bonded structural joints have been widely employed
in various industries because of their advantages over the classical
mechanical fastening methods. Such advantages include better
fatigue resistance, eliminating fretting fatigue, reduction in structur-
al weight, better sealing and vibration-damping properties and
reductions in manufacturing costs. Although adhesively bonded
structural joints benefit from relatively higher fatigue strength in
comparison with other mechanical fastening techniques, fatigue
damage is still one of the major causes of failure. Moreover, fatigue
testing is often costly and time-consuming whilst predictive
numerical models can reduce time and cost, and effectively help
engineers to minimise the experimental effort required to attain a
reliable structural design.

Constant amplitude fatigue loading is characterised by three
load parameters: (a) maximum fatigue load, (b) load ratio (R, the
ratio of minimum to maximum fatigue load) and (c) frequency.
The effect of these fatigue load parameters depends on the type of
adhesive system and the joint configuration being used. Although
extensive work has been undertaken in investigating the effect of
fatigue loading characteristics on the fatigue behaviour of metals,
relatively few studies have been dedicated to the fatigue of
polymeric adhesive systems. The effect of load ratio has been
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found to be significant in the fatigue response of polymeric
materials [1-3]. It was observed that increasing the load ratio for
a constant maximum fatigue load increased the fatigue life [2-4]
and, conversely, for a constant load range, an increased load ratio
has a deleterious influence on the fatigue response [1]. However,
the effect of frequency on adhesively bonded joints was found to
be less important [1,4]. Therefore, in many cases, the maximum
fatigue load and the load ratio determine the fatigue response of
adhesively bonded joints.

Underhill and DuQuesnay [4] studied the influence of surface
pre-treatment and load ratio on the fatigue behaviour of
adhesively bonded joints. They showed that in poorly bonded
joints, the maximum fatigue load governed the fatigue behaviour
whilst the load ratio had little influence. This was because as soon
as the maximum load is applied the weak bond becomes totally
damaged, leading to joint failure. Conversely, with good bonding,
because of the strong connection between the substrate and the
adhesive, total failure did not occur as soon as the maximum load
was applied and other fatigue loading characteristics, such as load
ratio affected the fatigue response.

The fatigue damage response of adhesively bonded joints has
been modelled by several researchers [5-7] using finite element
modelling. In these models, the adhesive material properties were
degraded based on a fatigue damage variable to simulate the
deleterious effect of fatigue. Solana et al. [6] and Shenoy et al. [5]
reduced the elastic and plastic properties of the adhesive bond
line based on a damage variable. Khoramishad et al. [7] utilised a
cohesive zone model to simulate the progressive damage in the
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adhesive bond line and degraded the cohesive zone properties to
model fatigue damage. Then, Katnam et al. [8] extended this
fatigue model in a preliminary attempt to incorporate the load
ratio effect. However, they did not take the sensitivity of the
adhesive system to the variation of the load ratio into considera-
tion and hence their model could only be used for a limited range
of adhesive systems.

In this paper, the effects of load ratio and maximum fatigue
load on the fatigue response of adhesively bonded joints were
studied experimentally and numerically. Single lap joints were
tested under fatigue loading at different load ratios and maximum
load levels. A numerical model that accounts for the load ratio
effect was developed and validated against the experimental
results to predict the fatigue response of adhesively bonded joints.

2. Experimental work

Single lap joints (SL]J) were manufactured and tested under
static and fatigue loading. In these joints, aluminium 2024-T3
substrates were bonded with FM 73 M OST toughened epoxy film
adhesive. The substrates were pre-treated prior to bonding. This
pre-treatment consisted of a chromic acid etch (CAE) and
phosphoric acid anodise (PAA) followed by the application of BR
127 corrosion inhibiting primer to maximise environmental
resistance and bonding durability. The joints were cured at
120°C and under ~0.28 MPa pressure for 60 min. The dimen-
sional details of the SL] are shown in Fig. 1. The overlap length, the
width and the thickness of the bond line were 30, 12.5 and
0.2 mm, respectively.

The SLJs were tested under static and fatigue loading and two
strain gauges were attached to the substrates at 1 mm inside the
overlap (see Fig. 1). These backface strain gauges provided an
independent measure of damage propagation that was used to
validate the models developed. The strain gauges used in this
research were FLA-1-23 (Techni Measure, UK) with 1 mm gauge
length and a resistance of 120 Q. The surface beneath the gauges
was prepared before attaching the gauges using an abrasive paper
(grade 240) and M-prep conditioner A (a water based acidic
surface cleaner) from Vishay followed by neutralising with
M-prep neutraliser 5 A (a water based Alkaline surface cleaner)
from Vishay measurement group and cotton wool buds. Then, the
gauges were bonded on the prepared area using a cyanoacrylate
adhesive.

The static strengths were measured by performing six static
tests and an average value of 10.34 kN with a standard deviation
of 0.22 kN was obtained. Fatigue tests were conducted at different
load levels based on the average static strength and at load ratios
of R=0.1 and 0.5. The load-life curves obtained from the fatigue
tests for R=0.1 and 0.5 are shown in Fig. 2.

The maximum fatigue load, P.x, of the SLJ bonded with the
adhesive FM 73 M OST, normalised by the static failure load, P, is
plotted against the fatigue life for R=0.1 and 0.5 and compared
with the load-life curves obtained for SL] bonded with the
adhesive AV119 [1]. It is evident from Fig. 2 that the fatigue
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Fig. 1. The dimensional details of the single lap joint and the location of the
attached strain gauges.
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Fig. 2. Experimental load-life fatigue data for the SL] bonded with adhesives FM
73 M OST and AV119 [1] for R=0.1 and 0.5.

responses of the single lap joints were dependent on the load
ratio. However, the degree of dependency can vary with different
adhesive systems. A horizontal line on Fig. 2 can be used to find
the fatigue life obtained for a certain maximum fatigue load and
different load ratios. For instance, by maintaining P,,,x=0.5Ps and
increasing the load ratio from 0.1 to 0.5, the fatigue life of the SLJ
bonded with the adhesive AV119 increased by a factor of 5, while
for the adhesive FM 73 M OST the life increased by a factor of over
50. This indicates a higher dependency of the adhesive FM 73 M
OST in comparison with the adhesive AV119 to the load ratio. The
extrapolated load-life data point was used for the adhesive FM 73
M OST at R=0.5 and Pp,,x=0.5P; for calculating the increase in
fatigue life resulting from changing the load ratio from 0.1 to 0.5
(see Fig. 2).

Typical fracture surfaces for fatigue tested FM 73 M OST SL] are
shown in Fig. 3. It can be seen that the failure was cohesive,
running either fully within the adhesive layer or close to the
interface. It can be seen that with lower maximum fatigue loads,
the region of near-interfacial failure increased. This is possibly
because as the damage evolution is slower in the low load case
there is a longer time for localised damage to take place during
the longer cyclic life. It should be noted that in Fig. 3 only half of
the failure surfaces are shown.

Fatigue damage in adhesively bonded joints can be monitored
using different techniques, e.g. backface strain, in-situ video
microscopy, specimen sectioning, SEM and residual strength
techniques. In this study, the backface strain technique was used
to monitor the fatigue damage in the adhesive bond line. In the
backface strain technique, which is a non-destructive method,
strain gauges are bonded on the backface of the substrate, near a
site of anticipated damage and, while the test is running, the
strain variation is recorded. This variation of strain can be linked
to the onset and growth of the damage. This is because damage
initiation and propagation directly influence the deformation of
the substrates and consequently cause variations in the strain.
The backface strain technique was initially employed by Abe and
Satoh [9] to study crack initiation and propagation in welded
structures. Later, other authors [6,10-16] applied this technique
to adhesively bonded joints. Numerical analyses were carried out
to find the optimum position of the strain gauge. In this work, one
strain gauge was attached 1 mm inside the overlap on both sides
of the substrates (See Fig. 1). Fig. 4 shows the backface strain
variations for SLJ under fatigue loading at load ratios of 0.5 and 0.1
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Fig. 3. Failure surfaces of single lap joint at R=0.1 and 0.5 and different load levels (Note the decreasing amount of failure close to the interface from left to right).
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Fig. 4. The variation of the measured backface strains in the SLJ: (a) for R=0.5 and
Pinmax=0.75 Pg and (b) for R=0.1 and Py,,x=0.5 Ps.
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and maximum fatigue loads of 75% and 50% of static strength,
respectively. These two fatigue loading conditions gave
reasonably similar fatigue lives.

The backface strain history obtained from the fatigue tests can
be divided into three regions as shown in Fig. 4. In region I, the
backface strain changes were small indicating damage initiation.
Then, in region II, the backface strain in both the gauges (SG1 and
SG2) increased signifying that damage evolved symmetrically from

both overlap ends. Finally, in region Ill, the strain value rapidly
increased on one of the strain gauges and reduced on the other one.
This trend indicates that the damage evolution accelerated at the
end with decreasing strain. This backface strain reduction is due to
a local deformation relaxation at the location of the strain gauge as
crack passes under the strain gauge position. Moreover, it is
evident from Fig. 4 that at the lower load ratio the stable crack
growth phase (region II) was relatively shorter and the unstable
crack growth phase (region III) was relatively longer.

3. Finite element modelling
3.1. Static modelling

A finite element model, shown in Fig. 5, was developed in
Abaqus/Standard to predict the static behaviour of the single lap
joint. Initially, two-dimensional static failure analyses based on
plane stress and plane strain assumptions were performed and
both were compared with a three-dimensional static failure
analysis. The comparison between 3D and 2D analyses revealed
that the plane stress assumption predicted the static failure load
more accurately and thus was used in subsequent analyses. Four-
node plane stress elements (CPS4) were used for the substrates
and four-node cohesive elements (COH2D4) with a bi-linear
traction-separation response were utilised to study the
progressive damage in the adhesive bond line. The boundary
conditions used are shown in Fig. 5. The left boundary of the
upper substrate was encastre. The transverse displacement and
the rotation at the right boundary of the lower substrate were
constrained. To obtain more accurate results, a higher mesh
density was used for the adhesive bond line (cohesive zone)
elements. The size of the cohesive element was 0.2 x 0.2 mm
throughout the adhesive bond line. More detailed information
about this static model can be found in Ref. [17].

Currently, the cohesive zone model (CZM) is considered to be
the most efficient and reliable method for simulating the
progressive damage in the adhesively bonded joints. This model
was developed in a continuum damage mechanics framework and
made use of fracture mechanics concepts to improve its applic-
ability. Some of the main advantages of the CZM over other
methods, including fracture mechanics, continuum damage
mechanics, stress singularity based and total-life approaches, are:

e indicating both damage onset and growth as direct outputs of
the method,

e predicting the behaviour of uncracked materials without the
need to introduce a pre-existing crack,
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Fig. 5. Finite element mesh and boundary conditions.
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e advancing the crack front when the local energy release rates
reach a critical value without the need to implement complex
moving mesh techniques,

e considering finite stress and strain at the crack front and
consequently avoiding the need of using singular elements
and/or highly refined mesh around the crack front.

The basic idea of the CZM originated from the observation that
as the distance between two atomic planes within the material or
at the interface increases the cohesion forces initially grow in
intensity, reach a maximum value and then any further separation
will result in a rapid decrease of the intensity. The effect of mode-
mixity can be incorporated in the cohesive zone model by
combining individual traction-separation responses in peel and
shear. A schematic of a mixed-mode bi-linear traction-separation
description of the cohesive zone model is shown in Fig. 6. Note
that the initial response is stiff until a critical traction condition is
reached. Following this point the material softens with increasing
displacement until the failure point is reached, where no load can
be sustained. The area under the traction-displacement curve is
the fracture energy. The bi-linear traction-separation responses
under peel, shear and mixed-mode stress states are illustrated in
Fig. 6. The mixed-mode response, depending on the mode mixity,
can be closer either to the response of mode I or mode II. Damage
initiation (point A) and propagation (point B) have been defined
based upon mixed-mode damage initiation and propagation
criteria, respectively.

The defining parameters of the mixed-mode traction-separa-
tion response are: (a) the fracture energies for mode I and mode II
(Gic and Gyyc), (b) the tripping tractions for mode I and mode II
(T and Ty), (c) the initial stiffnesses for mode-I and mode-II (E; and
Ey) and (d) the mixed-mode criteria for both damage initiation
and propagation. These parameters are explained in more detail
elsewhere [7].

3.2. Calibration of cohesive parameters

To model adhesively bonded joints using the CZM, the
cohesive zone parameters, which define the adhesive bond line
response, need to be calibrated. Considering only the static
strength of the adhesively bonded joints cannot give an accurate
and unique set of cohesive zone parameters as different sets of
cohesive zone parameters can predict the same static strength.
This is shown in Fig. 7.

In Fig. 7, the effects of the fracture energy and tripping traction
on the static failure load are shown schematically. It is evident
that increasing the fracture energy or the tripping traction
increases the predicted failure load. Furthermore, although
different sets of fracture energies and tripping tractions, e.g.
(G1,T1), (G2, T2) and (Gs,T3) in Fig. 7, can predict the same static
strength, only one set will be physically acceptable.

The variation of the backface strain with applied load during a
static failure test implicitly represents the combined state of
adhesive and substrate yielding and adhesive damage initiation
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and propagation. In this study, a unique and physically acceptable
set of cohesive zone parameters have been calibrated using the
experimentally obtained backface strain history from the static
tests on the single lap joint. The predicted static strength and the
progressive damage evolution from the cohesive zone model were
compared against the respective experimentally measured re-
sults. The backface strain variation was utilised as a measure of
the progressive damage evolution. The predicted backface strains
from two sets of parameters are compared with the experimental
data in Fig. 8, where normalised load versus normalised backface
strain data are used.

The two predicted curves obtained from two sets of cohesive
zone parameters are shown in Fig. 8. The first set, denoted as
CZMj, has fracture energies of 1.4 kJ/m? and 2.8 kj/m? in mode I
and II and tripping tractions of 114 MPa and 66 MPa in mode I and
II, respectively. The second set, denoted as CZM,, has fracture
energies of 2 kJ/m? and 4 kJ/m? in mode I and II and tripping
tractions of 65 MPa and 38 MPa in mode I and II, respectively.
Although the two sets (CZM; and CZM,) predicted the static
failure load accurately, the predicted backface strain variations
are quite different beyond a certain load level (see Fig. 8). The
second set of cohesive parameters (CZM,) predicted both the
static failure load and the backface strain (the damage evolution)
accurately and thus have been used in the subsequent modelling.

Table 1
Calibrated traction-separation response.

Tripping tractions Fracture Initiation Propagation
normal (shear) energies Gic criterion criterion
(MPa) (Guc) (KJ/m?)
Maximum Benzeggagh-
65 (38) 2 (4) nominal stress Kenane (BK)
criterion (with n=2)

To validate the proposed method, standard fracture mechanics
tests were carried out using the double cantilever beam (DCB) to
determine the fracture toughness of the 2024-T3 and FM 73 M
OST adhesive system (using the same surface preparation as used
in the SLJs). A range of fracture energy values (2.0-2.5 km~2) was
obtained. This is in good agreement with the second set (CZM,)
obtained from the backface strain technique.

The effects of different damage initiation and growth criteria and
the interaction of mesh size, tripping tractions and fracture energies
on the static strength were further investigated. It was found that
the second set (CZM,), along with the maximum nominal stress
criterion for damage initiation and the Benzeggagh-Kenane [18]
mixed-mode criterion for damage evolution, accurately predicted
both the static failure load and the backface strain variation.
The cohesive zone parameters and the damage initiation and
propagation criteria are summarised in Table 1.

The maximum nominal stress criterion (Eq. 1) signifies that
damage is assumed to initiate when either the peel or shear
component of traction (t; or t;) exceeds the respective critical
value (T; or Ty).

{tn) fn}
max< —,=—,=1 1
{Tl Ty M
in which ¢ ) is the Macaulay bracket meaning that the

compression stress state does not lead to the damage initiation.
The Benzeggagh—Kenane (BK) criterion is defined in Eq. 2.

G
G+ Gy

where G; and Gj; are the energies released by the traction due to
the respective separation in normal and shear directions, G and
G5 the critical fracture energies required for failure in the normal
and shear directions, respectively, and # a material parameter.

A static strength of 10.28 kN was predicted using the cali-
brated traction-separation response, which was in excellent
correlation with the experimentally measured value of 10.34 +
0.22 kN. Furthermore, the traction-separation response obtained
using these parameters operated in the mesh independent region,
in accordance with the Liljedahl et al. [19] study. They investi-
gated the interaction of the tripping traction value and the FE
mesh density on the failure load and divided the tripping traction
range into three regions: low, intermediate and high. They found
that using the traction-separation response in the high region is
not acceptable because the results are mesh dependent and
represent a discontinuous process zone.

0
Gf +(Gi—Gf) ( ) =G +Gy )

3.3. Fatigue

The validated static model developed in Section 3.2 is now
extended to model the fatigue failure of the single lap joint. To
predict the effect of load ratio and maximum fatigue load of the
adhesively bonded joint, a cyclic fatigue damage parameter was
incorporated into the model. The traction-separation response
was degraded based on this fatigue damage parameter, which
evolved during the fatigue cycles based on a fatigue damage
evolution law (Eq. 3). The evolution of fatigue damage is a
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function of the maximum principal strain, the number of fatigue
cycles, the load ratio, the maximum fatigue load and the adhesive
threshold strain. This cyclic fatigue damage law has been
introduced in an earlier study [7] for a fixed load ratio. Here it
has been extended to accommodate any load ratio.

B
Q _ o [(smax*fzth)h)}n} f »  €max > €th
AN 0, Emax < &th

(1-R)/2 m=1, Goodman
r= 1 {Pmax a +R)} m’ m=2, Gerber 3)
2P

The fatigue damage evolution law is given in Eq. (3), in which
AD is the increment of damage, AN the cycle increment, &y.x the
maximum principal strain in the cohesive element, &y the
threshold strain and «, 8, m and n are material constants. R is
the load ratio and Py, and Ps the maximum fatigue load and the
static strength, respectively. The parameters &m, o, , m and n
need to be calibrated against the experimental tests to predict the
fatigue failure response of the bonded joints. Increasing the value
of f and the threshold strain (&¢,) decelerate the damage evolution
and increase the lifetime, while increasing the constant «
accelerates the damage evolution and consequently decreases
the predicted fatigue lifetime. Furthermore, changing the constant
o leads to a shift of the load-life (P-N) curve in the horizontal
direction (N-direction). However, increasing 5 decreases the slope
of the P-N curve by decelerating the fatigue damage more at
lower strain (load) levels. This is due to the fact that the strains in
the adhesive bond line are small ( < 1) and thus at lower fatigue
load levels they reduce more rapidly with the power f (when
p>1). The parameter n is introduced to accommodate the
ductility of the adhesive and it will be seen that the FM 73 M
OST adhesive, which is more ductile, requires a larger value of n
than the adhesive AV119, which is more linear.

In this fatigue model, a fatigue damage variable was intro-
duced into the model at each element integration point. This
variable was updated according to the strain-based fatigue
damage law (Eq. 3) for each cycle increment (4AN). The initial
Young’s modulus, the tripping tractions and the fracture energies
of the cohesive elements were reduced based on this damage
variable. The fatigue loading was characterised by a constant load
equal to the maximum fatigue load and the effect of load ratio
was included by incorporating a correction factor, y(Pnax.R), in the
fatigue damage evolution law (Eq. 3). This correction factor,
dependent on the adhesive material, was derived based on the
linear Goodman or parabolic Gerber equations (Eq. 4).

P ()"
P, Ps

In Eq. (4), P; and P,, are the load amplitude and mean fatigue
load, respectively, and P, the equivalent load amplitude at R= —1
(fully reversed), that has the same fatigue life as the arbitrary
fatigue loads P, and Py,. Ps is the ultimate static strength of the
bonded joint. The Goodman and Gerber diagrams are shown in
Fig. 9. Lines on these constant-life diagrams represent all possible
combinations of the load amplitude and mean fatigue load that
have the same fatigue life.

Dependent on the adhesive material, an empirical constant-life
curve can be fitted to the experimental data. Fig. 10 shows the
constant-life data for single lap joints bonded with the adhesives
AV119 [1] and FM 73 M OST having a fatigue life of 10° cycles. It is
expected that when the fatigue amplitude (P,) is zero the mean
load (P,) must equal the static strength for failure to occur. It is
evident that the experimental results for the adhesive FM 73 M
OST correlated well with the Gerber diagram, whereas those for

for Goodman
for Gerber )

m=1,
m:2,

XN
3
N
_ 3
P,IP, g_/
A(0,1)
1
e
Q/‘
%
(0}
%,
%
- e R=1

P,/ Ps

Fig. 9. Goodman and Gerber empirical expressions of the load ratio effect on
fatigue life.
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Fig. 10. Constant-life diagrams for adhesives FM 73 M OST and AV119.

the adhesive AV119 correlated well with the Goodman diagram.
Therefore, the Goodman equation was used to derive the
correction factor for the adhesive AV119 and the Gerber
equation was utilised for the adhesive FM 73 M OST. It is worth
mentioning that no extra experimental data are required to
choose the appropriate constant-life curve as this can be
determined using the experimental results needed to determine
other fatigue damage model parameters.

The constant-life curves can represent the degree of depen-
dency of the fatigue life to the loading conditions (i.e. mean and
amplitude loads). The constant-life curve for adhesive FM 73 M
OST, which follows the Gerber diagram indicates that this
adhesive is less sensitive to the mean load and more sensitive
to the amplitude load in the range of load ratio considered.
Conversely, the constant-life curve for the adhesive AV119, which
follows the Goodman diagram shows that this adhesive is
relatively less sensitive to the amplitude load and more sensitive
to the mean load in the range of load ratio considered.

By solving Eq. (4) for P, and substituting P, and P,, with
Pmax(1—-R)/2 and Pmax(1+R)/2, respectively, Eq. (5) can be
obtained.
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E: max
(1-R)/2 m=1, for Goodman

= 1 {Pmax a +R)} m* m=2, forGerber (5)
2P;

Any combination of P, and P,, on the constant-life diagrams
(Goodman or Gerber) can be projected to the corresponding fully
reversed (R= —1) load point (e.g. point A in Fig. 9) by multiplying
its maximum fatigue load with the corresponding correction
factor y. This correction factor was utilised in the proposed fatigue
damage model to account for the effect of load ratio. This fatigue
damage model is illustrated in a flowchart form in Fig. 11.

A load equal to the maximum fatigue load was applied to the
model and FE analysis was performed with intact material
properties. The maximum principal strain was obtained from
the finite element analysis results for each cohesive element and
the damage increment was calculated based on the damage
evolution law (Eq. 3), which is a function of the fatigue cycles, the
maximum principal strain, the threshold strain, the load ratio and
the maximum fatigue load. In this expression the strains have
been modified by the correction factor to produce “equivalent”
fully reversed strains. The traction-separation response (initial
Young’s moduli, tripping tractions and fracture energies) was
degraded linearly to zero based on the fatigue damage variable
(see Eq. 6) and the analysis was repeated using the newly
degraded material properties.

{={(1-D) (6)

In Eq. 6, { and (o are degraded and intact traction-separation
properties (i.e. initial Young’s moduli, tripping tractions and
fracture energies), respectively. The material degradation process
discussed above was repeated until the damaged joint could no
longer sustain the applied maximum fatigue load, at which point
the joint fails.

A parametric study was undertaken to assess the effect of the
fatigue damage model parameters on the fatigue response of the
bonded joints. With this information an informed iterative
approach was undertaken to determine appropriate fatigue
damage model parameter values (summarised in Table 2) that

Table 2
The fatigue damage model parameters.

Adhesive o B &th m n
FM 73 M OST 95 2 0.0265 2 (Gerber) 4
AV119 16 2 0.02 1 (Goodman) 1

matched the fatigue response of the joints. The effects of the
parameters «, f and &y on the fatigue response of the bonded
joints were discussed earlier. Moreover, the parameter m can be
determined from the constant life curves (Fig. 10) and the
parameter n represents the degree of sensitivity of the adhesive
system to the load ratio. The parameter n was considered as 4 and
1 for the adhesives FM 73 M OST and AV119, respectively. This is
consistent with the experimental fatigue results as it was
observed that the adhesive FM 73 M OST was significantly more
sensitive to the load ratio than the adhesive AV119 (see Fig. 2).

A simplified version of this fatigue model in conjunction with
the CZM was initially employed by Khoramishad et al. [7]. Further
Katnam et al. [8] extended the model in a preliminary attempt
to incorporate the load ratio effect. Although this model
performed well for the adhesive AV119, it failed to predict the
load ratio effect of the fatigue response of the current adhesive
system (2024-T3 and FM 73 M OST). This was because different
adhesive systems exhibit different sensitivities to the variation
of the load ratio. For instance, adhesive FM 73 M OST was found
to be much more sensitive to the load ratio variation than
AV119 adhesive.

The fatigue failure responses of the single lap joints with 2
different adhesive systems, one with the FM 73 M OST adhesive
and aluminium 2024-T3 substrates and the other one with the
adhesive AV119 and steel substrates [1], were predicted using the
proposed fatigue damage model. The predicted load-life data
correlated well with the experimental data, as shown in Fig. 12.
The fatigue load has been expressed (normalised) as a fraction of
the static failure load of the particular configuration.

Typical predicted and measured backface strain variations for
the FM 73 M OST single lap joints are compared in Fig. 13. The
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Fig. 13. Comparison of the typical predicted and measured backface strain
variations at 1 mm inside the overlap, R=0.1 and maximum fatigue load of 50% of
static strength.

measured backface strain variation represents the damage
evolution of the adhesive bond line. The correlation between
the experimental and numerical backface strain data provided an
independent validation of the damage model. As shown in Fig. 13,
the predicted and measured backface strains are in good
agreement signifying that the predicted damage evolution was
consistent with the experimental damage evolution. It can be
seen in Fig. 13 that the backface strain increased initially followed
by a decrease. This backface strain reduction was due to a local
stress relaxation at the location of the strain gauge as the crack
passed under the strain gauge position.

4. Conclusions

The fatigue behaviour of adhesively bonded joints was
investigated using both experimental and numerical approaches.
Fatigue tests were conducted on single lap joints at different load
ratios and maximum fatigue loads in order to study the effect of

load ratio on the fatigue response. A numerical model that
accounts for the load ratio effect was successfully developed using
a cohesive zone approach with a bi-linear traction separation
response for the adhesive bond line. The following conclusions
were drawn:

(a) A method for determining a physically acceptable set of
cohesive zone parameters governing the static failure of an
adhesive system has been presented. This is based on using
both load and deformation (backface strain) data from a static
test.

(b) Based on the fatigue tests conducted at two different load
ratios (R=0.1 and 0.5), the effect of load ratio on the fatigue
failure was found to be significant for the 2024-T3 and FM 73
M OST adhesive system. The load-life curves obtained for the
two load ratio values revealed that a decrease in the load ratio
value for a constant maximum fatigue load has a significantly
adverse effect on the fatigue life.

(c) The load ratio effect observed for FM 73 M OST was found to
be much more significant than in another reported adhesive
system (AV119). As far as the authors are aware these two
systems are the only adhesive systems that have been
characterised in this way.

(d) The developed numerical model accurately predicted the
effect of load ratio on the fatigue lives of both the FM 73 M
OST and the AV119 single lap joints. Further, where the
experimental data existed (FM 73 M OST) it correlated well
with the predicted adhesive fatigue damage initiation and
propagation as well.
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