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Abstract

Almost all structural applications of adhesive joints will experience cyclic loading and in
most cases this will irregular in nature, a form of loading commonly known as variable
amplitude fatigue (VAF). This paper is concerned with the VAF of adhesively bonded
joints and has two main parts. In the first part, results from the experimental testing of
adhesively bonded single lap joints subjected to constant and variable amplitude fatigue
are presented. It is seen that strength wearout of bonded joints under fatigue is non-linear
and that the addition of a small number of overloads to a fatigue spectrum can greatly
reduce the fatigue life. The second part of the paper looks at methods of predicting VAF.
It was found that methods of predicting VAF in bonded joints based on linear damage
accumulation, such as the Palmgren-Miner rule, are not appropriate and tend to over-
predict fatigue life. Improved predictions of fatigue life can be made by the application
of non-linear strength wearout methods with cycle mix parameters to account for load

interaction effects.
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1 Introduction

In many applications adhesively bonded joints are being considered as replacements for
conventional joining techniques, such as bolted or riveted joints, owing to their numerous
advantages, including; high stiffness, good strength-to-weight ratio, ability to join
dissimilar materials and more uniform stress distribution. However, certain
disadvantages are also associated with adhesive bonding, such as limited operating range,
environmental sensitivity and difficulty of disassembly. Another limiting factor in the
wider application of adhesively bonded joints in structural applications is the difficulty in
reliably predicting the in-service performance of bonded joints, leading to a tendency of
over-conservative design. A critical aspect of predicting the in-service behaviour is
consideration of the effect of the actual loading spectra seen by the joint. In most cases
this will involve irregular cyclic loading, commonly known as variable amplitude fatigue
(VAF). Prediction of the performance of bonded joints subjected to fatigue is a complex
problem and a number of methods have been proposed, as reviewed in [1]. To date, most
of the reported experimental and predictive studies of fatigue in bonded joints have been
restricted to constant amplitude fatigue (CAF) in which a sinusoidal waveform of
constant load or displacement amplitude and mean and constant frequency have been
used. In most real applications these will all vary considerably in-service. Most of the
previous studies of VAF in metals have shown crack growth retardation after overloads
[2-4], however, there are also instances when crack growth accelerations in metals [5-7]
and composites [8-10] have been seen. Studies on VAF in adhesively bonded joints have

also reported accelerated failure [11-13]. This paper is concerned with the application of



various methods, based on total-life and strength wearout concepts, to predict the fatigue

life of single lap joints subjected to VAF.

In the total life approach, the number of cycles to failure (Ny) is plotted as a function of a
variable such as stress or strain amplitude. Where the loading is low enough that the
deformation is predominantly elastic, a stress variable (S) is usually chosen and the
resultant plot is termed an S-N curve, or Wohler plot, and this is known as the stress-life
approach. In bonded joints there is no unique relation between the easily measured
average shear stress in a joint and the maximum stress. For this reason, load rather than
stress is often used in total-life plots for bonded joints and hence these are known as L-N
curves. In some cases efforts have been made to differentiate between the initiation and
propagation phases in the S-N behaviour of bonded joints [14-18]. Shenoy et al [19] used
a combination of back-face strain measurements and sectioning of partially fatigued
joints to measure damage and crack growth as a function of number of fatigue cycles. It
was seen from the sectioned joints that there could be extensive internal damage in the
joint without external signs of damage; therefore, determination of an initiation phase
from external observations alone is likely to lead to an overestimation. Shenoy et al.
further, identified three regions in the fatigue life of an aluminium/epoxy single lap joint.
An initiation period (CI) in which damage starts to accumulate, but a macro-crack has not
yet formed, a stable crack growth (SCG) region in which a macro-crack has formed and
is growing slowly and a fast crack growth region (FCG), which leads to rapid failure of
the joint. They found that the percentage of life spent in each region varies with the

fatigue load. At low loads the fatigue life is dominated by crack initiation, whereas crack



growth dominates at high loads. They also showed that the back-face strain signal
associated with each phase of fatigue damage can be used to monitor damage in a bonded

joint.

The S-N curve is only directly applicable to constant amplitude fatigue whereas in most
practical applications for structural joints a variable amplitude fatigue spectrum is more
likely. A simple method of using S-N data to predict variable amplitude fatigue is that
proposed by Palmgren [20] and further developed by Miner [21]. The so called Palmgren

Miner (PM) rule can be represented by:

n,
ZN—_I (1)

where 7; 1s the number of cycles in a constant amplitude block and Nj is the number of
cycles to failure at the stress amplitude for that particular block and can be obtained from
the S-N curve. It can be seen that using Eqn. 1, the fatigue life of a sample in variable
amplitude fatigue can be predicted from an S-N curve obtained from constant amplitude
fatigue testing of similar samples. However, there are a number of serious limitations to
this method, primarily, the assumptions that damage accumulation is linear and that there
are no load history effects. Modifications to the PM rule have been suggested to address
some of the deficiencies, e.g. [22-25], however, any improvements are at the expense of
increased complexity and/or more testing and the basic flaw in the method, i.e. that it
bears no relation to the actual progression of damage in the sample, is still not addressed.

Erpolat et al. [12] used the PM law and the extended PM law, in which cycles below the



endurance limit also contribute to damage accumulation, to predict failure in an epoxy-
CFRP double lap joint subjected to variable amplitude (VA) fatigue spectra. The
resulting Miner’s sum was significantly less than 1, varying between 0.04 and 0.3, and
decreased with increasing load. This indicated that load sequencing was causing damage

acceleration, i.e. that the PM rule was non-conservative.

An alternative phenomenological approach to the total life methods described above is to
characterise fatigue damage as a function of the reduction in the strength or stiffness of
the joint during its fatigue life. Stiffness wearout has the advantage of being non-
destructive, however, it is not directly linked to a failure criterion and may not be very
sensitive to the early stages of damage. The strength wearout method provides a useful
characterisation of the degradation of residual strength but requires extensive destructive
testing. In the strength wearout method the joint’s strength is initially equal to the static
strength, S, but decreases to Sg(n) as damage accumulates through the application of »

fatigue cycles. This degradation can be represented by:
SR(n):Su_f(Su7Smax7R)nK (2)

where « is a strength degradation parameter, S, 1s the maximum stress and R is the ratio
of minimum to maximum stress (i.e. R=S,i»/Smax). Failure occurs when the residual

strength equals the maximum stress of the spectrum, i.e. when Sg(Nyj = Spax.

Schaff and Davidson [9, 10] extended Eqn. (2) to enable the residual strength degradation

of a sample subjected to a variable amplitude loading spectrum to be predicted. However,



they noted a crack acceleration effect in the transition from one constant amplitude (CA)
block to another, a phenomenon they termed the cycle mix effect, and proposed a cycle
mix factor, CM, to account for this. Erpolat et al. [12] proposed a modified form of Shaff
and Davidson’s cycle mix equation to model the degradation of CFRP-epoxy double lap
joints subjected to a variable amplitude fatigue spectrum. They showed that this model
represented the fatigue life of bonded joints under variable amplitude fatigue more

accurately than Palmgren-Miner’s law.

Sectio 2 of this paper presents the results from an experimental investigation of VAF in
adhesively bonded single lap joints. Section 2 goes on to examine various methods of

predicting fatigue life and strength wearout in bonded joints.

2.0 Experimental

2.1 Materials and joint preparation
Single lap joints were prepared to the dimensions specified in British standard BS 2001

[26], as shown in Fig. 1. The adherends were cut from 0.2 and 0.3 mm thick sheets of
Clad 7075-T6 aluminium alloy. The adhesive used was the toughened epoxy film

adhesive FM 73M, supplied by Cytec Engineered Materials.

The adherends were ultrasonically cleaned in an acetone bath for five minutes prior to
pre-treatment using a patented ACDC anodisation process [27]. This treatment is
proposed as an environmentally friendly alternative to current chromate containing

processes. The adherend to be treated is one of the electrodes in an electrochemical cell.



A mixture of phosphoric and sulphuric acid (5%) is used as the electrolyte and the other
electrode is titanium. An alternating current (AC) is ramped up to 15V over a period of 1
minute and then kept at this voltage for two more minutes. The current is then changed to
direct current (DC) and increased to 20V and kept at this voltage for 10 minutes. The
adherends are then washed with distilled water and dried in hot air. This pre-treatment
results in an average oxide thickness of 1.9um over the adherend surface, as shown in
Fig. 2(a). In this figure two layers are apparent; the bottom layer is the aluminium
cladding layer and the top layer is the oxide layer. A magnified image of the surface of
the oxide film is shown in Fig. 2(b), where the open pored structure required for good
bonding can be seen. An advantage of the ACDC process is that in addition to the open
structure at the surface, produced during the AC phase, a denser structure is produced in
the DC phase, which results in enhanced corrosion protection of the aluminium alloy.
After the ACDC pre-treatment, a thin film of BR 127 corrosion resistant primer,
manufactured by Cytec Engineered Materials Ltd., was applied to the aluminium
adherends. This was dried at room temperature and then cured at 120°C for half an hour.
The adherends were returned to room temperature before bonding. The FM 73M
adhesive was taken from freezer storage and brought to room temperature in a dry
atmosphere before bonding. The adhesive was cured at 120°C for one hour, with constant
pressure applied through clips. No attempt was made to control the fillet geometry but
owing to the accurate cutting of the film adhesive the natural fillets formed were fairly
uniform between samples. The bonded joints were stored in a dessicator at room

temperature prior to testing.



2.2 Quasi-static and constant amplitude fatigue (CAF) testing

The results in this section have been reported previously [19, 28] but are repeated as they
are necessary for the predictive methodologies reported in section 3. These references
should be used if further details of the testing procedures or interpretation of results are
required. All tests were carried out under ambient laboratory environmental conditions,
in which temperature ranged from 22-25°C and relative humidity ranged from 35-40%
during the tests. An Instron 6024 servo-hydraulic testing machine was used for all the
testing. Quasi-static testing was carried out at a constant displacement rate of 0.1mm/sec.
The mean quasi static failure load (QSFL) of the 5 samples tested was 11.95kN, with a

standard deviation of 0.31.

Joints were fatigue tested in load control using a sinusoidal waveform with a load ratio of
0.1 and frequency of 5Hz. Various percentages of the quasi-static failure load (QSFL)
were taken as the maximum load in the fatigue spectrum. A plot of maximum load
against the number of cycles to failure from these tests is shown in Fig. 3. A linear fit to

the data is seen in which the standard deviation is 1.6.

In addition to carrying out fatigue tests to complete failure, as described above, partial
fatigue testing of joints was also carried out, in order to measure strength wearout. Joints
with similar sized fillets were tested for a certain number of fatigue cycles, and then
loaded quasi-statically to measure the residual strength in the joint. Strength wearout is
expressed in terms of the QSFL needed to fail the joint after it has been fatigue tested for

a certain number of cycles. This is termed the residual load, L(n). The results of this



testing are shown in Fig. 4(a). Non-linear strength wearout can be seen for all loads and

the data has been fitted to curves of the following form:

L(n) = L, - (Lf L )(”)V ®
Where Ly is the quasi-static failure load prior to fatigue testing, L. i1s the maximum
fatigue load, n is the number of cycles the sample has been fatigue tested and v is an
empirical curve fitting parameter. The curves end at the point, where the residual load
has decreased to the maximum load in the applied fatigue load spectrum as quasi-static
failure will occur at this point. This relationship is termed the non-linear strength
wearout (NLSW) model in this paper. Fig. 4 (b) shows the data from Fig. 4(a) re-plotted
with number of fatigue cycles before quasi-static testing (n) normalised with respect to
the number of fatigue cycles to failure (Vy). Hence the normalised number of cycles is
defined as N,=n/Ny. Similarly the residual load (L(n)) is normalised with respect to the
failure load of samples before fatigue testing (L), giving L,=L(n)/Ly. It can be seen in Fig.
4(b) that a single curve, of the following form, now provides a reasonable fit to all the

data, regardless of the fatigue load.

L =1- (ﬂ)(}\[ﬂ ) 4)

This relationship is termed the normalised non-linear strength wearout model (NNLSW)
model in this paper. This is a potentially significant relationship in terms of lifetime

prediction, as discussed in Section 3.5.



The initiation and growth of damage and cracking in single lap joints subjected to fatigue
loading has been discussed in previous papers [19, 28]. Fig. 5 shows a plot of
crack/damage length { against number of cycles, n, for three different fatigue loads from
data in these previous papers. A non-linear curve can be fitted to these points,

representing a fatigue load dependent representation of damage evolution.

2.3 Variable amplitude fatigue (VAF) testing

VAF loading was achieved in this work by changing the mean load whilst maintaining a
constant load ratio of 0.1. This method was principally chosen to aid the investigation of
lifetime prediction as the constant amplitude data to be used in the predictive methods
was obtained with a load ratio of 0.1. A constant frequency of SHz was used for the same
reason. Fig. 6 shows two stages of a VAF load spectrum. In the spectrum a constant
amplitude block of n; cycles with a mean load of L,e.,; and maximum load of L, is
alternated with a block of n, cycles with mean and maximum loads of L,eqn> and Ly,
respectively. Two main types of spectra where investigated, as characterised by different
values of n; and ny. In Type A spectra ;=10 and n,= 5 whereas in Type B spectra
n;=1000 and n, =5. For both of these spectra, various maximum loads and changes in
mean load were investigated. Table 1 details all the loading permutations investigated.

Three samples were tested for each of the loading conditions given in the table.

A comparison of the results from the CAF and VAF tests in terms of L, can be seen in
Fig. 7. Type A spectra have 30% of the cycles as overloads compared to L., with mean

load increases of 18.75 to 40%, as described in Table 1. This has the effect of reducing
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the mean fatigue life from between 83 to 91%, with the largest decrease coinciding with
the greatest increase in mean load increase in the overloads. Type A spectra have only
0.5% of the cycles as overloads, however, this still has a significant effect on the fatigue
life when the overloads are 23 and 40%, reducing the average fatigue life by 80 and
77%, respectively. However, there is relatively little effect on fatigue life when the

increase of the mean load in the overloads is 18.75%.

3.0 Fatigue Lifetime Prediction

The following six different methods were used to predict fatigue lifetime under VAF.
a) Palmgren-Miner rule (PM)
b) Non-linear strength wearout (NLSW) model
c) Cycle mix (CM) model
d) Modified cycle mix (MCM) model
e) Normalised cycle mix (NCM) model
f) Modified normalised cycle mix (MNCM) model
These methods, and the results obtained from applying then to the data in Section 2 of the

paper, are described in the following sections.

3.1 Palmgren-Miner (PM) rule

This method is described in Section 1 of the paper. In this case the L-N curve shown in
Fig. 3 was used to predict the fatigue life of the samples subjected to VAF. The results
are shown in Fig. 8. It can be seen that at low cycles the PM rule provides a reasonable

prediction, however, at higher cycles the method over-predicts the fatigue life. This is
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consistent with previous work [11-13] and indicates the acceleration of damage/cracking

due to load interaction effects.

3.2 Non-linear strength wearout (NLSW) model

This approach to fatigue lifetime prediction is based on the strength wearout curves from
CAF testing, such as those shown in Fig. 4. The assumed relationship between the
residual load, L(n) and normalised number of cycles is given in Eqn (3) where the
parameter v indicates the nature of strength wearout, as illustrated schematically in Fig. 9.
A linear strength wearout (i.e. v>1) was assumed by Eroplat et al in [12], whereas Shenoy
et al fitted curves with v>1 to their experimental data in [28]. The simplest method of
using strength wearout curves from CAF tests to predict strength wearout and cycles to
failure in samples subjected to VAF is illustrated in Fig. 10. Consider an initial block of
CAF where the maximum fatigue load is L,y;. Residual load will follow the path a-b, as
predicted using Eqn. 3, with an empirically determined value of v. If the maximum load
is then increased to L, and no load interaction effects are assumed, the residual load
will follow path b-c, indicating a switch to a different strength wearout curve without any
decrease in the residual load. Strength wearout will then follow curve c-d. This can also
be predicted using eqn. (3), but with a different value for v. This can be repeated, moving
horizontally between strength wearout curves until the residual load has decreased to the
value of L, at which point quasi-static failure occurs. The method can be extended to
as many different strength wearout curves as are necessary to represent the VAF

spectrum.
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Figure 11 (a) show the CAF strength wearout curves required to predict the VAF
behaviour described in Table 1. Where experimental strength wearout data was not
available, strength wearout curves were estimated by interpolating between the existing
strength wearout curves. In Fig. 11(b) strength wearout for CAF with L,,,, equal to SkN
is compared to that for with Type A and B VAF spectra with L,,,,; of SkN. Quasi-static
failure in the case of the VAF occurs when the residual load has reduced to that of the
maximum load in the spectra. In the case of Type A and B VAF in Fig. 11 (b) this is at
Lo =7kN. Preceding quasi-static failure, it can be seen that Type A VAF follows the AF
fairly closely, whereas, residual load decreases much more quickly for Type A fatigue.
This is to be expected considering 30% of the Type A spectra is composed of overloads,

compared with only 0.1 % for Type B.

Fig. 12 shows the predicted L-N curves using the NLSW approach. These are a better fit
to the data than the PM rule but show some similar trends, i.e. tendency to over
prediction of fatigue life, especially at high cycles. This is further evidence of the
existence of load interaction effects leading to crack/damage growth acceleration.
Sections 3.3-3.6 introduce predictive methods in which these interaction effects are

accounted for.

3.3 Cycle mix (CM) model

Erpolat et al. [12] developed a linear cycle mix (LCM) model to account for load
interaction effects due to mean load change in a VAF spectrum. They used a linear form

for the strength degradation, i.e. v=1 in Eqn. (3). It was assumed that mean load changes
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caused a decrease in the residual load. This effect was accounted for by the introduction

of a cycle mix parameter, CM, of the following form:

y (5)
oM - al( AL )P (o /8 ) J

mn

ALy, and AL, are the mean and maximum load changes during the transition from one
mean load to the other, a and f are experimentally determined parameters and y is
assumed to be unity in this case. The application of the cycle mix factor to predict
strength wearout and cycles to failure for VAF is illustrated in Fig. (13). In this case the
CM factor was only applied when the mean load was increased as this produced the best
fit to the data, however, in other cases application to decreases in load mean may be

applicable.

In the absence of experimental data, Erpolat et al [12] assumed a linear strength wearout,
however, in this case, as shown in Fig. (4), it was seen that a non-linear strength wearout
curve provided a better fit to the experimental strength wearout data. Hence the
prediction of strength wearout and fatigue life was based on non-linear strength wearout,
as represented by Eqn. (3), combined with the cycle mix factor in Eqn. (5). This

approach is termed the cycle mix (CM) model in this paper.
The predicted residual load decrease using the CM method is compared with that using

the NLSW approach in Fig. 14. It can be seen that including the CM parameter greatly

accelerates the predicted strength wearout for the Type A spectra but has less effect on
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Type B. This can be attributed to the higher frequency of mean load changes in the Type

A spectra (one in 15 cycles, compared with one in 1005 for Type B).

The predicted L-N curves using the CM approach are shown in Fig. 15. It can be seen
that by accounting for load interaction effects by introduction of the CM parameter, a
significantly better fit to the experimental data is seen than in the previous approaches in
which load interaction effects are ignored. The CM parameter has had the desired effect
of eliminating the over-prediction of fatigue life seen with the previous methods;
however, there is still the potential to provide a better fit to the experimental data over the
complete range of data. One of the limitations of the CM approach is that the CM
parameter is assumed to be constant over the fatigue life of the joint. This may not be the
case in reality, and hence the case of a variable cycle mix parameter is investigated in the

next method.

3.4 Modified cycle mix (MCM) model

In the modified cycle mix (MCM) approach, a variable cycle mix parameter is
introduced. Looking at the fit of the CM method with the constant CM parameter to the
experimental data in Fig. 15 it can be seen that the predicted L-N curves provide a
reasonable agreement across the range of cycles tested but don’t capture the shape of the
data particularly well. It can be seen that a better fit to the data would be acquired if the
cycle mix factor was greater in the low cycle regime than in the high cycle regime. It has
been seen in previous work that the fatigue life is propagation dominated in the low cycle

regime and initiation dominated in the high cycle regime, hence, a possible way of
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achieving the desired effect in a variable cycle mix parameter would be to make it

dependent on the extent of damage in the sample, as introduced in Eqn. (6).

m

M :ﬁﬁﬂuka%ﬂamw%uMmﬂ (6)
OL

where, OL is the overlap length and { is a damage parameter. In this work { was
determined by fitting a power law curve to the experimental plots of damage/crack
growth vs. number of cycles curves shown in Fig. 5. Hence, {'is defined as:

& =m(n)" (7)
Predicted strength wearout using the MCM approach is compared with that using the
NLSW method in Fig. 16. By comparison with Fig. 15, it can be seen that the MCM

method tends to result in a reduced load interaction effect compared to the CM method.

The predicted L-N curves using this approach are compared with the experimental values
in Fig. 17. The prediction of fatigue life is similar to that using the CM approach in the
low cycle regime but predicts a longer life in the high cycle regime, as desired. The
resultant L-N curves appear to follow the trend seen in the experimental data slightly
better than the CM approach, especially for Type A VAF. There is still scope to further
improve the method, however, with this particular data set a better fit to the experimental
data may be achieved most easily by imposing a fatigue threshold value as an asymptote

for the L-N curve.
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3.5 Normalised cycle mix (NCM) model

In the NLSW and CM methods, strength wearout curves were determined for each
fatigue load using Eqn. (3), with load dependent curve fitting parameters. However, it
can be seen in Fig 4(b) that a reasonable fit to all the strength wearout data, regardless of
fatigue load, can be obtained by the application of Eqn. (4), which provides a relationship
between normalised load and cycles. Basing strength wearout on Eqn. (4) rather than
Eqn. (3) has the advantage that only a single, load independent experimental parameter is
required to characterise strength wearout. Basing the prediction of VAF on Fig. (4)
follows a similar method to that already described for the NLSW method, except a single
normalised strength wearout curve is used. This can be used without a cycle mix
parameter, if interaction effects are ignored, as in the NLSW approach, or with the
constant or variable cycle mix parameters introduced in Eqns. (5) and (6). It has already
been seen that ignoring load interaction effects results in an over prediction in fatigue life
for the joints and VAF spectra in this work and hence the normalised strength wearout
method has used with the constant cycle mix parameter of Eqn. (5) or the variable cycle
mix parameter of Eqn. (6). The two approaches are termed the normalised cycle mix
(NCM) and modified normalised cycle mix (MNCM) model respectively. The prediction
of L-N curves using both approaches can be seen in Fig. 19. It can be seen that there is
little difference between the two methods and that both provide a good fit to the

experimental data.
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4 Discussion

In the first part of this paper, results from the constant and variable amplitude fatigue
testing of adhesively bonded single lap joints were presented. It was seen that in constant
amplitude testing a plot of failure load against the logarithm of number of cycles to
failure (L-N plot) could be represented by a straight line fit to the experimental data.
Strength wearout measurements showed a non-linear decrease in the residual failure load
of fatigue tested samples, with an acceleration towards the end of the fatigue life, which
coincided with a rapid increase in the damage in the sample. This non-linear degradation
means that predictive methods based on linear damage accumulation, such as Palmgren-
Miners law, may not be appropriate. It was also seen that when normalised failure load
was plotted against normalised number of cycles that all the strength wearout data,
regardless of fatigue load, could be represented by a single curve. This is significant for
failure prediction as it reduces the number of experimentally determined constants
required for life prediction and allows easy accommodation of the prediction of fatigue
lives including loads not covered by the experimental strength wearout tests. In the
variable amplitude fatigue testing, two main types of spectra were investigated, the
difference being the proportion of the fatigue life at higher loads. It was seen that the
introduction of only small numbers of cycles at higher loads could result in a large
decrease in the number of cycles to failure. This is in agreement with previous work,
which has indicated load interaction effects in the variable amplitude fatigue testing of
bonded joints, with both mean load changes and overloads resulting in damage

acceleration [11-13]. These effects need to be accommodated in any lifetime prediction
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procedure if the variable amplitude fatigue behaviour of adhesively bonded joints is to be

accurately predicted.

In the second part of the paper a number of methods of predicting the VAF response of
adhesively bonded joints were investigated. The first model was the well known
Palmgren-Miners (PM) law. The advantage of this method is that fatigue life can be
predicted using only the L-N curve from constant amplitude fatigue testing. The
disadvantages are that the method doesn’t account for non-linear damage accumulation or
load interaction effects. Application of this method resulted in an over-prediction of

fatigue life, particularly at high cycles, in agreement with previous work [12].

All the other lifetime prediction methods were based on strength wearout measurements.
These methods have the advantage over the PM rule that non-linear degradation is easily
accounted for; however, the experimental testing is more difficult. In the first application
of strength wearout curves to predict VAF, load interactions were ignored. Lifetime
prediction was better than the PM rule at high cycles but there was still a tendency to
over-predict the fatigue life. The next development was to account for load interaction
effects by utilising a cycle mix parameter to accelerate damage when the mean load
changed. A constant cycle mix parameter was successful in reducing the predicted cycles
to failure, but resulted in under-predicting the fatigue life at high cycles. An attempt to
rectify this was made by introducing a cycle mix parameter that was dependent on
damage in the sample. This improved the fit to the experimental data, but at the expense

of increased complexity and further experimental testing. A final method attempted to
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balance accuracy with simplicity by using the normalised strength wearout curve. It was
seen that a reasonably good prediction of fatigue life could be made using the normalised
strength wearout curve with a constant cycle mix parameter. This provided a good

compromise between the capabilities of the method with ease of implementation.

5 Conclusions

Experimental testing has shown that the degradation of adhesively bonded joints in
fatigue testing can be non-linear and that load interaction effects in variable amplitude
fatigue can result in damage acceleration. This means that methods of predicting variable
amplitude fatigue in bonded joints using methods based on linear damage accumulation,
such as the PM rule, are not appropriate and tend to over-predict fatigue life. Improved
predictions of fatigue life can be made by the application of non-linear strength wearout
methods with cycle mix parameters to account for load interaction effects. The strength
wearout methods have the further advantage that residual strength of the joint throughout
the fatigue life can be predicted and, with the aid of further testing, can be related to
physical damage in the sample and non-destructive measurements, such as back-face

strain [28].
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Table 1. Different fatigue loads tested for VAF testing program.

Lmaxi Lmax2 n n % increase in mean load
5 7 10 5 40
5 7 1000 5 40
6.5 8 10 5 23
6.5 8 1000 5 23
8 9.5 10 5 18.75
8 9.5 1000 5 18.75
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Fig. 1. SLJ geometry (dimensions in mm).
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Fig. 2. Electron micrographs showing (a) the aluminium oxide layer formed during the AC
DC pre-treatment and (b) a magnified image of the porous surface structure.
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with data fitted to Eqn. (4).
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Type A spectra: n;/n, = 10/5.

Type B spectra: ni/n, = 1000/5.

Fig. 6. Two stages of block loading spectra used in the VAF experiments.
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Fig. 8. Comparison between experimental and predicted L-N curves using the
PM rule. (a) Type A spectra, (b) Type B spectra.
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Fig. 9. Schematic representation of linear and non-linear strength wearout plots.
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Fig. 10. VAF prediction using non-linear strength wearout curves with no interaction effects
(NLSW method).
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Fig. 11. (a) Strength wearout curves for CAF at various maximum fatigue loads, (b)
comparison of strength wearout for CAF (max. fatigue load 5kN) and VAF using
NLSW (both Types A and B, with L,,,,; = 5kN) .
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Fig. 12. Comparison between experimental and predicted L-N curves using the NLSW
model. (a) Type A spectra, (b) Type B spectra.
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Fig. 13. Lifetime prediction model using strength wearout curves with cycle mix parameters to
account for load interaction effects.
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Fig. 14. Predicted strength wearout using CM and NLSW approaches (L,,..; = SkN) for (a)
Type A spectrum and (b) Type B spectrum.
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Fig. 15 Comparison between experimental and predicted L-N curves using the CM model.
(a) Type A spectra, (b) Type B spectra.
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Fig. 16. Predicted strength wearout using MCM and NLSW approaches (L,,.,; = SkN) for
(a) Type A spectrum and (b) Type B spectrum.
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Fig. 17. Comparison between experimental and predicted L-N curves using the MCM
model. (a) Type A spectra, (b) Type B spectra.
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Fig. 18. Lifetime prediction model using normalised strength wearout curve with cycle mix
parameters to account for load interaction effects.
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Fig. 19. Comparison between experimental and predicted L-N curves using the NCM
and MNCM models. (a) Type A spectra, (b) Type B spectra.
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