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fatigue behavior in adhesively
bonded joints
Ian Ashcrofta and John-Alan Pascoeb
aUniversity of Nottingham, Nottingham, United Kingdom, bDelft University of Technology,
Delft, The Netherlands
19.1 Introduction

Like most other engineering materials, adhesives suffer from fatigue, that is, the deg-

radation of material properties and eventual failure due to repeated load cycles below

the static strength of the material. Evaluating the fatigue life of an adhesive joint is

therefore crucial to ensuring the durability of an adhesively bonded structure. Besides

looking purely at research on adhesive bonds, we can also draw lessons from research

on delamination of composites, which often involves similar materials (e.g., epoxy

systems) in similar geometries (cracking of a thin layer between two stiffer

adherends).

Over the years, a number of different approaches have been developed for evalu-

ating the fatigue life of adhesive bonds. These can be grouped into four categories:

1. Stress/strain-life approaches that link the applied stress or strain amplitude to the fatigue

life of the joint, without further consideration of the physical damage processes.

2. Strength/stiffness wearoutmodels in which the strength and/or stiffness of the joint is grad-
ually reduced as a function of the number of applied load cycles. Final failure occurs when

the strength or stiffness reaches a critical value.

3. Fracture mechanics models that model the growth of the physical crack(s) in the adhesive

joint. Final failure occurs when the crack reaches a critical size.

4. Damagemechanics that represent the damage in the material by a damage parameter, which

usually can range from 0 (undamaged) to 1 (fully damaged), and in which damage will pro-

gressively increase as a function of fatigue cycles until failure occurs. Damage mechanics

approaches are usually implemented within finite element analyses.

This chapter will first cover some general considerations in evaluating fatigue in adhe-

sive joints and then discuss the available experimental techniques. Next, a more

in-depth discussion will be presented on the four categories of prediction models men-

tioned above. Finally, the influence of various features of the joint (e.g., adhesive

thickness and joint geometry) and the influence of environmental effects on the

fatigue life will be discussed.
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19.2 General considerations for fatigue of adhesives

The fatigue behavior of an adhesive bond will depend on many factors. These include

the amplitude and frequency of the applied load cycles, the environmental conditions,

the adherend and adhesive materials and geometry, and the surface treatment applied

before the bonding process. These factors do not just influence the rate at which spe-

cific fatigue mechanisms propagate, but can also change which fatigue mechanisms

occur in the first place.

Adhesively bonded joints are multimaterial structures and therefore can suffer

from different failure modes, as illustrated in Fig. 19.1. Bonded joints can fail through

cohesive failures of either the adherends (Fig. 19.1a) or the adhesive (Fig. 19.1b). In

metals, cohesive adherend failure typically takes the form of a transverse crack

through the thickness of the adherend, initiated at a stress concentration near the

end of the bond line (Fig. 19.1a). In fiber-reinforced composites, on the other hand,

if the interlaminar interface is weaker than the adhesive, delamination of the ply or

plies closest to the adhesive may occur (Fig. 19.1a). Cohesive failure of the constituent

materials of the joint failure can also occur due to a failure of the adhesion between the

adhesive and one of the adherends (Fig. 19.1c). It is also possible for a joint to fail

through a combination of cohesive failure in both the adhesive and the adherend

(Fig. 19.1d) or by a mix of both cohesive and interfacial failure. In the case of metal

adherends, the stress concentration generated by the presence of a crack in the adhe-

sive can initiate a crack in the adherend as well. In the case of composite adherends,

the crack can migrate into the composite and continue growing as a delamination. In

some cases, the crack can even migrate back to the bondline at a later stage, for exam-

ple in the scarf joints investigated by Goh et al. [1]. The propensity of the crack to

migrate depends on the joint geometry and the lay-up of the adherends [2]. In general,

a crack will find it more difficult to migrate through a layer where the fibers are

aligned parallel to the (local) loading direction, and easier to migrate through a layer

where the fibers are aligned perpendicular to the loading direction. This is because in

the second case, the crack can propagate through the layer as a purely matrix crack,

without needing to break any fibers.

When trying to predict or analyze the fatigue behavior of a specific structure in

service, it’s important to ensure that any analyses or experiments used to support this

are based on the same failure mode. If the failure mode seen in service does not match

that seen in the lab, or assumed in the analysis, then that analysis result or experimental

data are not applicable to the case under examination.
Fig. 19.1 The different failure modes that can occur in an adhesive bond.
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19.3 Experimental techniques

Experimental data are essential for evaluating the fatigue performance of adhesive

bonds. Although various fatigue models exist, they all require experimental data on

the fatigue behavior of some kind, and thus specific fatigue experiments are needed.

Tests can be performed for different reasons, such as part of material screening and

selection, to provide input for predictive models or to validate fatigue analyses. In the

case of tests performed to provide input for predictive models, the type of model will

determine the test objectives. For stress or strain-life approaches, the objective is to

determine the number of cycles until failure at different load levels and thus only

the applied load needs to be determined accurately. To support damage mechanics

or wearout models, the objective is to obtain the residual strength or stiffness as a func-

tion of the number of cycles. Measurement of the residual stiffness requires some con-

sideration to ensure a sufficiently accurate measurement can be obtained. To support

fracture mechanics models, tests need to determine the fracture mechanics parameters

and accurately measure the crack growth rate. Thus, specimens need to be selected in

which the crack length can be readily measured. For experiments aiming to detect

fatigue crack initiation, configurations can be selected where initiation can be detected

through strain measurements, such as Refs. [3–8].
Typically, the test specimen geometries used for fatigue testing are similar to those

used for quasistatic testing, but with a cyclic load applied instead of a monotonic one.

Some commonly used fatigue test geometries are shown in Fig. 19.2. Besides the cov-

erage in this chapter, some test methods are also discussed in more detail in Chapters

14, 16, 17, 20–22, and 32. Testing aimed at finding the fatigue life commonly makes

use of lap joints, which are covered by the BS EN ISO 9664:1995 and ASTM D3166-

99 standards. For the crack growth parameters needed for fracture mechanics models,

test geometries such as the double cantilever beam (DCB, mode I, Fig. 19.2d), end

notch flexure (ENF, mode II, Fig. 19.2e), or mixed-mode bending (MMB, mixed-

mode, Fig. 19.2f) can be employed. As of yet, no test standards have been published

for fatigue crack growth tests, but for double cantilever beam tests, the quasistatic

standards ASTM D3433-99 or ISO 25217 can be used as a basis for the specimen
Fig. 19.2 Examples of commonly used fatigue test geometries.
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geometry. It is important to note that the standard fracture mechanics tests assume that

the crack occurs at the midplane between two arms made of the same material. There-

fore, special care needs to be taken when investigating the bonding of two dissimilar

materials (e.g., metal to fiber-reinforced polymer). A typical approach is to adjust the

thickness of each arm so that the bending stiffness is equal [9–12], although in that

case the strains at the interface might still be quite different, resulting in different

behavior, even if the global strain energy release rate appears to be the same.

If the goal of a test is to measure the crack propagation rate, a longer overlap length

than employed for quasistatic tests may be desirable to avoid premature failure of the

specimen. For testing the behavior of long bond lines, such as those of bonded stiff-

eners, the cracked lap shear (CLS) configuration (Fig. 19.2c) is a popular choice. This

configuration can reproduce the stress concentration caused by a stiffener run-out and

can therefore be used to investigate the fatigue initiation behavior. It also reproduces

the change of mode-mixity as the crack grows. Lai et al. [13] have provided a closed-

form solution for this configuration.

An extensive review of available testing methods for adhesive bonds has recently

been provided by Budzik et al. [14]. They point out that there are only a limited num-

ber of generic test standards (this is even more the case for fatigue) and that in practice,

much testing is conducted using industry- and/or application-specific methods. This

situation is likely in part due to the difficulty of generalizing experimental results. The

stress distribution in an adhesive joint is complex and highly dependent on both the

joint geometry and the adherend properties. Furthermore, if a geometry is used in

which multiple cracks may occur (e.g., a double strap joint), these cracks can interact

with each other [15]. Therefore, it can be difficult to transfer results obtained in a cer-

tain experiment to predict the behavior of a joint with a different geometry, even if the

same adhesive and adherends are used. Additionally, it should be kept in mind that the

adherend properties will influence the test results. Thus, without extensive analysis, a

test will give information on the combination of adherend and adhesive under the spe-

cific joint configuration and loadingmode, rather than on the material properties of the

adhesive itself. As a recent example, Sahin and Alkpinar [16] investigated the effect of

adherend thickness on the fatigue strength of bonded single-lap joints. They found that

an increase of the adherend thickness resulted in an increased fatigue strength in terms

of the applied force, but by a much smaller factor than the increase in adherend thick-

ness. For example, increasing the adherend thickness from 2 to 5mm increased the

fatigue strength by only 24% due to the change in bending moments and flexural stiff-

nesses of the adherends. Thus, a change in adherend thickness needs to be accounted

for when comparing two different cases.

When conducting tests to predict the behavior of an operational structure, partic-

ular attention should be paid to using the same manufacturing process for both test

specimens and the final structure, as changes in the manufacturing procedure will

affect the fatigue life [17]. An illustrative case study here is the wing root joint of

the F/A-18 fighter jet, also discussed in Chapter 23. This is a stepped-lap joint in which

a titanium lug is adhesively bonded to a composite skin, as shown in Fig. 19.3. In order



TitaniumCFRP
Adhesive

Fig. 19.3 The F/A-18 wing root joint.
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to investigate possible safety concerns, and to support a life extension program,

Seneviratne et al. tested the residual strength and remaining fatigue life of specimens

cut from retired aircraft wings that had been used in service [18]. These tests showed

that the remaining strength and fatigue life were satisfactory, and the specimens failed

through cohesive failure in either the adhesive or adherend (as required) in all cases.

Nevertheless, at a later stage large disbonds were discovered on a number of aircraft in

service, and these were investigated by Mueller et al. [19]. The investigation found

that the disbonds took the form of adhesive failure, rather than the cohesive failure

that occurred in the Seneviratne et al. test program. After further investigation, it

was concluded that the most likely cause was a failure to sufficiently rinse off

fluorine-containing residue during the surface treatment. Effectively, the insufficient

rinsing in the specimens examined by Mueller et al. meant that they had undergone a

slightly different manufacturing process than the specimens used by Seneviratne et al.,

which were taken from a different aircraft than the failures examined by Mueller et al.

This resulted in a change of failure modes when the joints were subjected to fatigue

loading, which meant that the results obtained by Seneviratne et al. were not applica-

ble, even though they were obtained from nominally identical joints. These results

highlight the potential impact of surface treatment and manufacturing processes,

and imperfections in those processes, on the behavior of the joint. For further discus-

sion of surface issues, see Chapter 9. As a general lesson, this case study shows the

importance of carefully evaluating under which conditions experimental results can

actually be applied to operational structures.
19.4 Stress/strain-life approaches

19.4.1 The stress-life approach

This constitutes one of the earliest approaches to predicting fatigue, as pioneered by

W€ohler [20] in his studies of failure in iron and steel in the railways. It is an empirical

approach based on testing samples under constant sinusoidal loading at various load

levels. The number of cycles to failure (Nf) is then plotted as a function of a variable

such as stress or strain amplitude. Where the loading is low enough that the deforma-

tion is predominantly elastic, a stress variable (S) is usually chosen and the resultant

plot is termed an S-N curve, or a W€ohler plot; this is known as the stress-life approach.
Under these conditions, a long fatigue life would be expected and hence this is some-

times termed high cycle fatigue (HCF). The S-N data are either plotted as a log-linear

or a log-log plot and a characteristic equation can be obtained by empirical curve

fitting. The constants in the curve-fitted equations are dependent on many factors,
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including material, geometry, surface condition, environment, and mean stress.

Hence, caution should be used when trying to apply S-N data beyond the samples used

to generate the data. The standard stress-life method gives no indication of the pro-

gression of damage, although in some cases the onset of cracking is indicated on

the plot in addition to the complete failure, hence allowing the initiation and propa-

gation phases to be differentiated. The above factors mean that the S-N curve is of

rather limited use in predicting fatigue behavior; however, it is still useful in fatigue

modeling as a validation tool, such as with [21,22].

A further limit in the application of S-N curves to fatigue prediction in bonded

joints is that there is no unique relation between the easily determined average shear

stress in the adhesive layer and the maximum stress. For this reason, load rather than

stress is often used in total-life plots for bonded joints; these are known as

L-N curves. A typical L-N curve for epoxy-bonded double-lap joints can be seen in

Fig. 19.4. The L-N curve can be divided into a low cycle fatigue (LCF) region below

approximately 1000cycles, a high cycle fatigue (HCF) region between approximately

1000 and 100,000cycles, and an endurance limit region, which in this case starts at

approximately 100,000cycles. The endurance limit is defined by a load below which

an infinite fatigue life is predicted. However, not all materials exhibit a clearly defined

endurance limit, in which case it may be instead defined as the load at which fatigue

failure hasn’t occurred after a large number of cycles representative of the application,

typically 106.
Fig. 19.4 Load-life (L-N) curve for bonded lap joints.

Data from I.A. Ashcroft, D.J. Hughes, S.J. Shaw, M.A. Wahab, A. Crocombe, Effect of

temperature on the quasi-static strength and fatigue resistance of bonded composite double lap

joints, J. Adhes. 75(1) (2001) 61–88.
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Fatigue life not only depends on the stress amplitude but also on the mean stress, as

either increasing the mean or increasing the amplitude tends to result in a reduction of

the fatigue life. The relationship between amplitude and mean on the fatigue life can

be illustrated in constant-life diagrams, in which a given fatigue life is plotted against

both mean and amplitude.
19.4.2 Damage initiation and crack growth phases of damage

Although the S-N curve can be used to predict life to failure for a particular load or

stress that sits on the experimental plot, it tells us nothing of the evolution of damage in

a component. A particular deficiency in the standard stress-life approach is that no

differentiation is made between the crack initiation and growth phases. In some cases,

efforts have been made to differentiate between the initiation and propagation phases

in the S-N behavior of bonded joints [4,23–28]. Shenoy et al. [26] used a combination

of back-face strain measurements and sectioning of partially fatigued joints to mea-

sure damage and crack growth as a function of number of fatigue cycles. It was seen

from the sectioned joints that there could be extensive internal damage in the joint

without external signs of cracking; therefore, the determination of an initiation phase

from external observations alone is likely to lead to an overestimation. Shenoy et al.

[26] identified three regions in the fatigue life of an aluminum/epoxy single-lap joint:

an initiation period (CI) in which damage starts to accumulate, but a macrocrack has

not yet formed; a stable crack growth (SCG) region in which a macrocrack has formed

and is growing slowly; and a fast crack growth region (FCG), which leads to rapid

failure of the joint. They found that the percentage of life spent in each region varies

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

whereas crack growth dominates at high loads. This is illustrated schematically in the

extended L-N curve of Fig. 19.5. It can also be seen in the figure that the back-face

strain signal associated with each phase of fatigue damage can be used to monitor

damage.
19.4.3 Variable amplitude fatigue

The S-N curve is only directly applicable to constant amplitude fatigue, whereas in

most practical applications for structural joints, a variable amplitude fatigue spectrum

is more likely. A simple method of using S-N data to predict variable amplitude fatigue

is that proposed by Palmgren [29] and further developed byMiner [30]. The Palmgren

Miner (P-M) rule can be represented by:
X ni
Nfi

¼ 1 (19.1)

e n is the number of cycles in a constant amplitude block, andN is the number of
wher i fi

cycles to failure at the stress amplitude for that particular block and can be obtained

from the S-N curve. It can be seen by using Eq. (19.1) that the fatigue life of a sample

in variable amplitude fatigue can be predicted from an S-N curve obtained from



Fig. 19.5 Extended L-N diagram.

From V. Shenoy, I.A. Ashcroft, G.W. Critchlow, A.D. Crocombe, M.M. Abdel Wahab, An

investigation into the crack initiation and propagation behaviour of bonded single-lap joints

using backface strain, Int. J. Adhes. Adhes. 29(4) (2009) 361–371.
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constant amplitude fatigue testing of similar samples. However, there are a number of

serious limitations to this method, primarily the assumptions that damage accumula-

tion is linear and that there are no load history effects. Modifications to the P-M rule

have been suggested to address some of the deficiencies, such as with [31–35]. How-
ever, any improvements are at the expense of increased complexity and/or increased

testing requirements and the basic flaw in the method, that it bears no relation to the

actual progression of damage in the sample, is still not addressed. Erpolat et al. [36]

used the P-M law and the extended P-M law, in which cycles below the endurance

limit also contribute to damage accumulation, to predict failure in an epoxy-CFRP

double lap joint subjected to a variable amplitude (VA) fatigue spectrum. The

resulting Miner’s sum was significantly less than 1, varying between 0.04 and 0.3,

and decreased with increasing load. This indicates that load sequencing is causing

damage acceleration, that is, that the P-M rule is nonconservative.
19.4.4 Fatigue limit

W€ohler [20] noted a stress below which a nominally infinite life is seen, which is ter-

med the fatigue or endurance limit. If a fatigue limit is seen, then it may be possible to

use the data from one sample to predict the fatigue limit for a different geometry or

loading condition. The approach is similar to that for predicting failure under

quasistatic loading, and similar multiaxial failure criteria, such as von Mises or max-

imum principal stress, should be used. Wahab et al. [37] compared the predicted
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fatigue limit (or fatigue threshold) in bonded lap-strap joints using a variety of stress-

and strain-based failure criteria. It should be noted that many materials do not have a

well-defined fatigue limit, in which case a high number of cycles such as 107 may be

used to indicate a nominal fatigue limit for predictive purposes.
19.4.5 The strain-life approach

Under high stress amplitudes, plastic deformation occurs and the fatigue life is con-

siderably shortened. This is known as low cycle fatigue (LCF). Under constant stress

amplitude fatigue with strain hardening, the strain amplitude decreases after the first

cycle, and the subsequent hysteresis loop is repeated a number of times before micro-

cracking occurs. In LCF, the high loads and plastic deformation mean that the fatigue

life is dominated by crack initiation as failure occurs quickly once a crack has formed.

This behavior can be seen in Fig. 19.5 and also explains the change in gradient of the

L-N curve in Fig. 19.4 in the LCF region. In constant strain amplitude testing, if there

is a positive strain mean then the mean tends to decrease as the sample is fatigued, a

phenomenon known as plastic shakedown. This can be compared with the effect of

creep in constant stress amplitude testing, which leads to an increase in the mean strain

with cycling. The strain-life approach is more difficult to implement than the stress-

life method, particularly for complex systems such as bonded joints. Structural bonded

joints tend to be used in HCF applications and hence the strain-life method has seen

little application to adhesively bonded joints.
19.5 Strength/stiffness wearout

An alternative phenomenological approach to the total life methods described above is

to characterize fatigue damage as a function of the reduction in the strength or stiffness

of the joint during its fatigue life. Stiffness wearout has the advantage that it can be

detected by nondestructive testing techniques; however, it is not directly linked to a

failure criterion and may not be very sensitive to the early stages of damage. The

strength wearout method provides a useful characterization of the degradation of

residual strength with fatigue cycling but requires extensive destructive testing.
19.5.1 Strength wearout approach

In the strength wearout method, the joint’s strength is initially equal to the static

strength, Su, but decreases to SR(n) as damage accumulates through the application

of n fatigue cycles. This degradation can be represented by:
SR nð Þ ¼ Su � f Su, Smax,Rð Þnk (19.2)

e κ is a strength degradation parameter, S is the maximum stress, and R is
wher max

the ratio of minimum to maximum stress (i.e., R¼Smin/Smax). Failure occurs when
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the residual strength equals the maximum stress of the spectrum, that is, when

SR(Nf)¼ Smax.

Shenoy et al. [38] proposed a modified version of this equation that they termed the

normalized nonlinear strength wearout model (NNLSWM), which is given by:
Fig.
Ln ¼ 1� Lu � Lmaxð Þ
Lu

Nnð Þη (19.3)

normalized residual failure load, L , and normalized cycles to failure, N , are
The n n

defined as:
Ln ¼ LR nð Þ=Lu
Nn ¼ n=Nf

re L (n) is the quasistatic failure load after n fatigue cycles, L is the quasistatic
whe R u

failure load prior to fatigue loading, and Nf is the number of cycles to failure. Fig. 19.6

shows an experimental plot of Ln againstNn for various fatigue loads, together with the

best fit of Eq. (19.3). It can be seen that the proposed phenomenological model agrees

well with the experimental results. A single curve can be reasonably drawn for the

entire range of fatigue loads, wherein the experimental parameter η is independent

of the applied fatigue load.

Schaff and Davidson [40,41] extended Eq. (19.2) to enable the residual strength

degradation of a sample subjected to a variable amplitude loading spectrum to be

predicted. However, they noted a crack acceleration effect in the transition from

one constant amplitude (CA) block to another, a phenomenon they termed the cycle

mix effect, and proposed a cycle mix factor, CM, to account for this. Erpolat et al. [42]

proposed a modified form of Shaff and Davidson’s cycle mix equation to model the

degradation of CFRP-epoxy double-lap joints subjected to a variable amplitude
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fatigue spectrum. They showed that this model represented the fatigue life of bonded

joints under variable amplitude fatigue more accurately than Palmgren-Miner’s law.

Shenoy et al. [39] proposed further modifications to this approach based upon a

nonlinear strength wearout model with a damage-dependent cycle mix parameter.

It is worth noting that whereas crack acceleration is seen after overloads in brittle ther-

mosetting plastics, such as epoxies, the opposite is frequently reported for ductile

metals, where plastic deformation can cause crack blunting, strain hardening, and/

or plasticity-induced crack closure [43]. It could be postulated, therefore, that in more

ductile adhesives in which failure is dominated by plastic yielding rather than crack

growth, overloads may be less detrimental or even beneficial in terms of fatigue life.
19.5.2 Stiffness wearout approach

As with strength degradation, the stiffness degradation rate can be considered a power

function of the number of load cycles, using a similar equation to 2 [44–46]. A failure

criterion for a stiffness-based wearout model is not as straightforward as that for the

strength-based wearout models. One approach is to relate the degraded stiffness,

E(Nf), to stress, such as:
E Nf

� �
E 0ð Þ ¼ Smax

Su
(19.4)

e E(0) is the initial stiffness.
wher
19.6 Fracture mechanics

The fracture mechanics-based approaches to fatigue aim to predict the growth of phys-

ical cracks in the adhesive bond. The fatigue life of the bond is reached when the crack

reaches a critical length. This is usually defined as the crack length at which unstable

fracture occurs if the maximum design load is applied. An important advantage of

these kinds of approaches is that they can be used to analyze the effect of defects

on the fatigue life [47], unlike stress/strain-life approaches, which are usually based

on (nominally) “defect-free” specimens.

Typically, researchers aim to predict the crack growth rate based on linear elastic

fracture mechanics (LEFM) theory (see also Chapters 15–17 and 32). LEFM was first

applied to the prediction of fatigue crack growth in metals by Paris and coworkers

[48]. Some 15years later, Mostovoy and Ripling [49] adopted this approach for

fatigue crack growth in adhesives. For this, Mostovoy and Ripling modified the

equation proposed by Paris by replacing the stress intensity factor range ΔK with

the strain energy release rate range (SERR) ΔG to obtain an equation of the form:
da
dN

¼ Cf Gð Þn (19.5)
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where da/dN is the crack growth rate,C and n are empirical parameters found by curve

fitting, and f(G) is a function of the strain energy release rate. It should be noted that

ΔG is proportional to (K2
max�K2

min), which is not equal to ΔK2 ¼ (Kmax�Kmin)
2.

Therefore the substitution of ΔG for ΔK is not directly equivalent in a physical sense

[50]. Nevertheless, Mostovoy and Ripling were able to successfully correlate the

crack growth rate to ΔG. As an alternative to ΔG, other researchers have suggested
f(G)¼ Gmax or f(G)¼Δ√G ¼√Gmax�√Gmin. As long as the empirical parameters

C and n are calibrated to match the choice of f(G), all three choices can result in good
fits of experimental crack growth data. Many variations on the basic form of Eq. (19.5)

have been proposed over the years, for example to deal with the R-ratio or mode-

mixity effects, and reviews can be found in Refs. [51–53].
LEFM assumes a linear elastic material behavior and is therefore usually only

applied for brittle adhesives such as epoxies (including toughened epoxy systems).

In cases where the adhesive exhibits significant amounts of plasticity during fatigue

loading, the SERR may not be the most appropriate controlling parameter. In these

cases, the J-integral (discussed in detail in Chapter 16) may prove to be a suitable alter-

native to the SERR. Several researchers have therefore proposed fatigue and/or crack

growth models based on the J-integral as the controlling parameter [37,54–56], but
there does not yet seem to be widespread adoption of this approach. For both the

J-integral and LEFM approaches, the key issue is how to relate the chosen driving

force representation (e.g., Jmax or ΔJ) to the crack growth rate. To date, no physical

theory has been formulated that can justify the form of Eq. (19.5), and thus, fracture

mechanics approaches rely on empirical correlations. Nevertheless, given sufficient

input data, these methods can still produce accurate predictions. Care does need to

be taken to ensure that the input data match the prediction case, as for example R--
ratio, mode-mix, and environmental effects are known to affect the values of the

fitting parametersC and n. Also, other factors such as manufacturing quality and load-

ing frequency may also affect the crack growth behavior.
19.6.1 Numerical techniques

For simple geometries, analytical equations are available to calculate the strain energy

release rate, as for example provided in the ASTM D5528-13 (DCB), ASTM

D6671M-19 (MMB), and ASTMD7905M-14 (ENF) standards. The crack length after

a certain number of cycles can then be predicted by inserting the strain energy release

rate equation into Eq. (19.5) and integrating. For more complex geometries, however,

simple equations for the strain energy release rate are not available, and thus finite

element analysis (FEA) is called for. With FEA, one popular method for calculating

the strain energy release rate is the virtual crack closure technique (VCCT), originally

developed by Rybicki and Kanninen [57], based on an argument by Irwin [58]. The

basic assumption is that the energy released when extending the crack by a certain

increment is the same as the work required to close the crack by the same increment.

Thus, the strain energy release rate at a certain node in a finite element mesh can be

computed based on the nodal forces, and the displacements of the nodes behind the
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crack tip. An overview of earlier development and applications of VCCT has been

provided by Krueger [59]. More recently, guidelines for implementing VCCT-based

fatigue analyses have been published by NASA [60]. Because the VCCT allows cal-

culation of the strain energy release rate within the numerical analysis, it can be com-

bined with Eq. (19.5) to predict the crack growth rate. The VCCT has downsides,

however, including that remeshing is required when a crack grows and that an initial

crack is always required. Also, the VCCT cannot model crack initiation.

To improve on the limitations of VCCT, recent research efforts have focused on the

use of cohesive zone models (CZM) to predict fatigue crack growth, such as [61–72].
The cohesive zone models are based on the works of Dugdale [73] and Barenblatt [74],

and were applied to the fatigue of adhesive bonds by Pirondi and Moroni [75,76].

While the details of implementations differ, the CZMs are all based on a constitutive

law linking traction to the separation of nodes. As separation is increased, the traction

first increases until a critical separation is reached, after which it decreases, thereby

simulating the initiation of damage. The irreversible nature of the damage is simulated

by introducing one or more damage parameters, which are used to degrade the stiff-

ness of the element. Fatigue damage can be simulated by incrementing the damage

parameters based on the loading and the number of cycles that have been applied.

Rather than simulating the effect of each individual cycle, which would be computa-

tionally very costly, a cycle jump strategy is usually applied in which the crack growth

rate is effectively assumed to remain constant for a certain increment of cycles. The

increment of the damage parameters due to fatigue is usually chosen such that it will

produce the crack growth rate predicted by Eq. (19.5). Therefore, although one can

argue that the cohesive model is more representative of the actual material behavior,

it is important to realize that when it comes to representing fatigue behavior, cohesive

zone-based models still rely on an empirical correlation to predict the crack growth.
19.6.2 R-ratio effect

Many researchers have noted that the ratio of minimum to maximum stress in a cycle,

the R-ratio-affects the crack growth rate. That is, if Gmax or ΔG is held constant and

the R-ratio is changed, then a different crack growth rate is obtained. This should not

be very surprising, as the combinations of a particular Gmax or ΔG value and two dif-

ferent R-ratios specify two different load cycles, which then also produce two different
crack growth rates. The qualitative effect of changing the R-ratio can be predicted by

considering the amount of cyclic work, Ucyc, that would be applied. For example, if

the amount of cyclic work is reduced (e.g., by keeping Gmax constant and increasing

R), then the crack growth rate will be lower [77]. The effect of R-ratio on cyclic work
when holding different LEFM parameters constant is illustrated in Figs. 19.7 and 19.8.

IfΔG is held constant and the R-ratio is changed, thenUcyc remains constant. Thus,

one might expect the crack growth rate to also remain constant. This is indeed some-

times seen [77]. However, in other cases, increasing the R-ratio while keeping ΔG
constant results in a reduction in the crack growth rate [50,78]. The likely reason

for this is that keeping ΔG constant while increasing R also requires increasing Gmax.

In Ref. [77], which investigated an epoxy adhesive, increasing Gmax was correlated to



Fig. 19.7 Effect of changing R-ratio on cyclic work (Ucyc) and crack growth rate (da/dN) while
hodling different LEFM parameters constant.
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an increase of the resistance to crack growth, that is, the amount of energy required to

advance the crack by a unit distance, which results in a reduction of the crack growth

rate. The previous discussion is mainly based on data from epoxy adhesives and matri-

ces, though a similar effect of R-ratio on the Paris curve has been reported for a ther-

moplastic PEEK-based composite [79]. Interestingly, Jia and Davalos [80] reported a

different behavior for the case of a resorcinol-formaldehyde adhesive used to bond

wood to a fiber-reinforced polymer. There, an increasing da/dN for a constant

ΔG resulted in an increased crack growth rate. Further research is still needed to

understand the physics of this R-ratio effect.

This lack of understanding means that there is as yet no theoretical model that can a

priori quantitatively predict the R-ratio effect on the crack growth rate. Instead, an

empirical model is needed that can account for the R-ratio. The most basic approach

is to experimentally determine the values of the coefficient and exponent in Eq. (19.5)

for different R-ratios. This will require a substantial experimental effort, and is there-

fore undesirable. Instead, the basic form of Eq. (19.5) can be modified to either explic-

itly include the R-ratio as an input variable, or to describe the load cycle by two

parameters. Various options have been presented in the literature, mainly based on

data from epoxy systems. One possibility is the use of the Hartman-Schijve equation,

as proposed by Jones and Kinloch [81,82]:
da
dN

¼ D Δκð Þn ¼ D
Δ

ffiffiffiffi
G

p � Δ
ffiffiffiffiffiffiffiffi
Gthr

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Gmax=AÞ
pq

2
64

3
75
n

(19.6)
where Δ√Gthr is the value of Δ√G at the threshold below which no significant

fatigue crack growth occurs and A is the critical value of Gmax, at which the crack

growth rate asymptotically goes to infinity. A is therefore close to the quasistatic frac-

ture toughness Gc, but not necessarily equal to it. Because this expression uses two

parameters to specify the fatigue cycle (i.e., Gmax and Δ√G), it can uniquely define

the cycle. In addition to this, Jones and Kinloch suggest accounting for the R-ratio by

varying the value of Δ√Gthr [81]. Similarly, adjusting the value of Δ√Gthr and A,
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Fig. 19.8 Effect of different R-ratios depending on the chosen LEFM similitude parameter. Data showing crack growth in an epoxy

adhesive from [77].
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based on experimental data, can capture the effect of temperature, mode mix, and

adhesive thickness and collapse the data onto a single master curve [82]. The other

two parameter models are those of Khan [83]:
da
dN

¼ C1G
n1
max + C2ΔGn2 (19.7)

Atodaria et al. [84]:
and
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¼ C
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where the range from √Gthr to √Gmax is divided into k increments, w is an experi-

mentally determined weight factor, and γ is an empirical mean stress sensitivity

parameter. Instead of using two parameters to describe the load cycle, one can instead

explicitly include the R-ratio in the equation, as in the model of Allegri et al. [85]:
da
dN

¼ C
GII, max

GIIc

	 
 n

1�Rð Þ2
(19.10)

19.10) is formulated in terms of the mode II SERR, but of course a similar formu-
Eq. (

lation could be made for mode I crack growth. The models mentioned above only give

limited insight into the physical mechanisms underlying the fatigue crack growth pro-

cess. Nevertheless, as an engineering approach they can provide accurate crack growth

rate predictions under different R-ratios, if suitable experimental data are available.
19.6.3 Mode mix

In structural applications, bonded joints will often be subjected to mixed-mode load-

ing (also discussed in Chapters 17 and 32), and the mode-mixity can vary along the

crack front. In some cases, especially if there is tension-compression fatigue inducing

buckling in the adherends, the mode-mix could even change depending on the phase of

the load cycle. Therefore, understanding the effect of mode-mixity on crack growth

rate and/or fatigue life is an area of active research [63,72,86–92].
In general, it can be stated that crack growth under mode I loading for a given

applied G-value is much faster than under mode II, and that mixed-mode crack growth

rates will be somewhere in between [88,90,92]. However, Dillard et al. [93] have

shown that in some cases the quasistatic fracture toughness under mode II loading

is lower than under mode I loading. Similarly, the critical total energy release rate



Evaluating and predicting fatigue behavior 659
(GT ¼ GI + GII) could be lower than the critical rate for either of the pure modes.

Dillard et al. explained this behavior by suggesting that shearing could steer the

crack to areas that had lower resistance to crack growth. While Dillard et al. inves-

tigated quasistatic crack growth, there is a good chance their results will also hold for

fatigue crack growth. This suggests that simply basing crack growth calculations on

the mode I behavior might not always be conservative for fatigue. Instead, the

fatigue crack growth rates should be characterized for a range of mode-mix ratios,

or using a geometry that will reproduce the mode-mixity that will be encountered in

the intended design (e.g., the CLS configuration).

A very straightforward approach to dealing with mode-mixity is to simply compute

the total SERR, GT, and insert this into an equation with the form of Eq. (19.5). How-

ever, in this case the coefficient and exponent will be different for different mode-mix

ratios [90,94]. Kenane and Benzeggagh therefore proposed explicitly making both the

exponent and coefficient in the Paris equation (Eq. 19.5) functions of the ratio GII/GT

[94]. Instead of varying the Paris parameters, Jones et al. [81,95] propose using

Eq. (19.6), but with a value of Δ√Gth that depends on the mode-mix. An alternative

approach has more recently been proposed by Quaresimin et al. [90]. In their

approach, which was validated experimentally for a two-part epoxy adhesive, the

crack growth rate at mode-mixity values GII/GT below 0.5 is predicted purely based

on the mode I component, with ΔGI as the controlling parameter. For mode-mixity

values above 0.5, the controlling parameter is instead ΔS, where S is the average

of the maximum principal stress in a given control volume, which is taken to be rep-

resentative for the process zone. Prediction of mixed mode crack growth can also be

addressed numerically via a cohesive zone model, as for example in the work of Rob-

inson et al. [96], de Moura and Gonçalves [71], Tserpes and Floros [72], Zhang et al.

[63], Hosseini-Toudeshky et al. [62], Rocha et al. [70], and Moreira et al. [86]. The

precise approach taken differs, but all the mentioned works assume that a cohesive

element is fully damaged when exceeding a criterion of the form:
GI

GIc

	 
α=2

+
GII

GIIc

	 
α=2

¼ 1 (19.11)

tionally, a damage parameter is introduced in the constitutive law of the cohesive
Addi

element, which allows the fatigue-driven damage progression to be modeled, usually

by matching the crack growth rate given by some variation of Eq. (19.5).

Most researchers simply take α ¼2, that is, a linear fracture criterion, but Robinson

et al. [96] preferred an elliptical criterion with 2�α�4. Zhang et al. also use a linear

criterion, but introduce a coupling in the traction-separation relations [63]. Rocha et al.

[70] instead make use of the Benzeggagh-Kenane criterion [97]. Tserpes and Floros

have shown that such a technique (if suitable experimental calibration data are avail-

able) can predict not just the crack length, but also for example the twisting of the

crack front that occurs in a cracked lap shear specimen based on an epoxy

adhesive [72].
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19.6.4 Variable amplitude

So far, only a few researchers have attempted to apply fracture mechanics-based

models to variable amplitude fatigue. Erpolat et al. [42] applied a numerical integra-

tion of Eq. (19.5) to predict the crack length, thereby assuming a linear damage accu-

mulation. However, when compared to experiments on a single part epoxy paste

adhesive, they found that the prediction tended to underestimate the crack length,

especially after an overload. They attributed this to the model not taking into account

that the overload creates a damage zone ahead of the crack tip, which accelerates the

crack growth in subsequent cycles. This argument seems reasonable for brittle adhe-

sives, but may not apply to more ductile adhesives. Ashcroft suggested taking the

overload effect into account by shifting the constant amplitude fatigue crack growth

rate vs the SERR range curve [98]. More recently, Hosseini-Toudeshky et al. [99] and

Khoramishad et al. [100] proposed using CZM-based progressive damage models to

predict the effect of VA fatigue loading. Khoramishad et al. [100] also presented an

experimental validation with data from a toughened epoxy film adhesive, which

showed good agreement with the model.
19.7 Effect of joint features

Various geometrical and material features of a joint will affect its fatigue performance

The adherend stiffness (i.e., elastic modulus and dimensions) and geometrical shape

(e.g., tapered vs constant thickness adherends) will affect the stress distribution in the

joint, and thereby also the fatigue life. The overlap length will (beyond a certain min-

imum length) typically not affect the peak stresses. However, the longer the overlap,

the further a crack can grow before the remaining material fails. In this way, the over-

lap length can still affect the fatigue life of the joint.

The importance of the surface treatment on joint strength has already been dis-

cussed, and this is also dependent on failure mode. If the damage mode remains a

cohesive failure of the adhesive, the surface treatment does not have a large effect.

For example, the study of Azari et al. [101] suggested that as long as the crack prop-

agates within the adhesive sufficiently far from the interface, it is not affected by the

surface roughness.

Chapter 18 focuses on the effects of adhesive thickness on various properties.

Regarding its effect on crack growth rate specifically, this has been investigated by

a number of researchers, including Azari et al. [102,103], Chai [104], Krenk et al.

[105], Abou-Hamda et al. [106], Mall and Ramamurthy [107], Xu et al. [108],

Schmueser [109], Joseph et al. [110],Wilson [111], and Pascoe et al. [112]. In general,

it is reported that an increase in bondline thickness results in a lower crack growth rate

(at the same applied SERR), which is attributed to a removal of constraint, allowing

more plasticity to occur. However, Krenk et al. [105], Schmueser [109], and Pascoe

et al. [112] reported a higher crack growth rate for increasing thickness (all for epoxy

adhesives). Pascoe et al. further noted that the energy dissipation per unit of crack

growth did not appear to be affected by the adhesive thickness, but that a higher thick-

ness resulted in more energy dissipation per cycle, suggesting more energy was
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available for crack growth. Chai [104] reported a nonmonotonic behavior for one of

the adhesives investigated (PEEK resin). This nonmonotonic behavior was explained

by Kinloch and Shaw [113] and Yan et al. [114], who proposed that there is an opti-

mum thickness at which the fracture toughness of the adhesive is maximized. Below

this optimum thickness, the plastic zone cannot fully develop while above the opti-

mum thickness, according to Kinloch and Shaw, the plastic zone is less constrained

in the thickness direction and therefore does not extend as far ahead of the crack tip.

On the other hand, Yan et al. suggested that there is more crack tip blunting, and thus

easier void coalescence at higher thicknesses. From the literature, we can thus draw

the conclusion that the highest fatigue life can be obtained if the adhesive has the opti-

mum thickness, which can in principle be found by modeling the plastic zone at the

crack tip, noting that the plastic zone size is time and temperature dependent.

A step beyond changing the bondline thickness to affect the fatigue life is the inclu-

sion of specific features in the bond to slow or even arrest the growth of cracks. Kruse

et al. [115] investigated two options for this: (i) inserting bolts through the adhesive

joint, and (ii) using a laser to expose fibers at the surface of a CFRP adherend. The

latter approach is used to create through-thickness reinforcement of the adhesive

layer. Both approaches appeared to be promising. Chowdhury et al. [116] reported

that hybrid joints, combining both fasteners and adhesive, had a higher fatigue life

than purely bolted or purely bonded joints. Rather than inserting a bolt through the

entire thickness, L€obel et al. [117] and Steinmetz et al. [118] developed a crack stop-

per based on inserting a different polymer into the bondline. All these strategies of

course involve additional manufacturing effort, and thus a careful trade-off is needed

at the design stage to decide whether such crack-stopping capability is worth the addi-

tional cost. Within the aerospace industry, these approaches are of interest due to the

difficulty of certifying adhesive bonds for safety critical structures. Having a proven

capability to arrest cracks through a design feature of the bond is seen as a potential

strategy for enabling certification [115], as discussed in more detail in Chapter 23.
19.8 Environmental and loading effects

Both the environment and the loading rate can affect the fatigue life. Ramı́rez et al.

[119] recently reviewed the existing literature on the effect of the two most important

environmental aspects, temperature and moisture. The review notes that environment

and fatigue can have a synergistic effect, where adverse environments (high temper-

atures and high levels of moisture) cause acceleration of (fatigue) damage accumula-

tion. Ramı́rez et al. further noted that investigations of environmental effects on

fatigue are still largely empirical, and that available models are also still heavily reli-

ant on test data for calibration. A general model for the effect of temperature andmois-

ture on fatigue is still lacking [119].

It is important to note that different adhesives will have a different sensitivity to

temperature and moisture. For example, recently Houjou et al. [120] (epoxy), Mu

et al. [121] (epoxy), Tan et al. [122] (polyurethane), and Xie et al. [123] (epoxy + sand

bonding medium) reported a reduced fatigue life at an increased test temperature. On

the other hand, Pugstaller and Wallner [124] saw little difference in the crack growth
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rates in tests conducted at 23°C and 60°C on a steel laminate bonded with a waterborne

epoxy varnish. They suggested this was due to 60°C being far away from the adhe-

sive’s glass transition temperature. An even more remarkable result was found by

van den Akker et al. [125]. They investigated fatigue-driven disbonding of composite

stiffeners bonded with an epoxy film adhesive, aged by exposure to 90% relative

humidity at 80°C for 280–396days and then tested at room temperature. In this case,

the disbond growth rate was found to be slower in the aged panels. Van den Akker

et al. attributed this to moisture causing plasticization of the adhesive, which resulted

in an increased fracture toughness. Taken together, the results discussed above show

the importance of understanding the properties of the specific adhesive being used in a

particular application. Even which combination of temperature and moisture will

result in the worst-case fatigue behavior may differ from adhesive to adhesive.

A final important effect on fatigue of adhesives is the effect of the loading fre-

quency. At high frequencies, self-heating of the adhesive may occur, in which case

the elevated temperature can accelerate the fatigue process. In addition, if the temper-

ature reaches or exceeds the glass transition temperature, sudden stiffness changes

may occur, resulting in changes of deformations and redistribution of stresses. Many

practical applications will not encounter such high frequencies in service. Neverthe-

less, the self-heating effect limits the highest loading frequencies that can be applied in

laboratory tests, forming an obstacle to conducting accelerated fatigue tests.

At the other end of the scale, at very low frequencies, the adhesive will spend long

periods of time in the highly loaded portion of the cycle, and thus interactions between

creep and fatigue mechanisms can occur. For adhesive bonds, not much work has been

published on this topic. Landes and Begley [126], Nikbin et al. [127], and Saxena

[128] all developed time-dependent fracture mechanics parameters to take the creep

effect into account. Al-Ghamdi [129] proposed four different methods for dealing with

combined creep and fatigue. The first method is to fit a purely empirical crack growth

law to experimental data. The second method is to assume that creep and fatigue

methods are competing, with the growth rate determined by the dominant mechanism.

The third method is to partition the crack growth into a component that is time depen-

dent (i.e., creep-driven) and one that is load cycle dependent (i.e., fatigue driven). The

fourth method is an extension of the third method, including an empirical term to

account for interaction between creep and fatigue mechanisms. A partition method

has also been proposed by Movahedi-Rad et al. [130]. In their method, a stress vs

time-to-failure curve is predicted based on a combination of the cyclic loading and

creep contributions. Each of the individual contributions is scaled based on the energy

dissipation in each damage mode. Given that in practical applications adhesive joints

may spend a significant portion of their life at high loads, further research into creep-

fatigue interactions is called for.
19.9 Damage mechanics

Damage mechanics is an approach to predicting failure in a material by relating the

applied load to a deterioration in mechanical properties, which may include stiffness,

strength and/or fracture resistance, and resistance to fatigue loading. The aim in
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damage mechanics is to enable a quantitative representation of load-induced

microdamage, such as that commonly observed in areas of high stress concentration

prior to the formation of a macrocrack. In an adhesively bonded joint, stress and,

hence, any load-induced damage, will tend to be localized. Hence, we may have some

areas of the joint undamaged, some areas in various states of damage, and some areas

having failed. The net effect of this variation in damage across the joint will always be

a net decrease in resistance to further loading compared to the joint prior to loading. A

feature of fatigue loading is that the damage across the joint will progressively

increase as a function of fatigue cycles until there is sufficient damage to cause com-

plete failure of the joint. An advantage of the damage mechanics approach, compared

to other fatigue modeling methods, is that it more closely represents damage evolution

as a function of cycling and hence is better placed to determine the residual strength

and stiffness at any point in the fatigue life. It can also be used with NDE techniques as

part of a health monitoring scheme. The disadvantages of damage mechanics methods

are that they tend to be more complex and require more input parameters than alter-

native fatigue modeling methods.

Two forms of progressive damage modeling that have been used with adhesive

joints are cohesive zone modeling (CZM), where the failure is localized along a plane,

and continuum damage modeling (CDM), where the damage is in a more extended

damage, or process, zone. CZM can be viewed as an extension to the fracture mechan-

ics approach for modeling fatigue behavior, and as such is discussed in the previous

section. Hence, this section will be limited to the application of CDM to the prediction

of fatigue failure in adhesively bonded joints.

Continuum damage mechanics (CDM) requires a damage variable, D, to be

defined as a measure of the severity of the material damage [131–133]. It is assumed

that D is equal to 0 for undamaged material and D ¼1 represents the complete rup-

ture of the material. A simple method of definingD is to relate damage to a reduction

in stiffness:
D ¼ 1� ED

E
(19.12)

e E and E are the Young’s modulus of the undamaged and damaged material,
wher D

respectively. A damage equivalent effective stress, σeff
⁎ , can be related to damage as:
σ⁎eff ¼
σ⁎

1� Dð Þ (19.13)

e σ⁎ is the damage equivalent stress, which is defined as:
wher
σ⁎ ¼ σeq
2

3
1 + υð Þ + 3 1� 2υð Þ σH

σeq

	 
2
" #1

2

(19.14)

e σ is the vonMises equivalent stress and σ is the hydrostatic stress. σ⁎ can be
wher eq H eff

used as a quasistatic failure criterion. However, to apply the CDM approach to fatigue,
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Lemaitre [131,132] derived the following equation for the rate of damage accumula-

tion as a function of fatigue cycles, δD/δN:
δD
δN

¼
2B0

2
3
1 + υð Þ + 3 1� 2υð Þ σH

σeq

� �2
� �So

βo + 1ð Þ 1� Dð Þβo+1 σβo+1eq,max � σβo+1eq,min

� �
(19.15)

re so, Bo, and βo are material- and temperature-dependent coefficients, and σeq, max
whe

and σeq, min are maximum and minimum von Mises equivalent stresses in a fatigue

cycle, respectively. Eq. (19.15) can be integrated for constant amplitude fatigue load-

ing. Using the boundary conditions (N ¼0! D ¼0) and (N ¼ NR [number of cycles

to rupture]! D ¼1):
NR ¼
β0 + 1ð Þ σβo+1eq,max � σβo+1eq,min

� ��1

2 βo + 2ð Þβo 2
3
1 + υð Þ + 3 1� 2υð Þ σH

σeq

� �2
� �sυ (19.16)

el Wahab et al. [134] used this CDM approach to predict fatigue thresholds in
Abd

CFRP/epoxy lap-strap joints and double-lap joints. They found that the predictions

using CDM compared favorably with those using fracture mechanics. The method

was extended to predict fatigue damage in bulk adhesive samples [135] and alumi-

num/epoxy single-lap joints by Hilmy et al. [136]. A simplified equation for small

stress ratio values was also derived, assuming an initial condition of D ¼0;
D ¼ 1� 1� A β + m + 1ð ÞΔσeqβ+m Rv

β
2 N

h �
� 1
β+m+1 (19.17)

re Δσ is the von Mises stress range, R is the triaxiality function (which is the
whe eq v

square of the ratio of the damage equivalent stress to the von Mises equivalent stress),

m is the power constant in the Ramberg-Osgood equation, and A and β are experimen-

tally determined damage parameters. The number of cycles to failure (Nf) can be

determined from the equation when D ¼1 and N ¼ Nf at the fully damaged state as:
Nf ¼ Δσeq�β�m Rv
�β

2

A β + m + 1ð Þ (19.18)

d β are experimentally determined damage parameters. Abdel Wahab et al.
A an

[134] used two points from constant amplitude fatigue experiments of CFRP-epoxy

double-lap joints to determine these parameters for a particular adhesive at a partic-

ular temperature, and showed that Eq. (19.18) could accurately predict a stress life

(S-N) curve.
Wahab et al. [137] extended this approach to the low cycle fatigue of bulk adhesive.

In this case, the damage evolution curves were derived assuming isotropic damage and
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a stress triaxiality function equal to one. Application of this method to single-lap joints

[138] required determination of the triaxiality function to account for the multiaxial

stress state in the joint, and it was seen that this value varied along the adhesive layer.

The dependency of the triaxiality function on the joint type was further investigated by

Wahab [139,140] in later work.

Although the CDM approach described above enabled the progressive degradation

of the adhesive layer to be characterized, it did not allow the initiation and propagation

phases of fatigue to be explicitly modeled. Ashcroft et al. [141] used a simple CDM-

based approach to progressively model the initiation and evolution of damage in an

adhesive joint, leading to crack formation and growth. In this approach, the damage

rate dD/dNwas assumed to be a power law function of the localized equivalent plastic

strain range, Δεp, that is,
dD
dN

¼ CD Δεp
� �mD (19.19)

eC andm are experimentally derived constants. The rate of damage was deter-
wher D D

mined from FEA using Eq. (19.19) and the element properties were degraded as:
E ¼ E0 1� Dð Þ
σyp ¼ σyp0 1� Dð Þ
β ¼ β0 1� Dð Þ

(19.20)

e E0, σyp0, and β0 are the Young’s modulus, yield stress, and plastic surface mod-
wher

ifier constant for the parabolic Mohr-Coulomb model, respectively, and D ¼1 repre-

sents a fully damaged element, which was used to define the macrocrack length.

E, σyp, and β are the values of the Young’s modulus, yield stress, and plastic surface

modifier constant, respectively, after incorporating the material damage. Shenoy et al.

[142] showed that this method could be used to predict total-life plots, the fatigue ini-

tiation life, fatigue crack growth curves, and strength and stiffness wearout plots;

hence, they termed this a unified fatiguemethodology (UFM). Shenoy et al. [143] later

showed that this approach could also be applied to variable amplitude fatigue.

Walander et al. [144] experimentally studiedmode I fatigue crack growth in rubber-

and polyurethane-based adhesives using a double-cantilever beam specimen. A dam-

age growth law with a constitutive relation for the adhesive material degradation was

implemented in a commercial finite element code. The presented damage evolution law

was of the form:
dD
dN

¼ α
σ

1�D � σth
σth

	 
β

(19.21)

material parameters: α, β, and σ , were determined experimentally and good cor-
The th

relation between the experimental data and the proposed damage law for fatigue was

reported.
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19.10 Summary

This chapter has summarized the current state of the art with regard to evaluating and

predicting fatigue of adhesive bonds, which is critical to ensuring their long-term

structural integrity. Four broad categories of fatigue models exist, which are stress/

strain-life models, strength/stiffness wearout models, damage mechanics, and fracture

mechanics. All adhesive fatigue models are still strongly reliant on experimental data

for calibration, and an underlying physical theory for predicting the fatigue behavior is

still lacking. When generating experimental data, care needs to be taken that the

experiments are sufficiently representative of the application of interest, especially

ensuring that the same failure mode is observed. Additionally, consideration should

be given to stress distributions within the joint (including the proportions of peel

and shear stresses) as well as the effects of manufacturing processes, loading fre-

quency, and operational environment.
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