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CRACK GROWTH IN ADHESIVELY BONDED JOINTS
SUBJECTED TO VARIABLE FREQUENCY FATIGUE
LOADING

A. H. Al-Ghamdi
I. A. Ashcroft
Wolfson School of Mechanical and Manufacturing Engineering,
Loughborough University, Leicestershire, UK

A. D. Crocombe
M. M. Abdel-Wahab
School of Mechanical and Materials Engineering,
University of Surrey, Guildford, UK

The main aim of this article is to investigate the effect of frequency on fatigue crack
propagation in adhesively bonded joints. Adhesively bonded double-cantilever
beam (DCB) samples were tested in fatigue at various frequencies between 0.1
and 10Hz. The adhesive used was a toughened epoxy, and the substrates used
were a carbon fibre-reinforced polymer (CFRP) and mild steel. Results showed that
the crack growth per cycle increases and the fatigue threshold decreases as the test
frequency decreases. The locus of failure with the CFRP adherends was predomi-
nantly in the adhesive layer, whereas the locus of failure with the steel adherends
was in the interfacial region between the steel and the adhesive. The crack growth
was faster, for a given strain energy release rate, and the fatigue thresholds lower
for the samples with steel adherends. Tests with variable frequency loading were
also carried out, and a generalised method of predicting crack growth in samples
subjected to a variable frequency loading was introduced. The predicted crack
growth using this method agreed well with experimental results.
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INTRODUCTION

The increasing use of adhesives has created a need to evaluate their
performance under many different loading and environmental con-
ditions. Many adhesive joints are subject to cyclic loads during service,
such as bonded bridge-strengthening plates and aircraft fuselages [1].
Since adhesive joints are less tolerant of cyclic than of static loading,
there has been considerable research work into various aspects of
the fatigue behaviour of adhesive joints [2–12]. The time span of each
fatigue load cycle can vary significantly from one structure to another.
It could be, for instance, several seconds in the case of bridge plates to
tens of hours in the case of aircraft fuselages and in many applications
variable fatigue frequencies are encountered in service. The time
taken to generate fatigue data means that most fatigue testing of
bonded joints has been undertaken at relatively high frequencies, typi-
cally 5–10Hz. However, the visco-elastic nature of polymeric adhe-
sives means that rate and frequency dependence might be expected
and that this would increase at elevated temperatures or when the
adhesive has absorbed moisture. There is, therefore, a requirement
to understand the effect of frequency on the fatigue life of bonded
joints and how parameters such as joint geometry, environment, and
materials affect this behaviour. Ideally, a general method of predicting
fatigue life at any given frequency (or combination of frequencies and
hold times) should be developed. This is the aim of the current work.

The effect of frequency on fatigue crack propagation (FCP) in
metals has been extensively investigated. For instance, James [13–
14] demonstrated the influence of frequency and waveform on fatigue
crack growth in a stainless steel. This work showed that the fatigue
crack propagation rate (FCPR) increased with decreasing frequency.
It should be noted here that FCPR is defined as the crack growth
per fatigue cycle, i.e., da=dN, where a is crack growth and N is num-
ber of cycles. A similar study demonstrated that the FCPR increased
with hold time in a trapezoidal loading waveform for a Cr-Mo-V steel
[15]. Plumtree and Yu [16] also showed that for a 304 stainless steel
the time-dependent damage accumulates more rapidly during the
loading portion of the cycle than during the hold time. Prenotched
samples of a number of polymers have also been tested in fatigue over
a range of frequencies [17–20]. The FCPR for several of these
polymers, such as polymethyl methacrylate, polystyrene, polyvinyl
chloride, and a polyphenylene oxide, decreased with increasing
frequency. Other polymers such as polycarbonate, polysulfone, nylon,
and a polyvinylidene fluoride showed no apparent sensitivity to test
frequency [17–20].
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The effect of frequency on the performance of adhesively bonded
joints has also been considered previously. Marceau et al. [21] studied
fatigue crack growth rates in both lap-shear and double cantilever
beam (DCB) joints at a range of frequencies and found that low fre-
quency fatigue was more damaging to adhesive joints than high fre-
quency fatigue. Althof [22] studied the buildup of shear strain in
adhesive joints during fatigue loading at a range of frequencies and
suggested that fatigue failure is creep-controlled at low frequencies.
Mostovoy and Ripling [23] used bonded tapered double cantilever
beam (TDCB) specimens to study the effect of frequency on the FCPR
in different adhesive systems. For a standard amine-cured epoxy,
there was no discernible effect of frequency between 0.01 and
0.25Hz; however, at 3Hz the FCPR decreased significantly. A stan-
dard nitrile-phenolic film adhesive exhibited no significant effect of
frequency in the range 0.01–3Hz. With a modified epoxy adhesive,
no effect of frequency was observed on increasing the frequency from
0.25–3Hz; however, at 5Hz the FCPR decreased. Luckyram and
Vardy [24] studied the fatigue performance of two structural adhesive
and found no effect of frequency on FCPR between 0.5–5Hz. Likewise,
Osiyemi [25] found no effect of frequency on the FCPR in composite
DCB joints bonded with a 120�C cure epoxy film adhesive in the fre-
quency range 1–5Hz. Xu et al. [26] studied the effect of frequency on
FCP using steel DCB joints bonded with two structural epoxy adhe-
sives. Adhesive A was filled with a mixture of magnesium silicate
and chalk and tested at frequencies of 2 and 20Hz. Adhesive B was
rubber-toughened and was tested at frequencies of 0.02, 0.2, 2, and
20Hz. They found that the FCPR for adhesive A was relatively inde-
pendent of frequency, whilst the FCPR in joints bonded with adhesive
B decreased with increasing frequency. Pirondi and Nicoletto [27]
studied the effect of R-ratio and frequency on fatigue crack growth
in bonded steel DCBs. The threshold value of DG seemed to be insen-
sitive to frequency between 5 and 10Hz, but the shape of the FCP
curves varied, which was attributed to the strong viscoelastic nature
of the adhesive used. It can be seen from the above that the sensitivity
of FCPR in adhesives is material-dependent but that there is a
tendency in many systems for the FCPR to increase as frequency
decreases. This is a concern, as most fatigue data are generated at
relatively high frequencies, which will tend to lead to nonconservative
predictions of fatigue life if applied to joints subjected to lower
frequencies.

In this work, the effect of frequency on FCPR and the fatigue
threshold for adhesively bonded DCB joints with carbon fibre-
reinforced polymer (CFRP) and mild steel substrates are compared.
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The selection of different substrates and pretreatments enables FCPR
for different failure loci to be compared. The majority of the fatigue
characterization of bonded joints in laboratories is under constant fre-
quency. The applied frequency in many real structures fluctuates ran-
domly, creating a frequency spectrum, or the frequency could vary in
sequential steps, resulting in a block frequency loading. In this work,
FCPR for joints subjected to a variable block frequency loading is
investigated and a generalised numerical procedure for predicting
the variable frequency fatigue life of adhesively bonded structures is
proposed.

EXPERIMENTAL DETAILS

Experimental Materials

The CFRP used in this study was IM7=8552, supplied by Hexcel Com-
posites (Duxford, UK), which consists of intermediate modulus graph-
ite fibres in an epoxy matrix (IM7=8552). The other adherend material
used was mild steel. The mechanical properties of unidirectional
panels of the CFRP and the mild steel are given in Table 1. The ad-
hesive used was Cytec’s FM300-2M (Cytec, West Patterson, NJ,
USA). This is a single-part toughened epoxy film that has a random
mat carrier and nominal thickness of 0.2mm. The Young’s modulus
and Poisson’s ratio of the adhesive are 2.45 GPa and 0.38, respectively
[28].

CFRP Joint Manufacture

Unidirectional CFRP pre-preg was laid up with uncured adhesive film,
FM300-2M, to manufacture the CFRP DCB samples. A thin film (nom-
inally 10 lm) of poly(tetrafluoroethylene) (PTFE) was placed at the
bond line at one end of the panels to act as a starter crack. This as-
sembly was autoclave cured at 180�C for 2h with a pressure of
0.6MPa, as dictated by the advised curing schedule for the CFRP
pre-preg. This process, in which both adhesive and CFRP are cured
in the same treatment, is termed cobonding and can be compared with

TABLE 1 Material Properties

Material Ex (GPa) Ey (GPa) Gxy (GPA) vxy vyx

IM7-8552 164.41 11.72 5.516 0.36 0.02
Mild steel 209 — — 0.3 0.3
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secondary bonding, in which the CFRP is cured before being bonded,
and cocuring, in which composite parts are joined without an adhesive
layer. The adhesive chosen for this study is a dual cure adhesive that
is recommended for cobonding CFRP and also for secondary bonding
metals and can be cured in the temperature range 120–180�C. After
curing the cobonded panels, a diamond saw was used to cut the sam-
ples to the dimensions shown in Figure 1. Brass hinges were bonded to
the joint with a high peel strength adhesive that was cured overnight
at 55�C. The width of the test specimen was 25mm and other
dimensions as shown in Figure 1.

Mild Steel Joint Manufacture

The mild steel substrates were grit blasted and degreased prior to
bonding. The cleaned and dried substrates were then coated with
BR-127 primer, which was applied to the substrates by brush and
air dried for 30min prior to an oven cure for 30min at 120�C. As with
the CFRP samples, a thin film of PTFE was placed at the bond line at
one end of the panels to act as a starter crack. This assembly was
cured for 2h at 120�C with a pressure of 0.28MPa. Note that without
the need to cure the CFRP pre-preg, the adhesive could be cured at a
lower temperature than in the case of the cobonded CFRP samples. It
is possible that the different curing temperature may affect the
mechanical properties of the adhesive or the state of residual stress

FIGURE 1 Double cantilever beam specimen with CFRP substrates.
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in the joints. In this instance these effects need not be explicitly ana-
lysed; however, it should be remembered that they might have an af-
fect on the FCP curves. After curing, an electrical saw and milling
machine were used to cut the samples to the dimensions shown in
Figure 2. The width of the test specimen was 25mm, and the other
dimensions were as shown in Figure 2.

Fatigue Testing

The experimental arrangement is shown in Figure 3. Testing was car-
ried out using a servo hydraulic test machine fitted with computer
control and data acquisition. The crack length variation during the
fatigue testing was measured using the commercial ‘‘Krak-Gage’’
and ‘‘Fractomat’’ system supplied by RUMUL. The ‘‘Krak-Gage’’ is a
thin (�5lm) constantan metalfoil, which is adhesively bonded to the
side of a test specimen. During fracture of the sample, the ‘‘Krak-
Gage’’ is designed to tear coincidentally with the crack in the actual
test specimen. The change in resistance as the Krak-Gage tears is
measured by the Fractomat and converted to a crack length. The out-
put from the Fractomat was input to the computer data acquisition
system via a strain channel on the test machine. Direct observations
of crack length were made using a travelling microscope as a second
check on the measured crack length.

Testing was carried out under displacement control with constant
amplitude sinusoidal waveforms, displacement ratios (i.e., min.
disp.=max. disp.) of R¼ 0.1 and a range of frequencies (10Hz, 5Hz,
1Hz, and 0.1Hz). The variable frequency-loading regime consisted of

FIGURE 2 Double cantilever beam specimen with steel substrates.
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a three-stage block loading spectrum with frequencies of 10Hz, 1Hz,
and 0.1Hz. The number of cycles in each stage was 1000. Two to three
samples were tested for each case, and mean values were calculated.

Fractography

The fracture surfaces were examined using both optical and scanning
electron microscopy (SEM). Optical microscopy was used to study the
locus of failure and to examine the appearance of the fracture surface.
Samples for SEM analysis were then extracted and mounted on metal
stubs. The CFRP samples were coated to ensure electrical
conductivity.

FIGURE 3 Fatigue test configuration.
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DATA ANALYSIS

Experimentally, the principal measurements are crack length, load,
and displacement as a function of cycles. The next step in the charac-
terisation of FCP in the sample is to calculate the strain energy release
rate and the FCPR as a function of cycles from these experimental
data. Methods of performing these calculations are described below.

Calculation of Strain Energy Release Rate (G)

The value of G at peak load (Gmax) was determined using a beam on
elastic foundation model. This method was originally developed by
Kanninen [29]. Each half of the beam is considered as a beam partly
free and partly supported by an elastic foundation. This model has
been simplified [30] to give the following equation for strain energy
release rate:

GI ¼
12P2

b2h3E
ðaþ DÞ2; ð1Þ

D4 ¼ 4EIt

Eab
; ð2Þ

where P is the load; a is the crack length; Ea is the Young’s modulus of
the adhesive; t is the thickness of the foundation (i.e., half the thick-
ness of the adhesive); D serves as a length scale; h and b are the thick-
ness and width of the beam, respectively; and EI is its flexural rigidity.
This equation is based on the assumptions that shear energy is negli-
gible and that d=D is comparable to or greater than 2p, where d is the
uncracked length of the beam.

Calculation of the Fatigue Crack Propagation Rate (FCPR)

The FCPR is defined as da=dN, where a is the crack length and N is
the number of fatigue cycles. In this work, the seven-point incremental
polynomial method was used to calculate the FCPR. This method is
recommended in the standard test method ASTM E647-86a and
involves fitting a second-order polynomial to a group of seven success-
ive data points. The rates are then obtained by differentiating the
fitted equation. The characteristic equations for this procedure are
given below:

a ¼ b0 þ b1
N � C1

C2

� �
þ b2

N � C1

C2

� �2
; ð3Þ
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where b0, b1 and b2 are regression parameters that are determined by
applying the method of least squares to the data set. The terms C1 and
C2 are used to scale the input data in order to avoid numerical diffi-
culties in this process. The fatigue crack growth rate is then obtained
by differentiating Equation (3) with respect to N:

da

dN
¼ b1

C2
þ 2b2

N � C1

C2
2

� �
; ð4Þ

An Excel macro was written using Visual Basic for Applications
(VBA) to aid analysis using the approaches described above.

Variable Frequency Fatigue Prediction Procedure

In previous work by a number of authors [31–36] attempts have been
made to predict the fatigue performance of adhesively bonded joints.
In this article an attempt is made to extend this work to the prediction
of fatigue crack growth under variable frequency loading. This is
based on first obtaining constant amplitude fatigue crack propagation
(FCP) curves (i.e., plotting da=dN vs. Gmax) within the desired fre-
quency range. The crack growth rate, da=dN, can be correlated to a
suitable fracture mechanics parameter using a suitable fatigue law,
such as the Paris law [37]:

da

dN
¼ DðGmaxÞn: ð5Þ

To perform the predictions, the values for the Paris law coefficients,
D and n, need to be derived from the experimental data. These coeffi-
cients along with the threshold strain energy release rate (Gth) and the
critical strain energy release rate (Gc) are all that are required to de-
scribe the FCP curve and can be considered as material properties.
This has been done for both type of joints at 10Hz, 1Hz, and 0.1Hz
and the results are summarised in Table 2. The fatigue law constants
at intermediate frequencies could be obtained by interpolation from
the known experimental value, and the method is equally applicable
to cases where other fracture parameters or fatigue laws are more
appropriate. EXCEL solver was used to fit the Paris Law to the ex-
perimental data in this case.

Prediction of crack length in variable frequency fatigue is based on
a simple iterative algorithm in which Gmax is first calculated for the
initial crack length, a0. The Paris law constants for that particular
frequency are then used to determine the crack growth rate, da=dN,
which is multiplied by the number of cycles in the stage to give the
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overall crack growth during the stage (Da). A new crack size
(a1¼a0þDa) is then calculated and the process repeated. This
procedure is repeated until Gmax becomes equal to the threshold value,
Gth, in displacement control or until Gmax equals Gc in load control.
It can be seen that this is a simple method that is valid if there are
no significant interaction or load history effects. The size of each iter-
ative stage was reduced until negligible change in predicted behaviour
was seen. The steps used in this prediction method are illustrated in
Figure 4.

TABLE 2 Summary of Fatigue Results

Joint type
Frequency

(Hz)
Gth

(J=m2)
Failure
type

Paris constant

n D

CFRP FM300-2M 10 220 Cohesive 3.35 2.59E-16
CFRP FM300-2M 1 187 Cohesive 3.25 1.00E-15
CFRP FM300-2M 0.1 140 Cohesive 2.99 1.58E-14
Mild steel FM300-2M 10 133 Interfacial 3.12 2.11E-15
Mild steel FM300-2M 1 111 Interfacial 2.95 2.71E-14
Mild steel FM300-2M 0.1 82 Interfacial 2.59 4.52E-13

FIGURE 4 Fatigue life prediction algorithm.
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RESULTS

The locus of failure from optical and SEM examination of the fracture
surfaces was found to be predominantly cohesive failure of the ad-
hesive for the CFRP joints. In the case of the steel DCBs, failure
was predominantly in the interfacial region between the adhesive
and adherend with occasional small islands of cohesive fracture. For
both types of adherend there was no discernible change in the appear-
ance of the fracture surface as frequency changed. Two to three sam-
ples were tested for each load case, and the calculated mean values
used to construct the FCP curves. Repeatability of the tests was gen-
erally good as illustrated in Figure 5, which shows the FCP curves
for three CFRP specimens tested at 10Hz.

Constant Frequency Fatigue Tests

Log-log plots of FCPR against Gmax for the CFRP and mild steel DCBs
are shown in Figures 6 and 7 respectively. Both figures clearly show

FIGURE 5 FCP curves of three CFRP samples tested at 10Hz.
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the effect of fatigue frequency. The fatigue threshold (Gth), i.e., the
value of Gmax below which fatigue crack growth is negligible, can be
seen to decrease as the test frequency decreases. At Gmax>Gth, it
can be seen that the crack growth is faster at low frequencies for both
types of joints. Comparison of Figures 6 and 7 also shows that the
FCPR is much faster in the mild steel joints than in the CFRP joints.
The frequency sensitivity factor (FSF), defined as the multiple by
which the FCPR changes per decade change in test frequency, is
approximately 1.1 for the CFRP DCBs and 1.2 for the mild steel joints.
Fatigue crack growth rates were reprocessed in terms of da=dt, and
the log-log plot of da=dt versus Gmax is plotted in Figures 8 and 9
for the CFRP and mild steel, respectively. It is seen that the treatment
indeed brought the fatigue crack growth rates much closer to each
other for the mild steel joints but that there is still a significant differ-
ence between curves for the CFRP joints. It can also be seen that when
plotting crack growth as a function of time, the crack growth rate
for a given value of Gmax is greater at higher frequencies, which is in

FIGURE 6 FCP curves for CFRP joints in terms of da=dN.
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contrast to the trend seen when crack growth is plotted as a function of
cycles (i.e., FCGR). It can be said, therefore, that for both substrates
fatigue crack growth is dependent on both time and number of cycles,
but that in the case of interfacial failure crack growth is time domi-
nated. This means that, as a first approximation, fatigue crack growth
for interfacial failure at any frequency can be estimated from a single
curve fit through the data points in Figure 8. Table 2 summarises the
results of the fatigue tests for the CFRP and mild steel DCB samples.

Variable Frequency Fatigue Tests

Variable frequency testing was carried out using a three-stage block-
loading spectrum. The applied frequency for stages 1, 2, and 3 were
10Hz, 1Hz, and 0.1Hz, respectively. The number of cycles in each
stage was 1000. Figures 10 and 11 show the experimental crack
growth under variable frequency loading and that predicted using
the procedure outlined in Figure 4 for CFRP and mild steel joints,
respectively. It is clear that there is good agreement between the

FIGURE 7 FCP curves for mild steel joints in terms of da=dN.
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experimental tests and the prediction method. The degree of accuracy
of this method depends on the values of the Paris constants, D and n,
from the constant frequency tests and the assumption of no interaction
or load history effects. The former can be checked by using the predic-
tion algorithm to predict crack growth in the constant frequency tests.
This is demonstrated in Figure 12, which shows the correlation be-
tween the experimental and predicted data crack growth for the
1Hz constant frequency test. The good agreement indicates that the
method of computing the Paris law coefficients and the crack growth
prediction algorithm itself are reliable and that any differences be-
tween the predicted and experimental crack growth are real. The
slight tendency to underestimate variable frequency crack growth
may, therefore, indicate a small acceleration effect in the variable
frequencyspectrum.However, thiscouldalsobeexperimentalscatter. In

FIGURE 8 FCP curves for CFRP joints in terms of da=dt.
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either case it is considered that any such effects are of insufficient
importance to warrant inclusion in the predictive algorithm.

DISCUSSION

In this investigation efforts have been made to study the effect of ap-
plied frequency on crack growth in bonded DCB samples with mild
steel and CFRP substrates. It is seen that for both cohesive and inter-
facial failure, reducing the fatigue frequency has a significant effect in
reducing the fatigue threshold and accelerating crack growth for ad-
hesively bonded joints. By reducing the fatigue frequency from 10 to
0.1Hz, the threshold value of Gmax decreases by 64% and 61% for
DCBs with CFRP and mild steel substrates, respectively. This effect
is most probably attributable to the viscoelastic nature of the

FIGURE 9 FCP curves for mild steel joints in terms of da=dt.
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polymeric materials used in adhesives, which make them rate-sensi-
tive and susceptible to creep. As the loading in this case is always in
tension, there may be a significant creep contribution to crack growth,
which will increase as the frequency decreases, as the time under load
per cycle will increase. This argument is in agreement with many stu-
dies [7,8] that have shown that modern adhesives may exhibit signifi-
cant creep behaviour within their prescribed service range. This result
indicates that designers should not use high frequency test data to
predict the time to failure of bonded joints subjected to low frequency
loading. There is a temptation to do this as the shorter time required
to complete a series of high frequency tests means that these data are
more commonly available. However, whilst this may be an acceptable
practice for some materials, it is inadvisable with polymeric materials,
as this will result in nonconservative predictions. It should also be
noted that this effect would be expected to worsen as temperature
increases or as moisture is absorbed by the adhesive. This is further
explored by plotting the crack growth rate as a function of time rather
than number of cycles, i.e., da=dt. In the case of interfacial failure this
brought the crack growth curves at different frequencies much closer
together. This demonstrates that crack growth is more dependent on

FIGURE 10 Crack growth under variable amplitude loading for CFRP joints.
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FIGURE 11 Crack growth under variable amplitude loading for mild steel
joints.

FIGURE 12 Experimental and predicted crack growth at 1Hz.
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time under load than number of cycles and as a first approximation
crack growth at any frequency can be estimated from a master da=dt
versus Gmax plot.

The threshold strain energy release rate is a potentially useful de-
sign criterion, as this can be used to determine the load below which
fatigue crack growth is negligible. It is clear from Figure 13 that the
fatigue threshold values for the CFRP joints are significantly higher
(approximately 60%) than those seen with the mild steel joints at all
frequencies. This is not surprising, as the DCBs with mild steel sub-
strates failed interfacially whilst those with the CFRP substrates
failed cohesively in the adhesive. It can also be seen that there is a lin-
ear relationship between log frequency and log Gth for both cohesive
and interfacial crack growth, meaning that prediction of fatigue thres-
holdsatother frequencies shouldbereasonably reliable. It is remarkable

FIGURE 13 The effect of frequency on fatigue threshold.
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how close the slope of the plots of fatigue threshold against frequency
are for the two different failure modes; even deviations from the trend
line appear to be identical for the two sets of results. This indicates
that the fatigue resistance is influenced by the nature of the adhesive
in both cases. The results in Table 2 show, as indicated by the Paris
law exponents n and D, that crack growth is faster with the mild steel
substrates than with the CFRP substrates.

The proposed technique for predicting fatigue life under variable fati-
gue loading showed good agreement with the experimental results for
both cohesive and interfacial failure. This technique could easily be
implemented within a design code for predicting fatigue under variable
frequency conditions. It would also be a simple matter to include a rou-
tine for predicting the Paris law coefficients for frequencies between
those determined experimentally using some form of interpolation.
Figure 14 and 15 show the relationship between frequency and Paris
constant n and D, respectively, for both joints. It can be seen that n
increases slightly with frequency for both types of joint whilst D

FIGURE 14 The effect of frequency on the Paris constant, n.
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decreases as frequency increases. These trends are explained by looking
at Figures 6 and 7, where it can be seen that as frequency decreases the
slope of the FCP curves vary little but the whole curve is shifted to the
left, explaining the decrease inGth and the increase in D. It can be seen
from Figures 13–15 that linear relationships have now been obtained
between log frequency and log Gth, D and n. This is significant as it
means that a FCP curve can be easily constructed for any frequency
and, hence, crack growth at any frequency, or variable frequency spec-
trum can be easily predicted using the algorithm in Figure 4.

CONCLUSIONS

The effects of constant and variable frequency fatigue loading onmode I
crack growth for mild steel and CFRP DCBs bonded with an epoxy ad-
hesive have been investigated. The following conclusionswere obtained.

FIGURE 15 The effect of frequency on the Paris constant, D.

1180 A. H. Al-Ghamdi et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



1. The fatigue threshold decreases and the fatigue crack propagation
rate increases as the fatigue frequency is reduced from 10 to 0.1Hz.
Fatigue threshold can be used by designers to predict the fatigue
load a bonded structure can withstand without crack growth.

2. Linear relationships were seen between log frequency and log Gth,
D and n. These relationships can be used to construct a FCP curve
and, hence, predict crack growth at any frequency.

3. The fatigue threshold values for the CFRP joints (cohesive failure)
are higher than those for the mild steel joints (interfacial failure)
for all frequencies. Crack growth between Gth and Gc is greater
in the mild steel joints for a given value of Gmax.

4. The prediction of variable frequency fatigue using a simple damage
accumulation method based on the Paris Law agreed well with the
experimental results. This is potentially useful for designers to es-
timate the fatigue life of bonded joints subjected to complex loading
spectra. The procedure has the following steps:

a. Determine the parameters D, n, Gc, and Gth over the required
frequency range and use interpolation to calculate the value of
these parameters at intermediate frequencies.

b. Determine Gmax (or some other fracture mechanics parameter)
as a function of crack length for the structure to be analysed
and use the method shown in Figure 4 to predict crack growth
as a function of number of cycles or time.
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