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Abstract. A fracture-mechanics approach has been used to predict the cyclic-fatigue performance of
the adhesively-bonded single-lap joint and a typical bonded component, represented by an
adhesively-bonded ‘top-hat’ box-beam joint. The joints were tested under cyclic-fatigue loading in
either a ‘wet’” or ‘dry’ environment, respectively. Several steps were needed to predict the cyclic-
fatigue lifetime of these joints. Firstly, fracture-mechanics tests were used to obtain the relationship
between the rate of fatigue crack growth per cycle, da/dN, and the maximum strain-energy
release-rate, Gnax, applied during the fatigue cycle for the adhesive/substrate system under
investigation, in both a ‘dry’ and a ‘wet’ test environment. Secondly, analytical and finite-element
theoretical models were developed to describe the variation of the strain-energy release-rate with
crack length, as a function of the applied fatigue loads, for the single-lap joint and the ‘top-hat’ box-
beam joint. Thirdly, the experimental results from the short-term fracture-mechanics tests, obtained
under similar test conditions and in the same environment as were used for the single-lap or bonded
box-beam joints, were combined with the modelling results from the theoretical studies. This enabled
the cyclic-fatigue performance of the single-lap or bonded box-beam joints to be predicted over
relatively long time-periods. Finally, the agreement between the theoretical predictions and the
experimentally-measured cyclic-fatigue behaviour for the joints was found to be very good.

Key words: Fatigue, Finite-element analysis, Fracture mechanics, Lifetime predictions, Structural
adhesives.



Nomenclature
a Crack Length
A, Griffith Flaw Size

a Crack Length at Final Failure

b Width

c Half Overlap Length, Flange Width

D Linear ‘Region II’ Coefficient

E, Young's Modulus of Adhesive

E, Young's Modulus of Substrate

G Strain-Energy Release-Rate

G, Adhesive Fracture Energy

Gnax  Maximum Strain-Energy Release-Rate
Gy, Threshold Strain-Energy Release-Rate
h Substrate Thickness

J Contour Integral

K Bending Moment Factor

M, Bending Moment per Unit Width

N Number of Cycles

N; Number of Cycles to Failure

n Linear ‘Region II’ Exponent

ny Threshold *Region I’ Curve Fitting Constant

N, Fast Fracture “‘Region 111" Curve Fitting Constant
Force
r Distance from Crack Tip

S Element of Arc Length

T Load per Unit Width

T Traction Vector

Tmax ~ Maximum Load per Unit Width
Twin  Minimum Load per Unit Width
t, Adhesive Layer Thickness

u Displacement
U Displacement Vector
Unax ~ Maximum Displacement

min  Minimum Displacement

W Strain-Energy Density



Bending Stiffness per Unit Width
Co-ordinate Directions

Slope of Relationship between Gy, and szax

Strain

Avrbitrary Path around Crack Tip
Geometry Factor

Stress

Tensile Strength of Adhesive

Poisson's Ratio



1. Introduction

The use of adhesive bonding in industry has greatly increased in recent years. However, its use in
truly structural applications is still often limited. This is mainly due to a lack of confidence in the
performance of adhesive joints, since the mechanical performance of the joints may deteriorate upon
being subjected to cyclic-fatigue loading, especially if the joints are also exposed to a moist
environment (Kinloch, 1987). Thus, the ability to quantitatively describe this reduction in
performance and to predict the lifetime of bonded joints would be a powerful tool, enabling
manufacturers to make wider and more efficient use of adhesive bonding.

Now, previous work using a fracture-mechanics approach (e.g. Mostovoy and Ripling, 1966;
Fernando et al., 1996; Jethwa and Kinloch, 1997; Dickie et al., 1997; Taylor, 1997; Curley et al.,
1998) has quantitatively established the damaging effects that cyclic-fatigue loading may have upon
adhesively-bonded joints, especially when such loading occurs in the presence of an aqueous
environment. For example, fracture-mechanics tests were used to identify the relationship between
the rate of fatigue crack growth per cycle, da/dN, as a function of the maximum strain-energy
release-rate, G,,,,, applied during a fatigue cycle for a single-part toughened-epoxy adhesive bonding

steel substrates. These cyclic-fatigue tests were conducted in both a 'dry' environment of 23+1°C and
55 % relative humidity, and a 'wet' environment of immersion in distilled water at 28+1°C. It was
found that the threshold strain-energy release-rate, Gy,, below which no cyclic-fatigue crack growth

occurred, as measured in the “dry” environment was significantly lower than the value of the adhesive
fracture energy, G, determined under monotonic loading. Further, the value of Gy, was often further

reduced if the cyclic-fatigue tests were conducted in water, as opposed to the “dry’ environment. This
previous work also revealed that, since the time-scales of such ‘wet’ cyclic-fatigue tests are relatively
short, they act as a very effective accelerated test technique and may readily be used to ‘rank’ the
durability of adhesive joints. For example, ‘wet’ fatigue tests may be employed to compare, and
develop, different and novel types of surface treatments for polymeric and metallic substrates - this is
of particular importance since the surface treatment employed may have a major effect on the
durability of the bonded joint.

However, the main aim of the work described in the present paper is to build-upon these
earlier results to predict the service life of bonded joints and components when they are exposed to
cyclic-fatigue loading, especially in the presence of an aqueous environment. The basic idea derives
from the fact that the cyclic-fatigue fracture-mechanics data may be gathered in a relatively short
time-period, but may be applied to other designs of bonded joints and components, whose lifetime
may then be predicted over a far longer time-span. Obviously, the fracture-mechanics tests need to be
conducted under similar test conditions and environments as the joints, or components, whose



service-life is to be predicted. Since, it is important that the fracture-mechanics test specimens do
indeed exhibit a similar mechanism and locus of failure (e.g. cohesively through the adhesive layer,
or interfacially between the adhesive and substrate, or through the oxide layer on the metallic
substrate, etc.) as observed in the joints, or components, whose lifetime is to be predicted.

In the present work, therefore, firstly, the cyclic fatigue of bonded (uncracked) single-lap
joints in a ‘wet” environment is studied. Analytical and finite-element (FE) models are developed to
describe the variation of the maximum strain-energy release-rate, G,,, with the length, a, of the

growing fatigue crack in the adhesively-bonded single-lap joints. These models are then combined
with the results from the experimental fracture-mechanics data, which have also been conducted, of
course, under cyclic-fatigue loading in the ‘wet’ environment. These combined expressions are
integrated between the initial (i.e. intrinsic or Griffith) flaw size and the crack length at final failure.
Hence, the predicted number of cycles to failure for the lap joints may be deduced as a function of the
cyclically-applied load. These predictions will be compared with the experimental results, and the
accuracy of the two approaches (i.e. via the analytical and the finite-element modelling studies)
assessed. The sensitivity of the predictions to the boundary conditions employed, for example to the
initial flaw size, will also be discussed. Further, the fracture-mechanics approach to lifetime
prediction described above assumes that the cyclic-fatigue life of the lap joints is dominated by the
propagation of cracks, rather than the initiation of such cracks. Thus, it is of some importance to
establish whether this assumption is indeed correct, and therefore a backface-strain technique (Zhang
et al., 1995; Imanaka et al., 1995) will be used to investigate crack growth in the lap joints during the
fatigue tests.

Secondly, a finite-element model will be used to predict the rate of crack growth in a typical
adhesively-bonded component subjected to cyclic-fatigue loading, but in this case in a ‘dry’
environment. The component selected is a bonded ‘top-hat’ box-beam, loaded from one end of the
bonded ‘top-hat’ section in a cantilever-bending mode. (In this case, of course, the corresponding
cyclic-fatigue fracture-mechanics experimental data are also obtained in a ‘dry’ environment.) The
predictions of the expected cyclic-fatigue life will again be compared with experimental results.



2. Experimental
2.1 Materials

The substrates were mild-steel, grade ‘British Standard EN3A’. A grit-blast and degrease surface
treatment was used for the steel substrates prior to bonding. The adhesive used was a single-part
rubber-toughened epoxy adhesive (‘AV119’, supplied by Ciba Polymers, UK). The adhesive layer in
the joints was 0.4 mm in thickness and was cured by heating the assembled joints for 2 hours at

120°C, and then allowing the joints to cool slowly in the oven.

2.2 Fracture-mechanics tests

The full details of the preparation and testing of the joints used for the fracture-mechanics tests are
given elsewhere (Taylor, 1997), so a short summary only is given here. To determine the adhesive
fracture energy, G, the adhesively-bonded tapered double-cantilever beam (TDCB) specimen was

employed. Tests were conducted at a constant rate of displacement of the crosshead of the tensile
testing machine. The rate of displacement used for these monotonically-loaded tests was 1.0 mm/min.
The tests were conducted at 23+1°C and approximately 55% relative humidity.

The adhesively-bonded TDCB specimen was also used to obtain the relationship between the
rate of fatigue crack growth per cycle, da/dN, as a function of the maximum strain-energy

release-rate, G,.,, applied during a fatigue cycle. These cyclic-fatigue tests were conducted in both a

max?
'dry" environment of 23+1°C and 55 % relative humidity and a ‘wet' environment of immersion in
distilled water at 28+1°C. Tests were performed using a sinusoidal waveform at a frequency of 5 Hz,

and a displacement ratio, Umin/Umax, Of 0.5. A range of maximum displacements, umax, Was

employed to cover the complete range of applied G, values.

max

2.3 Bonded lap joints

2.3.1 Joint preparation

Lap joints represent the most common form of test geometry, as well as being a basic design method,
for adhesive bonding. Hence, they were selected for the present studies. The lap-joint specimens,
schematically shown in Figure 1, were made according to the method described in ASTM D1002
(1983), using 2 mm thick, mild-steel, sheets as the substrate material. After surface treatment,
adhesive was applied to the substrates. Pairs of adhesively-coated substrate sheets were then placed in
a jig to ensure that they were parallel, and pressure was applied via weights. Stainless-steel wire,
0.4 mm in diameter, was used to give a constant thickness of the adhesive layer. The excess adhesive



that squeezed out of the adhesive layer was allowed to form a natural fillet at the end of the overlap.
The joints were cured and individual specimens were then cut from the bonded sheets, discarding the
areas that contained the stainless-steel wire. The finished lap joints were 25.4 mm wide, with a
bonded overlap length of 12.7 mm.

2.3.2  Joint testing

The initial failure load of the single-lap joints was obtained by conducting tests at a constant
displacement-rate of 0.5 mm/min, and the maximum load was recorded. The failure load per unit
width and the initial failure stress were calculated by dividing the measured failure load by the
bonded width and area, respectively. These tests were conducted in a ‘dry’ environment, i.e. at
23+1°C and approximately 55% relative humidity.

Cyclic-fatigue tests were conducted at a range of maximum loads, using a load ratio,
Thin /Tmax, Of 0.5, with a sinusoidal loading waveform at a frequency of 5 Hz. Maximum fatigue loads
equivalent to 30 to 90 % of the average initial value (which was obtained from the constant
displacement-rate tests described above) were applied. The number of cycles, Ny, to failure was also
recorded. The tests were conducted with the joints immersed in distilled water at 28+1°C. These ‘wet’
cyclic-fatigue tests on the lap joints were undertaken by using a small water tank, which was mounted
on the lower arm of the specimen using a silicone-rubber seal (Taylor, 1997).

2.3.3 Backface-strain measurements

The backface-strain technique (Zhang et al., 1995; Imanaka et al., 1995) was employed to detect
fatigue crack growth in the single-lap joints. This technique uses strain gauges bonded on the
backface of the specimen, opposite the ends of the overlap, as shown in Figure 2a. Loading the
specimen in tension places both gauges into compression, see Figure 2b. However, if a fatigue crack
starts to grow from one end of the overlap, the local deformation relaxes and the compressive strains
on one gauge are decreased, but are increased on the other, see Figure 2c. If crack growth occurs from
both ends of the overlap, then this will cause a decrease in the compressive strains acting on both

gauges, as shown in Figure 2d.

Strain gauges, 1.6 mm square, were attached to the backface of the lap-joint specimens using
a two-part epoxy adhesive (‘M-Bond AE15’, supplied by Measurements Group, UK). They were
positioned centrally over the ends of the overlap. The gauges, wires and connections were sealed with
a polyurethane varnish to prevent the immersion in water from causing a short-circuit. However, even
though the electrical components were thoroughly waterproofed, water occasionally short-circuited



the connections. In these cases the connections were re-coated with varnish to eliminate any
reoccurrence of the short-circuit. The signals from the gauges were sampled via a computer, using a
data-acquisition system. The load and displacement outputs from the testing machine were also
recorded. These data were analysed to provide values of the maximum load, and maximum
compressive strain, versus the number of cycles.

2.4 Bonded component
2.4.1 Manufacture

The design of the bonded ‘top-hat” box-beam component is shown schematically in Figure 3. This
basic design was selected since it is a very common form of bonded box-beam structure. The 250 mm
long ‘top-hat' section of the box-beam was made from 2 mm thick mild-steel. This was cut to size and
bent to the required profile, i.e. 55 mm wide and 40 mm high. A 3 mm thick reinforcing plate was
bonded under the 'top-hat' section to prevent plastic deformation, using the *AV119’ epoxy adhesive.
The baseplate was made from 3 mm thick mild-steel. This was cut to size, and the desired position of
the 'top-hat' marked out. The areas to be bonded on the 'top-hat' and the base plate were grit-blasted
and degreased. The ‘AV119’ adhesive was applied, and 0.4 mm stainless-steel wires placed at either
end to give a constant thickness of the adhesive layer. The adhesively-bonded flange-width, ¢, was 15
mm. A sheet of poly(tetrafluoroethylene) was placed in both bonded flanges, at one end of the
adhesive layer, to act as a starter crack, 80 mm long. The two halves were assembled and pressure
was applied using weights. Any excess adhesive was removed, and the adhesive layer was then cured
as described above.

Once the adhesive had cured, holes were drilled through the baseplate to allow the bonded
component to be bolted onto the crosshead of the testing machine. A 32 mm diameter hole was also
drilled through the reinforced ‘'top-hat' section, 25mm from the end where the
poly(tetrafluoroethylene) starter cracks had been placed, to enable the component to be loaded. The
outside edges of the adhesive layer were sprayed with a thin layer of white paint to allow the crack tip
to be monitored during testing. To load the component, a nut was placed under the reinforcing plate,
into which a threaded adaptor was screwed.

2.4.2  Component testing

Firstly, a bonded ‘top-hat’ beam component was tested by applying a load to one end, as shown in
Figure 3, at a constant displacement-rate of 0.5 mm/min. The force versus displacement response was
recorded. Secondly, a bonded component was tested in cyclic-fatigue, by subjecting the component to
a cyclically-applied bending load, using a constant maximum displacement of 1.2 mm. Tests were

performed using a frequency of 5 Hz, and a displacement ratio, Umin/Umax, Of 0.5. The tests were



undertaken in the ‘dry’ environment of 23+1°C and approximately 55% relative humidity. The
resulting fatigue crack, which propagated through the bonded region of each flange, was monitored
optically using a pair of travelling microscopes. The rate of crack growth per cycle, da/dN, in each
bonded flange of the component was calculated from the measured crack length data.

3. Theoretical

3.1 Introduction

The first step in modelling the cyclic-fatigue lifetime of the bonded joints and components is to obtain
an expression to describe the experimentally-measured fracture-mechanics data, i.e. the relationship
between the rate of crack growth per cycle, da/dN, and the maximum strain-energy release-rate, G,
in a fatigue cycle. Secondly, the variation of G, with crack length in the joint is theoretically
modelled, using either an analytical or a finite-element approach. In the present work, both analytical
and finite-element approaches were used for the single-lap joints, though only the finite-element
approach was used for the bonded component. Finally, these data are combined and the resulting
expression is integrated and, hence, the long-term cyclic-fatigue life of the joint may be predicted.

3.2 Modelling the fracture-mechanics data

The fracture-mechanics data were obtained using tapered double-cantilever beam (TDCB) adhesive-
joint specimens and the experimental results obtained relate the rate of cyclic-fatigue crack growth,
da/dN, to the maximum strain-energy release-rate, G,..,, applied during a fatigue cycle, see Figure 4
for example. Obviously, the fracture-mechanics tests need to be conducted under similar test
conditions as the joints, or components, whose service-life is to be predicted. It is also important to
ensure that the TDCB fatigue test specimens do indeed exhibit a similar locus of failure as observed
in the joints, or components, whose lifetime is to be predicted. (The locus of failure of the different
joints was therefore studied to ensure that this was indeed the case, see later.)

Now, it is well established that the linear, central, region (labelled ‘Region II’ in Figure 4) of
the plot of the relationship between logarithmic da/dN and G, may be modelled by using an

expression based upon the Paris Law (1963):

da

m: D(G max) (1)



where D and n are obtained by fitting the above equation to the experimental data. However, as may
be seen in Figure 4, the complete relationship between logarithmic da/dN and G, is of a sigmoidal
form. A lower-bound occurs at the fatigue threshold, Gy, where the crack growth rate is negligible
(‘Region I’ in Figure 4) and an upper-bound occurs which is equivalent to the adhesive fracture
energy, G., measured at a constant displacement-rate (‘Region 111’ in Figure 4). Thus, the relationship
between logarithmic da/dN and G,,,, may be better expressed by a modified form of the Paris Law
(Martin and Murri, 1990; Kinloch and Osiyemi, 1993), namely:

Ny
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where Gy, and G, are the values of the cyclic-fatigue threshold and constant displacement-rate
adhesive fracture energy respectively. The empirical constants n; and n, may again be obtained by

fitting the above expression to the experimental data.

For example, the data obtained from the 'wet' cyclic-fatigue tests on steel TDCB specimens

bonded with the 'AV119' epoxy adhesive give D and n values of 1.37 x 10™ m%N.cycle and 3.64
respectively. The relationship based upon Equation (1) is shown dotted in Figure 4, together with the
experimental data. The modified relationship, Equation (2), is also shown in Figure 4, and the values
of n, and n, were found by fitting Equation (2) to the experimental data. The values of the various
parameters from the cyclic-fatigue fracture-mechanics tests which will be needed for the life-
prediction modelling studies are summarised for both ‘wet” and “dry’ test environments in Table 1.

3.3 Modelling the lap joint
3.3.1 Introduction

Analytical and finite-element models are developed below to describe the variation of the maximum

strain-energy release-rate, G with the crack length, a, of the growing fatigue crack in the

max?
adhesively-bonded single-lap joints. The analytical model considers only the mode | value of the
strain-energy release-rate, G, whilst the FE model gives the values of the mode | and mode Il
contributions to the total value of G. The mode I contribution will typically be the dominant and more
important term, since single-lap joints loaded in tension basically fail due to the presence of the
transverse tensile, oy, Stresses acting across the adhesive layer; i.e. primarily via a mode | failure, see
for example Kinloch (1987) and Wang and Yau (1982). However, in the case of the FE modelling, we
have chosen to sum these contributions and use the total strain-energy release-rate for two reasons.

10



Firstly, it has been shown (Johnson and Mall, 1985; Mall and Kochhar, 1988) that for relatively tough
adhesives, such as the ‘AV119’ adhesive used in the present work, the total strain-energy release-rate
appears to be the critical parameter for fatigue crack propagation, rather than any individual
component. Secondly, in the FE modelling, the relative values of the mode | and mode Il components
are actually dependent upon the element size, close to the crack tip, for an interfacial crack
(Venkatesha et al, 1996); whereas the total strain-energy release-rate is independent of the crack-tip
element-size. This effect arises from the oscillatory nature of the stresses at an interface (Williams
(1959)). However, as will be seen later, these various assumptions and somewhat different
approaches appear to have little significant effect on the resulting predictions of the fatigue lifetime of
the lap joints.

3.3.2  Analytical approach

To employ the fracture-mechanics data generated as described above, requires knowledge of the
relationship between the maximum applied strain-energy release-rate, G,,., With crack length, a, in a
single-lap joint. Then, substitution of this relationship into Equation (2) can lead to a prediction of the
cyclic-fatigue life of the single-lap joints. An analytical model to determine this relationship is
described below, and follows that discussed in detail by Kinloch and Osiyemi (1993).

The single-lap joint loaded in tension basically fails due to the presence of the transverse
tensile, oy, stresses, i.e. via a mode | failure. The maximum value of this cleavage stress may be
found using analyses reported by Hart-Smith (1985) and Zhao et al. (1990):

E 1/2
G, = Me : (3)
2t X

where E, and t; are the modulus and thickness of the adhesive layer respectively. The bending

stiffness, X, per unit width is given by:

E.h?

X -0 @

where Eg, h and v are the modulus, thickness and Poisson's ratio of the substrate. The bending

moment, Mg, per unit width can be found from:

_KT(h+t,)

= ©
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where K, the bending moment factor, is given by:

3 1
“l+ec

(6)

where c is half the overlap length of the joint, and:

Sty

Here, T is the load per unit width applied to the joint.

For a symmetrical loading of the joint, Williams (1988) has derived the relationship between
the strain-energy release-rate, G, and the induced bending moment, Me, per unit width as:

_1am2
~ Eh?®

G (8)

Substituting Equation (5) into Equation (8), and using Equations (6) and (7), gives an expression for

Gmax:

6. .12 (Tmax(h+ta)j2( 1 J o

TEN 2 (1+ec)’
where Tax is the maximum load per unit width applied to the lap joint in a fatigue cycle.

Assuming that a crack will grow through the bonded-overlap region parallel to the loading
direction, then if it grows by a length, a, from both ends of the lap joint, the effective overlap length
will be reduced from 2c to (2¢-2a). Substituting for ¢ into Equation (9) gives:

12 Tmax(h+ta)]2[ 1 J
Gmax—Eshg[ 5 (s elo_al] (10)

Hence, the above equation describes the relationship between the applied strain-energy release-rate,

Gmax, and the length, a, of a crack propagating through the bonded overlap region in the lap joint; as

shown in Figure 5 using the values of the various parameters given in Table 2 and with a value of
Tmax 0f 195 kN/m.
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The fracture-mechanics tests discussed previously give the relationship between the crack
growth rate per cycle, da/dN, and Gna; and the sigmoidal relationship between these parameters can

be modelled using Equation (2). Thus, combining Equations (2) and (10), and eliminating Gyax, gives
an integral expression for the expected number of cycles, Ny, to failure of the lap joint for a given

value of Ty

}f [Eh3ﬂ+ e(c - a)]z-i [G Esh[L+ e(c—a)]zTZ —[3 Tmax(thta)]z}nz

3 DG [3[me(h+ta)ﬂ [ rmX(h+t)ﬂ [thEh[1+e(c a)f]

da  (11)

One integration limit is the initial flaw size, a,, which may be deduced by modifying the

Griffith equation for a through-thickness crack in an infinitely-wide plate by a geometric constant, x,

to give:

_EaGg¢
do=— (12)
Ko g

However, x may be assumed to be unity and, as will be shown later, this assumption of x =1 has no
significant effect on the predicted values of N¢. The other limit is the final crack length, a;, where

rapid crack growth and failure occurs, and which may be obtained from Equation (10) for when

Gmax- reaches the adhesive fracture energy, G¢:

1/2
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where o, is the tensile strength of the adhesive. Note that, since the cracks are assumed to grow from

both ends of the joint, then a;< c.

Now, two values of a, may be calculated from Equation (12) for the 'AV119' adhesive used
in the current work. One value is the Griffith flaw size using the measured fracture stress of the bulk

adhesive. The adhesive fracture stress, o, measured from tensile tests on bulk samples gave
oq =70 MN/m?, and hence a, = 85 um. A second value of a, may also be obtained from Equation

(12), but now using the value of o, as determined from the single-lap joint tests conducted at the

13



constant displacement-rate test, and deduced using Equations (3) to (7). This approach represents the
fracture stress for the thin layer of adhesive in-situ in the adhesive joint, or for failure of the
adhesive/substrate interface, depending upon the locus of joint failure. For the present work, this

approach yielded a value of oy =56 MN/m’, and hence a value of a,= 135 um. Both these lower-

and upper-bound values will be used for the lifetime predictions, so as to give an indication of the
effect of varying the value of a,. The values of E,, G, and oy are given in Table 2, together with the

other data required for the analytical and finite-element modelling; and from the fracture-mechanics
testing, the values of D, n, nq, ny, G, and G, are known. The geometry of the single-lap joint and the
material properties of the substrates give the values of e, h, t,, ¢ and Eg. Hence, with the knowledge of
the various parameters involved, we can integrate Equation (11) to predict N¢ for an initially

uncracked single-lap joint for a given maximum load, T, per unit width.

3.3.3 Finite-element (FE) approach
3.3.3.1 Basic model

The finite-element (FE) model of the single-lap joint was considered as consisting of two isotropic,
homogeneous and linear-elastic materials joined together along a common interface, and containing
two cracks along the upper-left and lower-right interfaces, as shown in Figure 6. These crack
locations are known to be the most critical locations (Hart-Smith, 1985; Kinloch, 1987), and where
failure was indeed observed to occur.

It should be noted that the analytical model described above cannot distinguish between crack
growth cohesively through the centre of the adhesive layer and crack growth very close to the
adhesive/substrate interface. However, the FE approach can obviously model either a cohesive or an
interfacial crack. Now, for the TDCB fracture-mechanics (and for the single-lap) joints subjected to
fatigue cycling in the ‘wet’ environment, the latter locus of failure was experimentally observed, as
described later. Hence, it is the latter, interfacial, type of crack that is now modelled using the FE
approach.

As the transverse stresses caused by Poisson's ratio strains in the substrates do not
significantly effect the stresses in the direction of the applied load, the problem can be reduced to a
two-dimensional one (Adams and Peppiatt, 1973). The pre-processing of the model was undertaken
using ‘PATRAN’ software, and the analysis was undertaken using ‘ABAQUS’ software (1996).

The J-integral method was used to calculate values of Gyax as a function of the length, a, of a

crack in the joint and the applied load, Tmax, per unit width. Smelser and Gurtin (1977) have shown

14



that the J-integral for a non-homogeneous solid composed of dissimilar materials is the same as the
analogous result for a single-phase material. Thus, for an interfacial crack problem, the line integral
has the same form as the well-known J-integral for monolithic solids, provided the surfaces are free
from traction and the interface is a straight line. The path-independent J-integral is defined by Rice
(1968) as:

ou;
J= i[[WdXZ - ia_Xl dSJ (14)

where 7”is an arbitrary path beginning at the bottom crack face and ending on the top face, W is the
strain-energy density, Tj is the traction vector, uj, is the displacement vector and ds is the increment of

arc length along the contour /-

For quasi-static crack advance, two methods are typically used for calculating the J-integral
in a two-dimensional analysis. One method is based on a line-integral expression for the energy
release-rate. Whereas the other method uses the divergence theorem, where the contour integral can
be expanded into an area integral over a finite domain that surrounds the crack tip. The latter area-
integral method is generally considered to be superior to the line-integral method, and in ABAQUS
the area-integral method is used to evaluate the contour integrals. A list of all the node sets, which
define the crack front, need to be specified. However, for two-dimensional cases only one node set,
the set of nodes at the crack tip, need to be stated. From the element connectivity table and the crack
tip node-set, ABAQUS automatically finds elements that form each ring of elements. The number of
different evaluations of J possible is the number of such rings of elements. The calculated J-integral
from different rings may vary due to numerical approximations of the geometric model and any
significant variation in these estimates, commonly called domain dependency, indicates a need for
mesh refinement. Nevertheless, accurate estimates of the contour integral are usually determined even
with quite coarse meshes and such estimates may be examined to see whether path-independent
values have indeed been obtained. In all the present models, four rings of focussed elements
surrounding the crack tip were considered. The variations in the estimates of the J-integral from these
rings, excluding the crack tip itself, were very small. For example, at a crack length of 1.7 mm and an

applied load of Tynax=300 kN/m, the ratios J1/J4, J2/d4, J3/d4 and J4/J4 from four different rings were

0.995, 0.997, 0.998 and 1.000, respectively. This indicates that there is no domain dependency, and
that no further mesh refinement was necessary.

The cracks were assumed to be sharp, and the crack faces were assumed to lie on top of one

another in the undeformed configuration. These types of cracks are normally analysed under small-
strain assumptions, as the strain field is singular at the crack tip and this singular zone is very
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localised. The type of crack-tip singularity depends upon how the material is modelled in the FE
simulation. Linear elasticity, perfect plasticity, and power-law hardening are commonly used in
fracture-mechanics analyses. However, the singularity at the crack tip must be considered using a
small-strain analysis when the non-linear geometry effects are not considered, since including the
singularity improves the accuracy of the J-integral approach. The present FE modelling was
performed assuming linear-elastic behaviour. For linear-elastic behaviour, the strain singularity in a
small-strain analysis is proportional to the inverse of the square root of the distance from the crack
tip, r'2. This singularity was built into the FE mesh using standard elements in the whole domain,
except around the crack tip where a ring of collapsed quadrilateral elements was employed, see
Figure 7. In the present work, 8-noded isoparametric elements were used for the whole domain, and
8-noded degenerate triangular elements were used at the crack tip. The mid-side nodes on the sides of
the elements connected to the crack tip are moved to the quarter point position nearest to the crack tip.
This procedure creates the strain singularity:

aoc—'?+% asr—0 (15)

where ¢is the strain and A and B are independent of r. Multipoint constraints were used to tie together
all the crack-tip nodes, leading to A = 0 with the resulting strains and stresses exhibiting an inverse
square-root singularity, as required for linear elasticity. A typical model of the joint was composed of
1136 elements and 3692 nodes, giving 7384 degrees of freedom. A range of crack lengths and applied
loads were used in the model. The crack lengths used were between 0.1 and 5.1 mm, and the applied
loads corresponded to between 40 and 100 % of the initial failure loads that were measured
experimentally.

3.3.3.2 Results

As an example of the results from the FE modelling studies of the lap joint, the variation of Gyax

with crack length, a, at a T,,,, value of 195 kN/m is illustrated in Figure 8. From the FE modelling,
the strain-energy release-rate, G, is again a function of both the crack length, a, and the applied

load, T, per unit width. Thus, the function to describe G, was formulated in two parts. Firstly,
values of G, were plotted against the values of szax for each crack length, see Figure 9. In
agreement with linear-elastic fracture-mechanics theory, linear relationships between G, and szax

were obtained from these modelling studies. Secondly, the gradient, 5, (where S = G /szax) of

each line was then plotted against crack length, a, see Figure 10. The relationship between the slope,

16



p, and the crack length, a, may be described using an exponential equation, as used in previous work
(Curley et al., 1998), of the form:

G
B =—1= =3.7588%10 ° *10"**"™
Tmax (16)

Alternatively, a better fit to the S versus a data may be obtained by a relationship of the form:

Gmax 4 -9
B=—3==22"+5*10 (17)

Thus, from the FE modelling we have two relationships for Gyax as a function of Tpyax and a. To

explore the sensitivity of the predictions to the exact form of the fitting equation, both of these
relationships will be used to predict the number of cycles to failure for the lap joints, and the results
compared. (As will be seen later, both of these relationships give approximately equivalent fits to the
experimental data. However, the expression in Equation (17) is considered to be the more
fundamental, since it is in the form of a power-law series in accord with beam theory.)

These relationships for Gpyax, as a function of Tyyax and a, from the FE modelling studies may

now be combined with the cyclic-fatigue fracture-mechanics data. Hence, the predicted number of
cycles, N;, to failure may be deduced by integrating Equation (2) to give:

-da (18)

and where a, and a;, are the initial and final flaw sizes, from Equations (12) and (13). Next, the term
Gmax as a function of crack length, a, and maximum applied load, Tmax, per unit width in a fatigue
cycle, may be substituted from Equation (16) or (17). This final substituted expression for N; may

now be integrated. The integration was performed between the limits a, and a; using the
'MATHCAD' computer software. This splits the integral into two intervals and employs the trapezium
rule to calculate N;. Each interval is then split in half again, and a new value of N; is calculated. This

process is repeated until the two subsequent values of N; differ by less than the specified tolerance, of

1 cycle.
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Thus, we now have an expression, based upon integrating Equation (18), to predict the

number of cycles to failure for the single-lap joints, with two relationships for Gpax as a function of

Tmax and a (i.e. Equations (16) and (17)) which have been obtained via the finite-element modelling
studies. This is in addition, of course, to the analytical approach discussed previously. The agreement
between the various theoretically calculated values of N; and the experimental results will be

discussed below.

3.4 Modelling the bonded component

A three-dimensional finite-element (FE) model of the bonded ‘top-hat’ beam component was also
developed. The steel substrates and adhesive were assumed to undergo bulk elastic deformation only,
as no plastic deformation was observed experimentally. In the model, cracks were located at the
interface between the adhesive and the baseplate, corresponding to the locus of failure which was
visually observed to occur in the “dry’ fracture-mechanics TDCB cyclic-fatigue tests. (It should be
noted that a similar locus of failure was also visually observed for the bonded component, as
discussed below.) A fixed displacement of 1.2 mm was applied to the end of the bonded ‘top-hat’
component, and the nodes at the interface between the adhesive and the steel were released in turn.
The model assumes that the crack length is equal in both arms of the component. The strain-energy
release-rate, G, at the outside edge of the adhesive layer was calculated using the universal crack-
closure method (Rybicki and Kanninen, 1977). The calculated variation of G, with crack length, a,

is shown in Table 3.

From the FE model, the theoretical relationship between G, and crack length can be
obtained. However, the experimental relationship between da/dN and G, is also required to predict
the fatigue crack-growth rate in the joint. This may be obtained, of course, from the fracture-
mechanics ‘dry’ cyclic-fatigue data, as discussed previously and shown in Table 1. It should be noted
that the strain-energy release-rates calculated from the FE model fall within the region where log

da/dN is linearly proportional to log Gpmax, and hence Equation (1) could be employed in this case.

4. Experimental results

4.1 Fracture-mechanics tests

The results from the fracture mechanics tests, using the adhesively-bonded TDCB specimens, have
been reported in detail elsewhere, see Taylor (1997). Hence, only the major results of direct relevance
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for predicting the fatigue performance of the bonded lap joints and components will be given in the
present paper. The results of the ‘wet’ cyclic-fatigue tests are shown in Figure 4, and these results are
summarised in Table 1. Also, given in Table 1 are the data from the “‘dry’ cyclic-fatigue tests.

One feature to be noted from these results is the relatively low value of the fatigue threshold
value, Gy, compared with the value of the adhesive fracture energy, G¢. This has been previously
noted and discussed, see Jethwa and Kinloch (1997). A second important feature from the results
given in Table 1 is the significantly higher value of the threshold value, Gy, recorded in the ‘dry” tests
compared with that recorded in the ‘wet’ tests. This reflects the change in the locus of failure
observed in these tests. Namely, in the “dry’ tests, the failure path was very close to the interface, but
with a very thin layer of adhesive often being retained on the oxide surface of the steel substrate.
However, in the ‘wet’ fatigue tests, the locus of failure was found to be through the iron-oxide layer
on the surface of the steel substrate. (This was identical to the failure path observed in the single-lap
joints when fatigue tested in the “wet’ environment, as discussed in detail below.)
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4.2 Lap joints

4.2.1 Constant displacement-rate tests

The constant displacement-rate tests, using the single-lap joints and conducted in a ‘dry’ environment,
gave a mean failure load per unit width of 300 kN/m, with a standard deviation of 30 kN/m. Hence,

the mean initial failure stress of the lap joints was 24 MN/m’, with a standard deviation of

2.3 MN/m’.
4.2.2  “Wet’ cyclic-fatigue tests

The results from the 'wet' fatigue tests for the single-lap joint are shown in Figure 11. The maximum
load, T, per unit width applied to the joint, also expressed as a percentage of that measured from
the constant displacement-rate tests, is plotted against the measured number of cycles, Ny, to failure.
As would be expected, at high loading levels the life of the lap joints is relatively short. Indeed, at a
cyclically applied maximum load of 60 % of the initial failure load, the joint life is less than
10,000 cycles. This is equivalent to about half an hour of cyclic testing, at the test frequency of 5 Hz.
Joint lives of longer than about one day are seen at fatigue loads below about 35 % of the initial
failure load. The joint life increases rapidly as the value of T, approaches approximately 30 % of the

initial failure load, i.e. at a value of approximately 90 kN/m. Under these conditions the fatigue life
may exceed 1.5 X 10’ cycles without failure occurring. Also, as may be seen from Figure 11, there is

strong evidence of a fatigue threshold, below which joint failure does not occur.

4.2.3 Mechanisms of failure

4.2.3.1 Constant displacement-rate tests in a ‘dry’ environment

For the lap joints, tested at a constant displacement-rate in a ‘dry’ environment, the locus of failure
was visually judged to be interfacial, see for example the diagram in Figure 12a. This illustrates
regions of the fracture surface where failure had visually occurred close to the interface, since
adhesive had been retained on one of the failed surfaces with an opposing failure surface having no
retained adhesive. There was also an area, labelled ‘2’ in Figure 12a, where the adhesive had
apparently become detached from both steel substrate surfaces. This indicates that failure was by the
growth of cracks from both ends of the bonded overlap. However, observations of the fracture
surfaces using a scanning electron microscope (SEM) showed that a thin layer of retained adhesive
was present on the areas of apparently interfacial failure, with cavitated rubber particles also being
observed (Kinloch et al., 1983; Taylor, 1997). (Recall that the adhesive consists of an epoxy
containing a dispersed rubbery, particulate phase.) Where a thick layer of could be seen visually, the
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SEM also identified adhesive and cavitated rubber particles. Thus, failure actually occurs in the
adhesive layer but very close to the interface, although it did appear from a simple visual examination
to be interfacial along the adhesive/substrate interface.

4.2.3.2 'Wet' cyclic- fatigue tests

For the lap joints subjected to the ‘wet' fatigue tests, the joints visually exhibited an apparently
interfacial failure. This is schematically illustrated in Figure 12b, where the diagram shows that in
different areas of the failed joint adhesive is retained on one side of the failed joint whilst the directly
opposing side always appears to be free of any retained adhesive.

However, to study the locus of failure in more detail, sensitive surface analyses were
performed using Auger electron spectroscopy (AES). Depth profiling was also used, where the
fracture surface under examination was eroded using ion bombardment to a known depth. This
allowed the AES analyses to be performed progressively at various depths below the fracture surface.
The results of these analyses are shown in Table 4, and the respective sides of the failed joint and
areas referred to in this Table are shown in Figure 12b. Several interesting points may be noted from
the results shown in Table 4. Firstly, these data show surface contamination of all the fracture
surfaces by silicon, probably arising from the silicone-rubber plug used to seal the water tank in
which the specimen was tested. Secondly, although no iron was detected prior to depth profiling, iron
is readily detected after erosion of about 10 nm or less of the surface regions on both the ‘A" and 'B'
opposing sides of the joint. This is the case for both the areas that visually appear to be the steel
substrate (e.g. Figure 12b, Side A/Area 1 and Side A/Area 2), and those that appear to be the retained
adhesive (e.g. Figure 12b, Side B/Area 5). This indicates that failure has occurred through the iron-
oxide layer on the steel substrates; and it is assumed that, as commonly observed, contamination
obscures any iron present on the surface prior to removal of the covering layer of contamination by an
initial, light, ion-bombardment.

It was also observed that the typical by-products of the corrosion of a mild-steel were present
on the exposed surfaces of the steel substrates of the failed joints which had been tested at relatively
low applied stress levels; i.e. on those joints which had therefore experienced a relatively long water
immersion prior to fatigue failure. It is unlikely that all the corrosion occurred post-failure, since the
upper-half of the joint was automatically removed from the water when the joint failed by the action of
the testing machine, leaving only the lower-half of the failed joint immersed. Thus, any corrosion on
the upper-half of the joint probably occurred prior to failure. Indeed, the relative thick layer of the
corrosion products within the bonded overlap, on the upper-half of the joint, indicated that fatigue
crack growth had occurred during a significant proportion of the fatigue life. Indeed, the most severe
corrosion was evident at the ends of the joint overlap, where the highest stress concentrations exist and
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hence from where the fatigue cracks would initiate and begin to propagate. This pattern of corrosion
clearly indicates that cyclic-fatigue crack growth occurred from both ends of the bonded overlap, until
eventual, sudden, joint failure occurred when the area of adhesive remaining was insufficient to
support the applied load.

The mechanisms of environmental failure are discussed elsewhere (Kinloch, 1987; Bishopp
and Thompson, 1993; Dickie et al., 1998) and it is sufficient to note here that failure through the oxide
layer of the metallic substrate has been previously reported upon exposure of bonded joints to aqueous
environments. This locus of joint failure in a ‘“wet’ environment has been suggested to arise from a
subtle hydration and weakening process of the metal oxide which is induced by the ingressing water
molecules, although the definitive proof for such a mechanism has so far been elusive.

4.2.4 Backface-strain measurements

To investigate the pattern of crack growth further, the backface-strain technique was employed. The
backface-strain technique showed that fatigue crack growth occurred for much of the fatigue life of
the (initially uncracked) single-lap joints and that the time taken for the initiation of the fatigue crack
was relatively short, see Table 5. For example, these data show that in all cases where joint failure
was observed, crack growth was first detected at less than 1 % of the total fatigue life of the joint.
Indeed, in all the tests, crack growth from at least one end of the joint was detected at less than 25
% of the joint lifetime. (For test number 5, crack initiation was detected, but crack growth was very
slow, and hence the test was stopped before failure occurred). Thus, at least 75 %, and in most cases
at least 99 %, of the cyclic-fatigue life of the joint under the applied cyclic loading was always
associated with the propagation of fatigue cracks, rather than the initiation of cracks.

Some typical results of the measured backface-strain versus the number of fatigue cycles are
shown in Figure 13. These test data illustrate the effect of the initiation, and then growth, of a fatigue
crack in a single-lap joint on the measured backface strain. Crack growth is detected at one end of the
joint by the backface-strain gauge ‘B’ after 3 x 10° cycles. Crack growth from the other end of the
joint is detected when the compressive strain decreases. However, as the signal from gauge ‘A’ is
rather noisy, the point of crack initiation is uncertain, but lies in the range from 5 x 10° to 5 x 10*
cycles. Crack growth continues until joint failure occurs after approximately 3.5 x 10° cycles. Hence
crack growth is detected from one end of the joint for over 99 % of the fatigue lifetime of the joint,
and from both ends for over 85 % of the lifetime. Finally, the differences between the response of the
two gauges indicates that the lengths of the propagating fatigue cracks at each end of the overlap are
not equal, as would be expected since crack growth is not detected from both ends simultaneously.
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425 Summary

Constant displacement-rate testing of the single-lap joints gave an average initial failure stress of
24 MN/m?2, equivalent to a load per unit width of 300 kN/m for an overlap length of 12.7 mm. Cyclic-
fatigue tests, conducted in water at 28°C showed a decreasing joint life with higher applied stress
levels. A cyclic-fatigue threshold was identified at approximately 30 to 35 % of the initial failure
stress, the initial failure stress being measured via the constant displacement-rate tests. At a maximum
applied fatigue load equivalent to 30 % of the initial failure stress, failure was not recorded in some
tests, even after 1.5 x 107 cycles. The failure locus was observed to be apparently interfacial visually,
but detailed surface analysis indicated that failure occurred through the surface oxide layer. The
backface-strain results revealed that crack growth occurs for at least 75 % of the joint lifetime, and in
many cases crack growth was detected for almost the entire life of the joints. Thus, the fatigue life of
these joints is dominated by the propagation of cyclic-fatigue cracks, rather than by crack initiation
processes.

4.3 Bonded components

4.3.1 Constant displacement-rate tests

The “top-hat” box-beam component was tested at a constant displacement rate and exhibited stick/slip
crack growth. The first initiation occurred at a load of 1750 N and a displacement of 1.7 mm. The
crack initiation and arrest lines were clearly visible on the fracture surfaces. These lines were curved,
the crack length on the inside of the beam being longer than the outside. Approximately seven
initiation/arrest lines were visible on the fracture surfaces. There was no plastic deformation of the
substrates. The visual locus of failure was apparently interfacial. Adhesive was retained on the
'top-hat' section, whilst the baseplate was apparently free of adhesive. However, scanning electron
microscopy of the fracture surfaces revealed that failure occurred mainly in the adhesive layer, but
very close to the interface. Since, a layer of adhesive was clearly visible on the 'top-hat' side of the
component, with cavitated rubber particles present, whilst the baseplate had areas where a thin layer
of retained adhesive was present.

23



4.3.2 ‘Dry’ cyclic-fatigue tests

A bonded ‘top-hat’ box-beam component was fatigue tested in a 'dry' environment, using a constant
maximum displacement of 1.2 mm. The length of the propagating crack in the two arms of the
specimen was found to be unequal, probably due to some eccentricity in the loading or the shape of
the ‘'top-hat' section. The measured force decreased as the cracks grew, due to the increased
compliance of the component. The rates of crack growth, da/dN, per cycle in each arm of the
component were calculated from the crack length data, and are shown in Figure 14. As the cracks
propagate, the rate of crack growth decreases. From a visual assessment, the locus of failure was
apparently interfacial, with the adhesive remaining on the 'top-hat' half of the component. However,
analysis of the baseplate using scanning electron microscopy again showed that there were areas
where a thin layer of retained adhesive could be observed. On the other side of the failed joint,
adhesive was clearly visible on the 'top-hat' side of the component. Thus, as for the fracture-
mechanics tests undertaken in the ‘dry’ environment, failure occurred mainly in the adhesive layer,
but very close to the interface.

5. Theoretical predictions of joint lifetime

5.1 Introduction

The locus of failure of the TDCB specimens in the “wet’ cyclic-fatigue tests is essentially the same as
that seen for the single-lap joints when they are also subjected to ‘wet’ cyclic-fatigue tests. Similarly,
the locus of failure in both the TDCB specimens and the ‘top-hat’ bonded component upon “dry’
cyclic-fatigue testing is very similar, again as discussed above. Thus, from the viewpoint of
simulating the mechanisms of failure which are operative, the cyclic-fatigue fracture-mechanics data
may be used with confidence to predict the cyclic-fatigue performance of the bonded single-lap joints
tested in the ‘wet’ environment and the bonded ‘top-hat’ box-beam joint tested in the ‘dry’

environment.

5.2 Lap joints

The cyclic-fatigue lifetimes for the single-lap joints predicted using the analytical method are
compared with the experimental results in Figure 15. The overall agreement between the analytical
method and the experimental results is relatively good, bearing in mind that the fatigue life has been
predicted from first principles with no empirical ‘fitting factors’ being employed. However, clearly,

the fatigue life is underestimated. For example, a threshold Tygx value of 50 kN/m is predicted,
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compared with the experimentally measured value of about 90 kN/m. Thus, the prediction is a
conservative one.

The predictions using the finite-element approach to model the variation of Gy, With crack

length, a, and Tyax, via Equation (18), are shown in Figures 16 and 17. As may be seen, the

agreement between the experimental results and the theoretical predictions are somewhat closer for
the FE modelling studies than was obtained using the analytical model. In Figures 16 and 17 the two

expressions for the S versus a relationship (where = G /szax; and see Equations (16) and (17)

respectively) are used, respectively. The FE modelling studies give a threshold of approximately
75 kN/m, which is equivalent to about 25% of the initial failure load, or stress, of the lap joints. This
predicted value of 75 kN/m may be compared with the measured value of 90 kN/m, which equivalent
to 30% of the initial fracture strength of the lap joints.

It should be noted that, as discussed above, an upper- and a lower-bound value of the initial
flaw size, ag, may be calculated. However, as may be seen from Figures 15 to 17, the sensitivity of

the predictions of the fatigue life upon the value of the initial flaw size via any of the above models
and expressions is negligible.

Several noteworthy points emerge from the above results. Firstly, both the analytical and the
finite-element models appear to be robust, in that they both give reasonable predictions for the fatigue

plots of Tmax Vversus Ns for the lap joints. Also, the predictions from the FE models are not highly

dependent upon the particular relationship (see Equations (16) and (17)) used to express the
calculated values of strain-energy release-rate, G, as a function of both the crack length, a, and the
applied load, T, per unit width. Further, this robustness is illustrated by the fact that the predictions
from either the analytical or the finite-element model are not sensitive to the value of the initial flaw
size, ao, employed. The lower- and upper-bound values of ay being determined and used in the

present studies. Secondly, the predictions of the fatigue threshold limit for the lap joints from the
models are in good agreement with the experimental results. The closest agreement being recorded

using the FE model which employed the expressions for the g (where § = G, /szax) versus a

relationship as given Equations (16) and (17). In this case the predicted value of the threshold value
of Tmax Was 75 kN/m, which may be compared with the experimentally measured value of 90 kN/m.
Thirdly, however, as may be seen from Figures 16 and 17, whilst the agreement from the FE models

around the threshold portion of the Tpyax Versus N plots is good, the agreement is clearly poorer as

one moves to higher values of Tyax; i.e. to lower values of Ns. A possible reason for this may be the
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inherent scatter in the experimental fracture-mechanics data in the linear region (i.e. ‘Region II’) of
the graphs such as that shown in Figure 4. Hence, there exists some uncertainty in the values of the
linear, ‘Region II’, constants given in Table 1, and the values of these constants may affect the
theoretical predictions when the fatigue tests on the lap joints are conducted at relatively high values

of Tmax. Notwithstanding, fourthly, it should be noted that, in comparison with metallic materials, the

values of the exponent, n, in Equation (1) or (2), for polymeric adhesives are relatively high. This
implies that, for adhesive joints, the rate of fatigue crack growth may rapidly increase for relatively
small increases in the applied strain-energy release rate, G, and hence for relatively small increases

in Tmax. Thus, it may be argued that predicting a lower limit, threshold, load (below which cyclic-

fatigue crack growth will not be observed) is the appropriate design philosophy in the case of
adhesively-bonded joints. As noted above, the present models are clearly capable of achieving very
good predictions in this respect.

5.3 Bonded component

The adhesively-bonded ‘top-hat” box-beam joint was tested under cyclic-fatigue loading in the ‘dry’
environment, and the predicted rate of crack growth per cycle, da/dN, for a given crack length, a, was
calculated using Equation (1). For these predictions, the values of the strain-energy release-rate, Ga,
as a function of the length, a, of the propagating cyclic-fatigue crack were calculated from the finite-
element model of the bonded component. These results are given in Table 3. The values of D and n,
that are also needed, were obtained from the experimental fracture-mechanics data (see Table 1),
from tests conducted of course in the ‘dry’ environment. The experimental results and the predictions
are shown in Figure 18 and, as may be seen, the agreement between the predicted values and the
experimental data is very good.

6. Conclusions

The main aim of the work described in the present paper has been to predict the service-life of bonded
joints and components when they are exposed to cyclic-fatigue loading. The basic idea derives from
the fact that the cyclic-fatigue fracture-mechanics data may be gathered in a relatively short time-
period, but may be applied to other designs of bonded joints and components, whose service-life may
then be predicted over a far longer time-span. Thus, cyclic-fatigue fracture mechanics test have been
conducted, and the results then combined with analytical and finite-element (FE) models, to predict
the fatigue performance of bonded single-lap joints and a bonded ‘top-hat’ box-beam joint. In the
present work, mild-steel substrates have been employed which have been bonded using a rubber-
toughened hot-curing epoxy adhesive.
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Fracture-mechanics tests have been undertaken under both monotonic (i.e. constant
displacement-rate) and cyclic-fatigue loading conditions. The latter tests were conducted at a
frequency of 5Hz and a displacement ratio of 0.5. The relationship between the rate of fatigue crack

growth per cycle, da/dN, and the maximum strain-energy release-rate, G,,..,, applied during a fatigue

max:
cycle was measured. These cyclic-fatigue tests were conducted in both a 'dry' environment of 23+1°C
and 55 % relative humidity and a 'wet' environment of immersion in distilled water at 28+1°C. One
noteworthy feature from these experimental results was the relatively low value of the cyclic-fatigue
threshold value, Gy,, compared with the value of the adhesive fracture energy, G, as measured from
constant displacement-rate tests Another important feature was the significantly higher value of the
threshold value, Gy, recorded in the “dry’ cyclic-fatigue tests compared with the value recorded in the
‘wet’ cyclic-fatigue tests. This reflected the change in the locus of joint failure observed in these
respective test environments. Namely, in the ‘dry’ tests, the failure path was very close to the
interface, but still via a cohesive failure in the adhesive layer. However, in the ‘wet’ tests, the locus of
failure was found to be through the iron-oxide layer on the surface of the steel substrate. Thus,
different loci of failure, and mechanisms of failure, were recorded in these different environments.
Therefore, the results from the fracture-mechanics tests not only provided the experimental data
needed for the modelling studies, but also indicated the expected failure path for the lap joints and
bonded box-beam component, which greatly assisted in the detailed modelling of the location of the

cracks in these joints. The cyclic-fatigue plots of da/dN versus G, ., which were experimentally

max
measured for the ‘wet’ and ‘dry’ environments were mathematically described using a modified form
of the Paris Law, see Equation (2). Finally, the use of a fracture-mechanics approach to predict the
lifetime of materials and structures assumes that the cyclic-fatigue life is dominated by the
propagation of cracks, as opposed to the initiation of cracks. Thus, a backface-strain technique was
employed to monitor the fatigue failure of the single-lap joints. This technique did indeed confirm
that the growth of fatigue cracks, rather than their initiation, dominated the cyclic-fatigue behaviour
of these bonded lap joints.

Lifetime prediction models were then developed to estimate the number of cycles, Ng, to

failure, as a function of the maximum applied fatigue load, Tmax, per unit width, of single-lap joints

which had been subjected to cyclic fatigue loading in a *wet’ environment of immersion in distilled
water at 28+1°C. Again, a frequency of 5 Hz and a load ratio of 0.5 were employed. Analytical and
FE analyses were developed to model the variation of G, with the length, a, of the propagating

fatigue crack, and as a function of the maximum applied fatigue load, Tmax, per unit width.

Substitution of these relationships for G, ., into the modified Paris Law, followed by integration of

max

this equation, allowed the number of cycles, N;, to failure of the lap joints to be predicted as a
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function of Tax. Due to the steepness of the fracture-mechanics data (i.e. the relatively high value of

the exponent, n), the use of a lower limit, threshold, fatigue load (below which fatigue crack growth
would not be observed) was considered to be the appropriate design philosophy in the case of the
adhesively-bonded joints. The predictions of the fatigue threshold limit for the lap joints from the
various models were in good agreement with the experimental results, and the closest agreement was
recorded using the FE models. For these modelling studies, the theoretically predicted value of the

cyclic-fatigue threshold value of Tyax was 75 kKN/m (which is equivalent to about 25% of the initial

failure load of the lap joints) and this value may be compared with the experimentally measured value
of 90 kN/m (which is equivalent to 30% of the initial failure load of the lap joints). Further, the
various models were found to be very robust in nature.

A service-life model was also developed for the bonded ‘top-hat” box-beam component using
a three-dimensional FE model, which enabled the variation of strain-energy release-rate, G, With
the length, a, of the propagating cyclic-fatigue crack to be theoretically calculated. These FE data
were then combined with the fracture-mechanics data which had been experimentally measured under
the same test conditions as used for the cyclic-fatigue tests of the bonded box-beam joint, for example
a “dry’ test environment. The combination of the theoretical FE modelling and the fracture-mechanics
experimental data enabled the rate of cyclic-fatigue crack growth in the ‘top-hat’ box-beam
component to be predicted. The theoretical predictions were compared with the experimental results,
and the agreement was again found to be very good.
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