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Abstract
This article presents an overview of methods for analyzing the facture and failure of adhesives. Special attention is given to stress
analysis in adhesive bonds, as the difficulty of performing an accurate stress analysis is a major limitation of many failure analysis
methods. The article also covers the effect of manufacturing and operational environment, as well as long-term durability issues such
as creep and fatigue.

Nomenclature
A Fatigue based fracture toughness parameter (J mm�2)
a Crack length (mm)
b Width (mm)
C Coefficient in the crack growth equation (-)
E Young’s modulus (MPa)
G Shear modulus (MPa)
G Strain energy release rate (J mm�2)
J J-integral (J mm�2)
l Overlap length (mm)
m Exponent in the power-law fracture criterion (-)
Nf Number of load cycles until failure (-)
n Number of load cycles (-)
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n Exponent in the power-law fracture criterion (-)
n Exponent in the crack growth equation (-)
P Force (N)
R Stress ratio (-)
Sa Stress amplitude (MPa)
Smax Maximum stress (MPa)
Smin Minimum stress (MPa)
SR Residual strength (MPa)
Su Ultimate tensile strength (MPa)
t Thickness (mm)
x x-coordinate (mm)
κ Crack growth similitude parameter (-)
κ Strength degradation parameter (-)
r Normal stress (MPa)
s Shear stress (MPa)

Subscripts
adh Adhesive
avg Average
c Critical
dry Under dry conditions
max Maximum
min Minimum
thr Threshold
wet Under saturated conditions
yield Yield strength
1,2 Referring to adherend 1, 2

Glossary
Adhesive failure A failure of the adhesion mechanism between the adhesive and one or both adherends.
Adherend A part that is joined to another part by means of an adhesive bond.
Cohesive failure A failure of the cohesion holding the material itself together.
Durability The ability of a bond to maintain structural integrity for the entire operational life.
Fatigue Gradual degradation and eventual failure of material due to the application of fluctuating load cycles below the
quasi-static strength of the material.
Peel stress Normal stress in thickness direction of the adhesive.
Secondary bending Bending induced by misalignment of applied axial loads.
Similitude parameter Parameter that allows the comparison of two different situations (e.g., two different experiments, or
an experiment and an in-service condition) on the basis that the same material behavior is expected when the similitude
parameter is the same in both cases. As an example: a test coupon and a member of a truss structure are expected to fail when
the normal stress in the part reaches the same value, even though the geometry and applied force will be very different. The
normal stress acts as a similitude parameter here.

Key Points

• Provide an introduction to failure analysis of adhesive joints.

• Introduce the most common analysis methods for assessing the strength and durability of adhesive joints.

• Discuss the influence of manufacturing quality and environment on joint strength.

• Provide an entry point into the literature on fracture and failure of adhesive joints.
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Introduction

The use of adhesives to join two parts of a structure together is a very old technology. There is evidence that birch bark tar was
already used to join wooden hafts to stone tools some 200,000 years ago (Mazza et al., 2006; Wadley et al., 2009). By 40,000 years
ago humans were already creating adhesive systems by mixing plant resins and ocher (Ambrose, 1998; Wadley et al., 2009). In the
present day, adhesive bonding is used across a wide variety of engineering fields, ranging from construction to packaging and from
aerospace to biomedical engineering. Understanding and preventing failure of adhesives is therefore critical to ensuring structural
integrity.

When it comes to analyzing the failure of adhesives, there are some differences compared to the analysis of other engineering
materials. These are mainly related to how adhesives are applied. Typically, we are not so much interested how adhesives behave as
a material by themselves. Instead, we are interested in how they behave when they are incorporated in an adhesive bond. In an
adhesive bond, the adhesive layer is typically thin (certainly relative to the rest of the structure) and sandwiched between two parts
with a higher stiffness. This creates a high degree of constraint in the adhesive, which may change its mechanical behavior
compared to that of the bulk material (Kinloch and Shaw, 1981). Furthermore, the load transfer which occurs in an adhesively
bonded joint can create stress concentrations and complex stress distributions, which means the strength of the joint cannot be
properly evaluated by simply computing the average stress. Since most adhesives are polymers, the reader is referred to chapters
2.07 and 7.16 for more information on the bulk material behavior.

Many classes of adhesives exist, with a wide range of different properties, see e.g., (Brockmann et al., 2009; Ebnesajjad, 2008;
Pethrick, 2015; Sancaktar, 2018). In general these are polymeric materials that undergo some kind of curing reaction to reach their
final state. This can occur spontaneously, e.g., after mixing the components of a two-component adhesive, or can be triggered by an
external input, such as moisture, heat, or UV radiation.

This article will focus on methods for analyzing the structural integrity and failure of adhesive bonds, regardless of the specific
adhesive that is selected. It should however be noted that specific test and analysis methods may only be suitable for specific
classes of adhesive, for example depending on their (lack of) ductility or stiffness. This article will open with a section on the stress
distribution in adhesive joints, followed by a discussion on different effects than can influence the joint strength. Next, the
available failure criteria will be discussed. The article will then present how to analyze creep and fatigue, two phenomena that are
crucial for understanding the durability of the bond. Finally a brief conclusion will summarize the article.

Nomenclature

To aid in communication, let us first define some basic nomenclature. In an adhesive joint, two pieces of material are being joined
by bonding them with a third piece of material. The two pieces that are being joined are known as the adherends, while the
material that is used to join them is the adhesive. Note that the two adherends do not need to be the same; they can be made of
different materials and can have different shapes and dimensions. Fig. 1 illustrates some further nomenclature, including the shear
modulus and thickness of the adhesive (Gadh, and tadh, respectively), the Young’s moduli and thickness of the adherends: E1,2, and
t1,2 and the joint width b and overlap length l. In the example of Fig. 1, the joint is being loaded by an axial load P. Fig. 1 also
shows some basic joint designs. More advanced designs can be found in a variety of handbooks, e.g., (Adams et al., 1997;
Brockmann et al., 2009; Ebnesajjad, 2008). In the context of adhesive bonds, tensile stresses out of the plane in which the adhesive
is applied, are commonly referred to as peel stresses.

Typically, the resistance of adhesives to shear loading is much higher than their resistance to peel stresses (i.e., tensile loading)
(Ebnesajjad, 2008). Therefore, adhesive joints should be designed such that the load transfer through the adhesive occurs as much
as possible via shear stresses. This means that the plain butt joint design is to be avoided if at all possible. Additionally,

Fig. 1 Basic joint nomenclature and designs.
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symmetrical joint designs such as the double lap, double strap, and tube joints are to be preferred to the single lap and single strap
designs. This is because the eccentricity of the applied load in asymmetrical designs induces secondary bending, as illustrated in
Fig. 2(b).

Stress Analysis

The most straightforward stress analysis for a single lap joint is to calculate the average shear stress tavg, as:

tavg ¼ P
bl

ð1Þ

with P representing the applied force and the width b and overlap length l defined according to Fig. 1.
However, it is important to realize that this value is only a rough approximation for the stress distribution in the joint. In reality

the stress distribution will be non-uniform, with large stress peaks near the ends of the overlap. Consequently, uncritical use of the
average shear stress can lead to wrong conclusions. In general, average shear stress values should only be used to compare the
performance of two joints that are identical in terms of geometry (especially overlap length) and adherend materials.

To start with the more detailed stress analysis, let us build up a qualitative understanding of the stress distribution in an
adhesive joint. For this, consider how a single lap joint will deform when an axial tension is applied, as shown in Fig. 2. There are
two important effects. Firstly, at the free end of each adherend, there will be no strain, while at the opposite adhered, the strain will
reach its maximum value at the same location. This implies there must be a peak shear stress in the adhesive (Fig. 2(a)). On the
other hand, in the center of the overlap, the strain in both adherends will be equal, implying a low shear stress in the adhesive.
Secondly, because the loads at either end of the joint are not co-linear, there will be secondary bending in the joint, as the joint
tries to align the applied loads. This secondary bending induces transverse peel stresses, which are highest at the ends of the
overlap (Fig. 2(b)). Combined, these two effects create a complex, multiaxial, stress distribution, which cannot be well described by
only the average stress.

Volkersen’s Analysis

An analytical solution for the shear stress distribution in the adhesive in a single lap joint was first developed by Volkersen (1938).
Volkersen’s approach is based on the shear lag principle, and requires the following assumptions:

• Peel stresses are neglected;

• The adhesive stresses are assumed to be constant across the thickness of the adhesive;

• The adherends are assumed to only deform in tension.

• The analysis is linear elastic.

These assumptions are clearly non-physical. Firstly, in reality, secondary bending will induce peel stresses (as mentioned
above). This point is more relevant for asymmetrical geometries, than for symmetrical ones. Secondly, the stresses in the adhesive
will not be constant through the thickness, even for thin bondlines, although it is of course especially noticeable for thick
adhesives (Gleich et al., 2001). Thirdly, the adherends will not only deform in tension, but also in bending and shear (Crocombe
and Ashcroft, 2008). This not only applies longitudinally; the difference in Poisson contraction will also result in the development
of transverse stresses (Adams and Peppiatt, 1973). Fourthly, many adhesives and adherends are capable of plastic deformations.
Despite these limitations, Volkersen’s analysis can still illuminate some key points regarding the stress distribution in a joint, and
how this depends on the geometry and adherend properties. It also has the advantage of being the most simple of the available
analytical methods, apart from the use of the average shear stress (Eq. 1) of course.

As Volkersen’s analysis forms the basis for the analytical approaches to stress analysis, many authors have presented equations
for the shear stress distribution derived with Volkersen’s method, see e.g., (Adams et al., 1997; Akhavan-Safar et al., 2021;
Crocombe and Ashcroft, 2008; Klein, 1997; Tong and Luo, 2018). These equations take different forms, depending on the chosen
coordinate system (x ¼ 0 can represent either the end of the overlap, or the middle of the overlap), and whether the adherends are
assumed to be made of the same material. Thus, different equations are presented by different authors. Here, we will use the form
presented by Crocombe and Ashcroft (2008). For this equation both adherends are made of the same material (E1 ¼ E2), but the
thicknesses (t1 and t2) can be different. The x-coordinate has its origin (x ¼ 0) at the center of the overlap, and is normalized by the
overlap length to give X ¼ x/l. The equation then takes the form (Crocombe and Ashcroft, 2008):

Fig. 2 Deformation of a single lap joint due to an axial load.
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t¼ tavg
o cosh oX
2 sinh o

2

þ t1 � t2
t1 þ t2

� �
o sinh oX
2 cosh o

2

� �
ð2Þ

with tavg given by Eq. 1 and the parameter o equal to:

o¼ 1þ t1
t2

� �
Gl2

Et1tadh
ð3Þ

The peak stresses occur at the joint ends (X ¼ þ /� 0.5). The lowest stresses will occur for the case that the substrates are
identical (t1 ¼ t2 ¼ t), in which case we can write (Crocombe and Ashcroft, 2008):

t
tavg

¼ o
2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gl2

2Ettadh

s
ð4Þ

Fig. 3 shows the shear stress distribution at different overlap lengths according to Eq. 2, for the material properties shown in the
figure. The dotted lines indicate the average shear stress. It is clear that the peak shear stress at the ends of the overlap is much
higher than the average shear stress.

Despite the simplifications in Volkersen’s method, Eq. 3 and Fig. 3 can still illustrate some important points. First of all, the
average shear stress decreases as the overlap length is increased, while the peak stress is more or less constant once the overlap
length reaches 25 mm. This is important to realize, because this peak stress will be what triggers failure of the joint. If one
characterizes the stress in the joint by calculating the average stress, this would give the impression that increasing the overlap
length would improve the joint strength. However, after a relatively short length, further increases of overlap length no longer
increase the joint strength, because there is no decrease of the peak stress. It should be noted that this consideration applies in
particular to the static strength of the joint for a brittle adhesive. A long overlap length may still be desirable to improve resistance
to creep (because a large part of the adhesive will only be lightly loaded), or to provide a buffer to increase durability and damage
tolerance (Potter, 1979).

Based on Eq. 4 we can further observe that the peak shear stress will increase for higher adhesive shear modulus but decrease for
higher adherend stiffness, i.e., increasing either the adherend modulus or the adherend thickness will decrease the peak adhesive
stress (the stiffness of the adherend is given by the product Et) Klein (1997) presents an analysis based on Volkersen’s method, but
where the adherend moduli and thicknesses are allowed to be unequal. In that case the stress distribution is no longer symmetrical
about the middle of the overlap. Instead, the peak stress will be increased at the side of the more flexible adherend, and decreased
at the side of the stiffer adherend. The exact peak stress values will of course depend on the ratio of adherend stiffnesses.

Note that Eq. 4 predicts that the peak stress will be lower if the adhesive thickness is increased. This would imply that increasing
the adhesive thickness results in a higher joint strength. However, in practice the opposite is seen: higher thickness leads to lower
strength (Adams et al., 1997). Various explanations have been proposed for this, which will be discussed at a later point in the
article.

Improved Analytical Methods

The assumptions in Volkersen’s method are quite limiting, so to get a more accurate prediction of the stress distribution, a more
detailed analysis is needed. Over the years many more analytical methods have been developed, addressing the various
assumptions that limit Volkersen’s method. While these analyses are more accurate, they are also more complex, and (like
Volkersen’s method itself) typically are only applicable to relatively simple geometries, such as single or double lap joints. In

Fig. 3 Shear stress distribution for different overlap lengths, according to Volkersen's method (Eq. 2). The dotted lines indicate the average shear
stress.
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practice, one should therefore consider whether it is worthwhile to employ these analytical methods, or if it is better to imme-
diately choose to perform a finite element analysis.

Goland and Reissner (1944) were the first to improve on Volkersen’s method. The Goland and Reissner approach takes into
account the rotation of the adherends, and thereby also calculates the peel stresses. This approach to calculating the stress
distribution was then further improved in (Hart-Smith, 1973a,b), which also included the effect of adhesive plasticity. Hart-
Smith’s work formed an important component of the Primary Adhesively Bonded Structure Technology (PABST) program. One of
the outcomes of this program was a design handbook for adhesive bonding, which contains many practical guidelines for design
of adhesive bonds from an aerospace industry perspective and is freely available online (Potter, 1979).

The Goland and Reissner approach still neglects shear deformation and the distribution of tensile stresses across the adherends.
These points were addressed by in the model of Adams and Peppiatt (1973), which as previously mentioned, also includes the
transverse stresses due to the Poisson contraction. Ojalvo and Eidinoff (1978) developed a model that could also take into account
the variation of the shear stresses across the adhesive thickness. Bigwood and Crocombe (1989) generalized the Goland and
Reissner analysis so it can be applied to single overlap configurations with an arbitrary end load. This also means the analysis can
be applied to a range of different geometries, not just a single lap joint. In the same paper Bigwood and Crocombe also provide a
set of simplified design formulae, which can be used for the case of similar adherends with long overlaps. Another important result
from Bigwood and Crocombe (1989) is that the adhesive shear stress will induce a moment in the adherend (this follows from
basic mechanics), which will reduce the shear stress. Consequently, the maximum stress predicted by the Volkersen equation is a
factor two higher than that predicted by the Crocombe-Bigwood equations (Crocombe and Ashcroft, 2008). This matches with the
experimental results presented in Adams et al. (1997, [Fig. 2]) showing that both the Volkersen and Goland and Reissner’s models
severely underestimate the failure load (at least for the adherend and adhesive properties shown in Adams et al. (1997)).

Cheng et al. (1991) built on the work of Goland and Reissner and Hart-Smith to create closed form solutions for a single lap
joint where the adherends can have different thicknesses and lengths and can consist of different materials. A similarly general
method was presented by Adams and Mallick (1992). This model has the advantage that it can also take into account elasto-plastic
behavior of the adhesive. Unfortunately this comes at the cost of requiring a numerical solution, rather than providing closed-form
expressions. At the time Adams and Mallick considered that finite element analysis required specialist knowledge and therefore
their method still had advantages for industrial practice. Essentially they argued that their method was easier to implement, yet still
agreed closely with finite element results, except right at the overlap edges. In the present day, finite element software has been
widely adopted in industry, and finite element analysis is a standard part of engineering education (Akhavan-Safar et al., 2021;
Ashcroft and Mubashar, 2018). Therefore it can be questioned whether setting-up a numerical non-linear analysis rather than
immediately opting for a finite element analysis is worthwhile (da Silva et al., 2009b).

Most of the analyses described above assume elastic material behavior. In reality, many adhesives exhibit elastic-plastic
behavior. This has been treated analytically by (Hart-Smith, 1981, 1973a,b) and also in the Adams and Mallick (1992) model.
Hart-Smith’s work was incorporated into the computer code A4EI (Hart-Smith, 1981), which is still the industry standard in the
aerospace industry for analyzing the stress in bonded joints (Jones et al., 2018).

Fig. 4 shows schematically the stress and strain distribution in a double overlap joint, based on Hart-Smith’s elasto-plastic
analysis, in which the adhesive is assumed to be perfectly plastic (Potter, 1979). It can be seen that the shear strain still shows a
peak value at the edges of the overlap, but the shear stress is “cut off” at the yield strength tyield. This creates two plateau regions
where the shear stress is constant, which are separated by a more lightly loaded elastic trough. According to Hart-Smith’s analysis
(Potter, 1979), if the adhesive is loaded up to the yield strength along the entire overlap, increasing the overlap length will increase
the joint strength. Once the overlap length is long enough that the elastic trough is formed however, the joint strength remains
constant, even if the overlap length is increased further.

Fig. 4 Schematic illustration of the stress and strain distribution for an elasto-plastic adhesive.
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This section has highlighted some of the key works on analytical methods for calculating the stress distribution in an adhesive
joint, but does not provide an exhaustive overview. For a very detailed discussion of the stress distribution in an adhesive joint,
including many finite element results, the reader is referred to Adams et al. (1997). For a more complete historical overview,
Akhavan-Safar et al. (2021) have recently provided an excellent review. Further discussions and reviews of the available analytical
methods can also be found in a variety of other reviews and handbooks, such as (Crocombe and Ashcroft, 2008; da Silva et al.,
2009a,b; Gleich, 2002; Ramalho et al., 2020; Tong and Luo, 2018; Tserpes et al., 2021).

Finite Element Analysis

It has already been mentioned that analytical formulations that attempt to take into account the full complexity of the stress
distribution in an adhesive bond become very complex, in some cases even requiring numerical solutions, e.g., (Adams and
Mallick, 1992). Even then, these methods are usually still only formulated for relatively simple geometries, such as single or
double overlap joints. To analyze more complex geometries that may be found in service, the use of a finite element analysis is
therefore likely the most appropriate choice (Adams, 1989).

Finite element analyses furthermore have the advantage that they can accommodate not just traditional stress analysis, but also
damage-based analysis (Akhavan-Safar et al., 2021). This allows engineers to model the effect of defects created during manu-
facturing or sustained in service, providing evidence for setting acceptable damage limits. These damage-based analyses are
typically performed by using cohesive zone modeling (CZM) or the extended finite element method (XFEM) to model the
presence of damage in the model. Fracture mechanics based criteria are then used to identify when damage will propagate and lead
to failure of the bond. Finite element analysis not only allows for modeling more complex joint lay-outs, but also the modeling of
key details, such as the spew fillet at the end of the bond (Adams and Peppiatt, 1974; Crocombe and Adams, 1981; Doru et al.,
2014; Kemal Apalak and Davies, 1994). This is an important detail to model, as it has been shown that the spew fillet will reduce
the peak stresses at the overlap ends, thereby resulting in an increased bond strength.

A number of considerations should be kept in mind when setting up a finite element analysis of a bonded joint, on top of those
that apply for any numerical analysis (e.g., correct selection of boundary conditions and mesh size). Ashcroft and Mubashar
(2018) identify three key concerns: (1) the small adhesive layer thickness, (2) the material constitutive laws and (3) singularities at
the adherend-adhesive interface. The small adhesive layer thickness can make it difficult to create a suitable mesh without having
either an excessive number of elements, or having unacceptable element distortions. It should also be kept in mind that the
adhesive stresses can vary across the thickness of the adhesive, and therefore it may be necessary to employ non-linear elements
and/or to have multiple elements in thickness direction in the adhesive. The material constitutive law can be difficult because the
adhesive material behavior can be complex (and difficult to characterize experimentally). On top of that, the adhesive material
properties can be quite sensitive to environmental effects, which should be included in the analysis where relevant. When
modeling the adherend-adhesive interface, theoretical singularities can arise, which do not correctly represent the physical
behavior. In particular, these singularities could cause premature failure if for example a maximum stress or strain failure criterion
is used. As a solution to this last point Ashcroft and Mubashar (2018) suggest using failure criteria that are for example based on
average values over a certain region, or on all elements in a certain region exceeding the criterion, rather than just one. Alter-
natively, Akhavan-Safar et al. (2021) review the use of a critical generalized stress intensity factor criterion as a way of dealing with
the singularity. As a final consideration it can be mentioned that one of the lessons learned from the PABST program (Potter,
1979) was the importance of conducting non-linear analyses to correctly understand the behavior of the adhesive joint. This of
course applies not just to analytical methods, but also to finite element analyses. In particular non-linear material models should
be used for the adhesive, but where applicable also for the adherends, as yielding of the adherends can have a significant effect on
the stress distribution, and can even be the dominant failure mode in certain cases.

Designing for Improved Joint Strength

The stress analysis methods show that in a simple overlap joint there are large stress concentrations at the ends of the overlap. This
reduces the joint efficiency, defined as the ratio of the joint strength to the strength of the adherends. Careful design can increase
the joint efficiency, by reducing the stress concentrations. The general rules here are to reduce peel stresses by avoiding secondary
bending, and to avoid sudden jumps in stiffness, e.g., by employing tapering. Tapering can be done either by externally tapering
the adherends, or by creating a scarf joint, in which the outer envelope of the joint remains straight. Another option is the use of a
stepped joint. In this case there are effectively multiple overlaps, with stress peaks at the end of each overlap. By distributing the
stress peaks across multiple overlaps in this way, the average stress in the total bondline is increased and the individual peaks are
reduced. As discussed above, spew fillets can also be instrumental in reducing the stress peaks at the overlap ends.

Some possible design solutions for the overall bond geometry are presented in Fig. 5, and more can be found in the literature,
e.g., (Brockmann et al., 2009; da Silva et al., 2018a; da Silva and Campilho, 2015; Ebnesajjad, 2008; Kupski and Teixeira de Freitas,
2021; Mallick, 2018; Shang et al., 2019). These designs will produce a more efficient joint, but they come at the cost of increased
manufacturing effort. When composite adherends are used, the design of the adherends themselves can also play an important role
in the final joint strength and failure modes (Kupski et al., 2019; Shang et al., 2019). More recently, researchers have been
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developing features that can be inserted within the bondline to increase the bond strength. For example Minakuchi and co-workers
(Hisada et al., 2020; Minakuchi, 2015) have developed a crack arrestor based on interlocking fibers that are inserted into the bond
line. Another example is the concept of inserting a spiked metal sheet in the bond line, as presented in Bisagni et al. (2018).

Within the aerospace industry, an important concern is the possibility of the growth of disbonds during the service life of an
aircraft, which can be difficult to detect (Kruse, 2013; Kruse et al., 2018). A number of researchers are therefore working on the
development of joint features that can guarantee that a disbond will be arrested before reaching a critical size, thereby enabling the
certification of bonds in primary (i.e., safety-critical) structures. These disbond arrest features can either rely purely on features that
are inserted in the bondline (Steinmetz et al., 2021) or they can make use of mechanical fasterners, that penetrate through the
adherends (also called hybrid joints) (Chowdhury et al., 2016).

Apart from adjusting the joint geometry, another approach is to tailor the adhesive properties. Ideally the adhesive should be
flexible and ductile at the ends of the overlap, in order to reduce the peak stresses (recall Eq. 4). In the middle of the overlap a
stiffer adhesive would be preferred, in order to carry more load in the lightly loaded part of the overlap. Because the load here is
lower, a more brittle behavior can be accepted. da Silva and Lopes (2009) therefore developed a mixed-adhesive technique, where
a flexible and ductile adhesive was applied to the overlap ends, and a brittle adhesive was used in the center of the overlap. Silicon
rubber strips were used to separate the adhesives. The mixed-adhesive joint was shown to have a higher strength than joints that
contained either of the individual adhesives over the full length. The use of mixed adhesives falls in the category of functionally
graded adhesive joints. Durodola, (2017) provides a recent review that concludes that functionally graded adhesives have clear
theoretical benefits, which have also been confirmed experimentally. The wide-spread adoption of functionally graded adhesives
has however been limited by manufacturing challenges. Typically functionally grading involves the combination of two different
adhesives, and so it can be challenging to find a surface pre-treatment that is suitable for both. Another challenge is creating and
maintaining the right fractions and grading of the different adhesives at the desired locations, both during application of the
adhesive and during the cure cycle. Stapleton et al. (2012) point out the additional concern that tailoring the functional grading for
a certain load case may make the joint less effective at resisting other (potentially unexpected) load cases.

Failure Criteria

Prediction of the joint strength requires the use of a failure criterion. Different failure criteria are available, which match different
analysis methods. Recent reviews of failure criteria have been provided by Tserpes et al. (2021) and Ramalho et al. (2020).
Different categories of failure criteria can be distinguished, which include elastic and elasto-plastic continuum mechanics based
methods and fracture mechanics based criteria.

Continuum Mechanics

Classical continuum mechanics failure criteria are based on the maximum stress or strain in the adhesive bond. Given the
multiaxial stress state in an adhesive, a multiaxial criterion, such as the principal stress and strain (Adams et al., 1997) or the von
Mises criterion may be more appropriate (Tong and Luo, 2018). Stress based criteria are more suited for linear elastic analyses,
whereas strain based criteria may be more suitable for nonlinear analyses (da Silva et al., 2009b). Interestingly Adams et al. (1997)
present a comparison of predictions and experimental data for four different adhesives. For two of these adhesives the maximum
principal stress proves to give the best prediction of joint strength, while for the other two adhesives the maximum principal strain
proves to be more accurate. Unfortunately, it is not clear if it could be determined a priori which criterion would be most accurate.

A difficulty with applying strength and strain based criteria is that they rely on accurate calculations of the peak stresses and
strains, whereas the available analytical models have limited accuracy. In a finite element analysis on the other hand, there may be
a stress/strain singularity at the adherend – adhesive interface, creating convergence issues and introducing a mesh dependency
(Ramalho et al., 2020). This has led to the adoption of criteria based on the theory of critical distances (Taylor, 2008), categorized

Fig. 5 Possible joints designs to reduce peak stresses.
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as process zone methods in (Tserpes et al., 2021). In these theories, the critical parameter is not the maximum stress, but the
average stress value in a point, line, area, or volume (depending on the precise method) at some critical distance from the stress
singularity (Tserpes et al., 2021). This for example allows the failure criterion to be compared to the strain on the adhesive mid-
plane, avoiding the adherend/adhesive stress singularity, such as in the criterion proposed by Ayatollahi and Akhavan-Safar
(2015).

Elastic-Plastic Analysis

In his elastic-plastic analysis Hart-Smith (1973a,b) proposed a critical adhesive strain energy density as the failure criterion. I.e.,
joint failure will occur when a critical strain energy density is reached in the adhesive. Jones et al. (1993) showed that the effect of
creep during load holds should be accounted for when applying such a procedure. Chiu et al. (1994) demonstrated that for a
double lap joint, the critical strain energy density could be calculated based on a purely elastic analysis. Recently, Jones et al.
(2018) have shown this also applies for step lap joints, which means it is not required to know the precise shape of the adhesive
stress-strain curve to apply the critical strain energy density criterion.

Another elastic-plastic criterion is the general yielding criterion proposed by Crocombe (1989). The concept behind this
criterion is as follows: due to plastic deformation, adhesives exhibit a level of strain beyond which a further increase of strain will
not increase the stress in the adhesive. Thus Crocombe argued that –as long as there is no local failure– joint failure will occur
when all the adhesive material in the bond line reaches this level of strain. In other words, joint failure will occur when there is
general yielding in the bond line. The bond strength can thus be determined by determining the load at which general yielding
takes place. Crocombe already pointed out that this method is most suited for shear failure and is not a useful concept for cleavage
type failure. In their comparison of analysis models, de Sousa et al. (2017) concluded that the general yielding criterion is accurate
for “highly ductile adhesives” and “moderately ductile adhesives with short overlaps”, but was not suited for brittle adhesives.
Similarly Gleich et al. (2001) criticized the general yielding criterion, on the basis that most joints fail due to local failure,
especially in the case of brittle adhesives. This example illustrates the more general point that the ductility, or lack thereof, of the
adhesive can determine which failure criteria are suitable.

Fracture Mechanics

Another category of failure criteria are those based on fracture mechanics. These are especially useful to analyze the effect of any
defects or damages in the bond line (Dillard, 2021). Fracture mechanics failure criteria state that unstable crack growth will occur
when the strain energy release rate (SERR, G), exceeds a critical value Gc, which is determined experimentally. In the case of a
ductile adhesive, the J-integral may be used instead of the strain energy release rate (Sadeghi et al., 2018). A downside of using
fracture mechanics is that it can only be applied if there is some initial crack. When analyzing a new design, it may not be clear
what crack length is reasonable to assume. One solution to this is to adopt a CZM analysis, in which a strength-based criterion
(implicitly incorporated into the CZM formulation) takes care of the crack initiation (Dillard, 2021). In the aerospace industry the
common practice is to define an initial crack based either on a statistical analysis of the manufacturing quality achieved in practice,
or based on the detectability limits of a prescribed inspection technique.

The process of fracture in an adhesive bears much resemblance to the process of delamination in a fiber reinforced polymer
composite. In both cases there is growth of a crack through a thin polymer layer. In fact, some structural adhesives are also used as
matrix material for fiber reinforced composites. Although the two research communities are somewhat separate, when applying
fracture mechanics methods to adhesive bonds, it can be fruitful to also consider the state-of-the-art for delamination of com-
posites (Pascoe et al., 2013a).

In a general load case, an adhesive bond will experience mixed-mode crack opening, and therefore a mixed-mode fracture
criterion is needed. The most simple solution is to simply sum up all the different SERR components and compare this to the
critical SERR value. This approach only works if the critical SERR value was measured for the same mode-mixity as the case being
analyzed. A more flexible approach is to adopt a mixed-mode fracture criterion. One commonly used mixed-mode criterion is the
power-law criterion (Wu and Reuter, 1965):
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þ GII
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Different researchers have reported using different m and n values, e.g., (Jiang et al., 2021; Tong and Luo, 2018; Zhang et al.,
2010), suggesting that these are material (and possibly adhesive thickness) dependent. Apart from the power law criterion, a
variety of other mixed-mode criteria have been developed; for a recent review see the introduction of Jiang et al. (2021).

Use of a mixed-mode criterion requires partitioning the SERR into the separate mode components. This is not a straightforward
matter. Williams (1988) provided a solution for a symmetrical problem, i.e., with the crack in the mid-plane and identical material
on either side. However, this method produces inaccurate results in asymmetric conditions, such as in bi-material joints. For this
case an alternative strain-based method was recently proposed by Arouche et al. (2021). A further review of different methods for
partitioning the SERR modes can be found in Wang et al. (2021). This review also discusses different experimental methods for
testing bi-material interfaces. Rather than relying on analytical mode partitioning, finite element methods, such as the virtual crack
closure technique (VCCT) can provide accurate results (Arouche et al., 2021). Apart from VCCT, fracture mechanics criteria can be
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incorporated into finite element analyses with various other numerical techniques such as the cohesive zone model (CZM) or
extended finite element method (XFEM). For a review of these methods see (Tserpes et al., 2021).

A further development of fracture mechanics is finite fracture mechanics (FFM), first proposed by Leguillon (2002). In FFM
crack growth requires simultaneously satisfying two criteria, one based on stress and the other based on toughness / energy release.
This was first applied to bonded joints by Leguillon et al. (2003), and further developments have been reviewed by Tserpes et al.
(2021).

Accuracy

The performance of different strength prediction methods based has been compared by da Silva et al. (2009b) and de Sousa et al.
(2017). Both works conclude that the accuracy of the different methods depends on the materials being examined. De Sousa et al.
(2017) conclude that Volkersen’s model only works for brittle adhesives and short overlaps, while the Goland and Reissner and
Hart-Smith models underpredicted the joint strength for all adhesives and joint configurations. The Hart-Smith model was judged
to be best for all adhesives. For the most accurate results however, de Sousa et al. recommend adopting a CZM analysis. In de
Sousa’s work, XFEM performed poorly, which was attributed to the mesh-dependence of the initiation criteria, and the inability of
the initiation criteria to capture mode-mixity. Thus a reformulation of the XFEM with different initiation criteria might be expected
to perform better. da Silva et al. (2009b) come to similar conclusions regarding the analytical models as de Sousa et al. Addi-
tionally, da Silva et al. conclude that predicting the strength of joints with long overlaps and brittle adhesives is difficult, but that
linear analyses always give a safe prediction (i.e., the predicted strength is lower than the experimentally measured value). For
joints with ductile adhesives and elastic adherends the Hart-Smith (1973a,b) model was found to give good predictions, although
da Silva et al. recommend using a criterion that is only based on the shear stress, rather than on a combination of shear and peel. If
the adherends exhibit yielding, then da Silva et al. recommend an adherend yielding based equation proposed in Adams et al.,
(1997).

Failure Analysis

Understanding failure of adhesive bonds course requires an understanding of the applied load and the resulting stress distribution
in the adhesive. However, on top of that it is also important to understand the operating environment, as the bond strength can be
sensitive to environmental factors, such as temperature, moisture, and other chemicals. Errors or defects during manufacturing can
also have significant effects on bond strength and durability, resulting in unexpected in-service failures.

Failure Modes

Adhesive bonds can suffer from different failure modes, as illustrated in Fig. 6. When analyzing a failure by comparing two
different experiments, or comparing an in-service failure to the design case, it is critical to ensure the failure modes are the same. If
the failure modes are different, then also a different joint strength should be expected. An unexpected (change of) failure mode can
point to incorrect design assumptions, manufacturing errors, or environmental influences. The failure modes can be categorized as
follows:

• Adhesive failure is a failure of the adhesion between the adhesive and one of the adherends. In practice it can be diagnosed by
the lack of adhesive residue on one of the fracture surfaces. Adhesion failure indicates a lack of chemical bonding, and the
remedy is often to improve the surface preparation process prior to bonding. In the aerospace industry, adhesion failures are
considered an unacceptable failure mode (Federal Aviation Administration, 2010). This means that if adhesive failure is found
during development testing the part cannot be certified. Instead changes to the design and/or manufacturing process need to be
made until only cohesive failure is found. As mentioned above, this likely means selecting or developing a more appropriate
surface pre-treatment. Note that even if a suitable surface preparation process has been selected, contamination or other lapses
of manufacturing quality can still result in adhesive failure in production parts. Therefore, proper environmental and process
controls during manufacturing are crucial to avoiding adhesive failure.

Fig. 6 Different failure modes in adhesive bonds.
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• Cohesive failure is a failure due to lack of cohesion within the adhesive itself. It can be diagnosed by the presence of adhesive
residue on both fracture surfaces. If the joint strength at which cohesive failure occurs is too low, a stronger adhesive needs to be
selected, or the joint needs to be redesigned to reduce the (peak) adhesive stresses.

• In an adhesive joint there are not only stress concentrations in the adhesive, but also in the adherends, which can result in
(cohesive) adherend failure. In metals this typically results in a transverse crack, but in laminated composites the translaminar
strength may be the weakest link, which results in delamination of the first ply adjacent to the bond line. Whether failure occurs
in the adhesive or the adherend depends in part on the laminate stiffness and lay-up (Kupski et al., 2019). An adherend failure
mode indicates that the adhesive is not the weakest link in the structure, which is in principle desirable. However, it should be
noted that the presence of stress concentrations mean that even if the failure mode occurs in the adherend, this does not imply
a 100% joint efficiency (where the joint efficiency is the ratio of the joint strength to the strength of the structure remote from
the joint). Depending on the design and operational context, an adherend failure mode could be preferable to a cohesive
failure of the adhesive, if it is easier to detect by operators or maintenance technicians.

• Another failure mode that can in particular be observed for composite adherends is mixed failure, where the crack migrates
from the adhesive into the composite adherend. In some cases the crack can also migrate back into the adhesive layer again.
Goh et al. (2013) show an example of this in a scarf joint. Whether such crack migrations will occur, and at which locations,
depends on the local stress state and the adherend lay-up (Kupski et al., 2019). As a general guideline, a crack will find it more
difficult to propagate through a ply in which the fibers are aligned along the crack-growth direction. Conversely, the crack will
find it more easy to jump through a ply in which the fibers are perpendicular to the crack growth direction. This is because in
the case of perpendicular fibers the crack can find a path between the fibers, without needing to break any of them.

Apart from the general failure modes described above, the specific failure initiation location can vary depending on the detailed
geometry (e.g., in the case of a spew fillet) and the adherend properties. Adams et al. (1997) provide a very detailed demonstration
of how the critical location for failure can depend on the adherend properties, and even on the applied load.

Influence of Production

Manufacturing quality is critical to obtaining the desired joint behavior. According to the Federal Aviation Administration: “Many
bond failures and problems in service have been traced to invalid qualifications or insufficient quality control of production
processes” (Federal Aviation Administration, 2010).

First of all an appropriate surface pre-treatment needs to be selected. This pre-treatment is specific for the combination of
adherend and adhesive (Critchlow, 2018). Development of improved surface treatments is an active area of research, currently
especially focusing on reducing the environmental impact of the surface treatment processes (Budhe et al., 2017; Marques et al.,
2020; Matinlinna et al., 2018; Park et al., 2018; Yudhanto et al., 2021).

The surface treatment can consist of multiple steps, which all have different functions. Depending on the specific case some
functions may or may be not be necessary. A proper surface treatment should firstly ensure there are no contaminants (e.g., grease,
dirt, moisture) in the bond line, which would prevent good adhesion. For metal adherends, this can also involve removing oxide
films. Secondly, it may be desirable to increase the surface roughness of the adherend, for example by grinding, abrading, or grit
blasting. Increasing the surface roughness creates a larger effective surface area on which adhesion can take place. Furthermore, it
increases the potential for mechanical interlocking between adhesive and adherend. Mechanical interlocking can also be improved
by growing suitable microstructures at the adherend surface. This happens for example during chromic acid anodisation of
aluminum. Thirdly, to maximize the bond strength, the adhesive should of course cover the entire overlap surface, i.e., a good
wetting is required. The degree of wetting is influenced by the surface energy of the adherend, which should ideally be as low as
possible. A suitable surface treatment can be used to modify this as needed. Apart from modifying the surface energy to improve
wetting, the surface treatment can also be used to improve the chemical compatibility between the adherend and the adhesive, e.g.,
with a chemical coupling agent or bond primer (Mallick, 2018) to improve the bonding between the adhesive and the adherend.
The discussion above has hopefully shown the importance of proper surface preparation. It should be clear that if any of the
mentioned functions are impaired, this could strongly influence the bond strength, especially if it induces a switch of failure mode
from cohesive to adhesive.

Once the surface is prepared, the adhesive needs to be applied. The application process will depend on the adhesive, which
could be in a liquid, paste, or film form. Some adhesives consist of two components that need to be mixed before application. In
that case ensuring both the correct component ratio, and a sufficient degree of mixing, is required to get the desired material
properties. Some adhesive systems can undergo spontaneous curing reactions, and therefore require special storage conditions, or
have limited shelf-lives, which should be respected. Many adhesives also have limited working lives once their packaging is
opened, or once they are mixed, in which case it should be ensured that the adhesive is applied within this time-window. For the
application, the key points are to ensure the correct coverage, without any dry spots (holidays), and the correct thickness, as the
adhesive thickness can influence the bond strength. To control the thickness, a variety of techniques are available, such as including
spacing wires in the bond line or mixing glass beads into the adhesive. Film adhesives may incorporate a carrier mat to help
control the thickness. If adhesive squeeze-out is required to create a spew fillet, enough adhesive needs to be applied to make this
possible.
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After application of the adhesive it needs to be cured. Curing requires different things, depending on the adhesive. Some
adhesives cure by reacting with moisture in the air, or need exposure to UV radiation to activate the curing reaction. Two-
component adhesives may undergo a spontaneous reaction once mixed, requiring no further input, although elevated tempera-
tures can be used to speed up the curing process. Other systems require the elevated temperature not just to speed the curing
process, but to cure correctly in the first place. In this case it is also important to consider heat transfer and the thermal inertia of
the adherends and any jigs or tooling, to ensure all parts of the adhesive reach the required temperature for the required length of
time. In many cases pressure should be applied during the curing of the adhesive. Firstly, this helps to increase the wetting by
inducing flow of the adhesive. Secondly it can help prevent the formation of porosity or voids. For a more detailed discussion on
curing, see (Pethrick, 2015). If the curing process is not carried out correctly, the adhesive will not reach the desired degree of cure,
in which case its properties (e.g., strength, stiffness) will not be as expected.

Case Study: Failure Analysis and Influence of Manufacturing

A nice case study of a failure analysis and the influence of manufacturing is given in Mueller et al. (2016). Mueller et al. present an
investigation into large disbonds that were detected in service in a titanium to carbon fiber / epoxy step lap joint in a fighter aircraft
wing. Previously a study had been conducted on this joint by full-scale testing of specimens cut from retired wings (i.e., parts that
had been subjected to in-service loads for a considerable life-time of usage) (Seneviratne et al., 2015). In that study, the observed
failure modes were either cohesive failure in the adhesive, or adherend failure, which were both the desired failure modes.

Nevertheless, ultrasonic inspection revealed the presence of large disbonds in the wing joint of specific aircraft in service,
prompting the investigation of Mueller et al. (2016). In this investigation, the wing was removed from the aircraft and the damage
was excised to allow for more detailed inspection. Notwithstanding the results of Seneviratne et al. (2015), it was already noticed at
the macroscale that adhesive residue was present on only one of the fracture surfaces, indicative of adhesive failure, as shown in
Fig. 7. A micrographic cross-section (shown in Fig. 8) confirmed that the crack ran along the titanium – adhesive interface, so this
was indeed a case of adhesive failure. Further analysis showed the presence of titanium oxides containing high levels of fluorine.
First the operating environment was analyzed, and no possible sources of fluorine could be identified. However, an examination of
the manufacturing process showed that cleaning with a fluorine-containing acid solution was one of the pre-treatment steps, after
which the part was to be cleaned with deionized water for several minutes. The investigation therefore concluded that insufficient
rinsing lead to fluorine remaining present at the adherend surface, resulting in a decreased durability of the adhesion. This lead to
the observed adhesive failures.

This case study illustrates a number of important points. In terms of the failure analysis, it demonstrates the value of collecting
data at different length scales, and the importance of examining the manufacturing and operational contexts as well as the joint
design and loading, to fully understand the failure. The case also illustrates that even if a suitable manufacturing process is selected
(as shown by the positive results in Seneviratne et al. (2015), deficiencies in the execution of that process can lead to incidental
failures in service.

Effect of Thickness

It is clear that the bond line thickness affects the joint strength, but predicting this effect is not so straightforward. Many of the
analytical stress analysis methods contain the adhesive thickness as an input variable, see e.g., Eq. 4 or Akhavan-Safar et al. (2021).
Typically these predict that for thicker adhesives, the peak stress should decrease, which would result in an increased joint strength

Fig. 7 The excised disbond. Note the lack of adhesive residue on one of the fracture surfaces, as indicated by the white color. Image from
Mueller, E.M., Starnes, S., Strickland, N., Kenny, P., Williams, C., 2016. The detection, inspection, and failure analysis of a composite wing skin
defect on a tactical aircraft. Compos. Struct. 145, 186–193. Available at: https://doi.org/10.1016/j.compstruct.2016.02.046. Reproduced with
permission from Elsevier.
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(Adams et al., 1997). However, this hypothesis is not in agreement with experimental results, which show a decrease of joint
strength as the adhesive thickness is increased (Adams et al., 1997; Akhavan-Safar et al., 2021).

Adams and Peppiatt (1974) attributed the decrease in bond strength for increased thickness to an increase of porosity or micro-
cracking for thicker bond lines. This has proven difficult to validate experimentally. Bigwood and Crocombe (1990) and Cro-
combe (1989) pointed out the importance of performing a non-linear analysis and attributed the decrease in strength to faster
spreading of yielding in thicker adhesive layers, resulting in global yielding at lower applied loads. da Silva et al. (2006) and Gleich
et al. (2001) instead captured the effect of adhesive thickness by modeling the interface stresses at the adhesive/adherend interface.
More recently Akhavan-Safar et al. (2017) successfully predicted the effect of thickness on bond strength based on a finite element
method calculation of the longitudinal strain at the adhesive mid-plane. In short, Adams and Peppiatt attribute the thickness effect
to a degradation on the adhesive properties, while the other authors point to an effect of the adhesive thickness on the adhesive
stress distribution.

From the point of view of fracture mechanics, the bond line thickness has been found to affect the fracture toughness. Kinloch
and Shaw (1981) found that there was an optimum thickness at which the toughness is maximized, with both lower and higher
adhesive thickness resulting in lower toughness values. They explained this based on the effect of constraint on the plastic zone
ahead of the crack tip. The plastic zone acts to shield the crack tip and dissipate energy, which is then not available for crack
growth. This results in a higher (apparent) fracture toughness, as more energy is effectively required to grow the crack. According to
Kinloch and Shaw, if the bond line thickness is lower than the optimum thickness, the plastic zone cannot fully develop, and
hence the fracture toughness is reduced. On the other hand, if the thickness is too large, the plastic zone will develop in a more
vertical orientation, and not extend as far ahead of the crack tip, again resulting in a lower fracture toughness. The optimal
thickness will of course depend on the adhesive, but for structural adhesives is typically below 1 mm. More recently, Yan et al.
(2001) have proposed that the decrease of fracture toughness at higher thicknesses is due to crack tip blunting and increased void
coalescence. Pardoen et al. (2005) have pointed out that the length-scales at which the fracture mechanisms occur can be roughly
comparable to the adhesive thickness (for thin adhesive layers, i.e., 100–200 mm). Therefore the constraint might affect not only
the plastic zone, but also the fracture mechanisms themselves.

As one might expect, the bond line thickness will also affect the fatigue crack growth rate, as has been reviewed in (Azari et al.,
2011; Pascoe et al., 2020). In their review Pascoe et al. (2020) identify that in general higher adhesive thickness is reported to result
in lower fatigue crack growth rate and higher fracture toughness. However, this result is not uniform, and may depend on whether
the thicknesses studied were above or below (or on either side of) the optimum thickness. In their own experiments, which
involved three different thicknesses of an epoxy adhesive joining two aluminum adherends, Pascoe et al. found an increased crack
growth rate at higher thicknesses, which they attributed to more energy being available for crack growth in the thicker adhesive.

Given the potentially significant effect of the bond line thickness on the joint strength, proper thickness control during
manufacturing is important to ensure that production parts have the strength prescribed by the design. As has been mentioned in
the section on manufacturing, this can be achieved through a variety of techniques. For an accurate analysis, if the bond-line
thickness is not constant, this should be taken into account, although it will of course add complexity to the analysis.

Durability

The preceding models focus mainly on the response of an adhesive bond to a single application of load. However, depending on
the application, the desired service life of adhesive bonds may be measured in decades or perhaps even centuries. In that case it is
important to analyze the long-term performance of the bond, i.e., its durability. Key factors to consider here are the effect of the
environment on the bond, its response to creep, and the fatigue behavior of the bond.

Fig. 8 Micrographic cross-section showing the location of the crack. Image from Mueller, E.M., Starnes, S., Strickland, N., Kenny, P., Williams,
C., 2016. The detection, inspection, and failure analysis of a composite wing skin defect on a tactical aircraft. Compos. Struct. 145, 186–193.
Available at: https://doi.org/10.1016/j.compstruct.2016.02.046. Reproduced with permission from Elsevier.
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Effect of Environment

The properties of an adhesive bond are strongly dependent on the environment. The two aspects usually investigated are tem-
perature and moisture, but if the adhesive may be exposed to other chemicals (e.g., hydraulic or de-icing fluids) their effect should
be investigated as well.

The mechanical properties of the adhesive may be sensitive to the temperature, especially for adhesives which exhibit a glass
transition. The effect on fatigue crack growth behavior has been reviewed in Usman et al. (2018). They report that in general an
increased growth rate is observed at higher temperatures, but that non-monotonous behavior is sometimes seen, especially at the
upper and lower ends of the tested temperature ranges. Usman et al. themselves conducted fatigue crack growth experiments on an
epoxy adhesive in the range � 55–801C and found an increased crack growth rate as the temperature increased.

Apart from the effect on material properties, differences in thermal expansion coefficient between the adhesive and the
adherends (or mutually between two dissimilar adherends) can result in thermal stresses which could give the appearance of a
reduced joint strength. Note that for adhesives that cure at elevated temperatures, thermal stresses can be induced during the
subsequent cooling to room temperature, and these will remain present in the structure. Thermal stresses can in principle be
modeled by imposing the appropriate thermal strains, which depend on the temperature change and the coefficients of thermal
expansion. The suitability of the chosen failure criterion should be checked in this case. The change in material properties as a
function of temperature will require experimental characterization unless prior data is available.

A more long-term concern is the effect of moisture, which can diffuse into a bond over time-spans that can be in the order of
years (Pethrick, 2015). When deliberately conditioning specimens at high relative humidity levels, initially a fast drop of bond
strength is seen, which eventually levels off at 40%–60% below the original strength (Ashcroft et al., 2018; Comyn, 2021). It
should be noted that moisture can attack not only the adhesive itself, but also the adherend-adhesive interface, with the con-
sequence that a joint that fails cohesively under dry conditions, fails adhesively if it absorbs too much moisture (Borges et al.,
2021). In design, the effect of moisture can be accounted for by developing suitable knock-down factors for the strength, based on
coupon testing. Aside from causing degradation of the material properties, moisture absorption by the adhesive can also result in
swelling of the adhesive, which can lead to swelling stresses. Because there is usually a gradient of moisture concentration along
the bond length (due to the slow speed of moisture diffusion) these swelling stresses will also be non-uniform. Therefore,
Akhavan-Safar et al. (2021) state that a finite element analysis is required to correctly account for these stresses. This also requires
obtaining an experimental coefficient of swelling.

A closed-form model to analyze the effect of moisture absorption has been presented by Crocombe (2008), based on the global
yielding criterion. In this model the shear strength depends on the local moisture content, which is a function of both location and
time. The shear strength varies linearly from a value of tdry (no moisture present) to twet (saturated moisture concentration) and
the moisture concentration is calculated via a Fickian diffusion model. The final bond strength is then calculated by integrating the
local shear strength values along the length of the bondline.

Proper investigation of the effect of the environment still requires experimental testing, and it is thus important that material
data is generated for temperatures, humidity levels, and moisture saturation levels that are properly representative of the operating
environment. It should however be noted that Ashcroft et al. (2001) found that the results of accelerating aging tests do not
necessarily correlate with the effects of natural aging. Properly accounting for aging effects therefore remains somewhat of an open
question. For a further discussion of environmental effects, the reader is referred to the reviews in (Adams et al., 1997; Ashcroft
et al., 2018; Comyn, 2021).

Creep

Given the viscoelastic nature of many adhesives, the creep behavior is an important durability concern if the joint is expected to
carry static loads for long periods of time. According to Adams et al. (1997) creep is mainly a concern in cases of high stresses and
temperatures close to (or exceeding) the glass transition temperature. Nevertheless, more recent experiments (Geiss and Vogt,
2005; Kasper et al., 2021; Khabazaghdam et al., 2021; Poulis et al., 2020) have reported creep even at room temperature. Crack
growth under static external loading has also been observed (Pascoe et al., 2018; Plausinis and Spelt, 1995).

For the modeling of creep behavior, generic visco-elastic material models are available (GeiX and Schumann, 2018) and some
work has also been done on models specifically for adhesive bonds, as reviewed in Chen and Smith (2020). Experiments to
characterize the creep behavior are still needed. These experiments can be accelerated by using the time-temperature superposition
principle. In this case creep tests are performed at different elevated temperatures, where creep is more rapid. This data can then be
used to construct a master curve to predict the creep behavior at room temperature (GeiX and Schumann, 2018; Marques et al.,
2017).

In terms of designing against creep, the design guidelines developed during the PABST program (Potter, 1979) emphasize the
importance of the “elastic trough” in the center of the bond line (Fig. 4). Even if no yielding occurs, if the overlap is long enough,
there will be a lightly loaded region in the center of the bond line (Fig. 3). The low loads in this region ensure that no creep will
occur there. Potter (1979) also points out that as long as the adherend does not yield at the overlap ends, the deformation of the
adherend will provide an upper bound on the adhesive strain. Furthermore, upon unloading, residual stresses are induced within
the adherend which can recover the adhesive creep again, which prevents creep damage from accumulating. In short, although the
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lightly loaded region of the bond line does not contribute much to the static joint strength, including a sufficiently long overlap
can be an important design measure to resist creep loading.

Fatigue

Fatigue is the gradual degradation and eventual failure of material due to the application of fluctuating load cycles below the
quasi-static strength of the material. Like most other engineering materials, adhesives also suffer from fatigue. Predicting the
fatigue behavior of an adhesive joint is therefore crucial to ensuring long term durability of the joint. Various methods have been
developed for predicting the fatigue life of a joint, as e.g., reviewed in (Abdel Wahab, 2012; Ashcroft, 2018; Ashcroft and
Mubashar, 2021; Vassilopoulos, 2015a). Although modeling techniques are available, they are not yet accurate enough to be used
without supporting experiments (Ashcroft, 2018).

The available methods for dealing with fatigue can be roughly classified into three categories (Ashcroft and Mubashar, 2021):
total life models, strength and stiffness wear-out approaches, and fracture mechanics approaches. At very low loading frequencies,
creep effects may occur during the portion of the load cycle spent at high load, in which case either suitably adjusted data is
required, or specific time-dependent methods may be called for (Al-Ghamdi, 2013; Ashcroft, 2018). On the other hand, at high
loading frequencies (say 4 10 Hz, but this depends on the adhesive), self-heating of the adhesive may occur, which could affect
the material properties. This is particularly relevant to take into account for accelerated fatigue testing methods, where one desires
to employ high loading frequencies to decrease the test duration. In service, such loading frequencies are typically less common,
though they could still occur in specific applications.

Total life models
Total life models are based on experimental data, where cycles with a constant stress amplitude Sa ¼ 0.5 � (Smax-Smin) are applied
to a specimen until it fails. This is repeated for different values of stress amplitude, and the number of cycles until failure Nf is
recorded in each case. This data is then plotted in the form of an SN-diagram, an example of which is shown in Fig. 9(a). Typically
a lower asymptote can be seen in the data, implying that below a certain stress amplitude, no fatigue failure will occur. This is
known as the fatigue limit. If the stresses in the adhesive bond are kept below the fatigue limit, then no fatigue damage will
naturally initiate. However, if damage is somehow created by a different source (e.g., a manufacturing defect, or some in-service
event), then loads below the fatigue limit could still cause this damage to grow. Furthermore, as schematically indicated in Fig. 9
(a), significant scatter is typically seen in the fatigue lives at any given stress amplitude. Therefore, when relying on SN data,
enough data should be collected to allow a proper statistical analysis. Additionally, the use of conservative safety factors on either
the load or the design life should be considered.

A tricky question is which stress to use in plotting the SN diagram, given the complex stress distribution in adhesive bonds.
Wahab et al. (2001) present a comparison of the performance of different stress and strain-based criteria to predict the fatigue
limit. The prediction accuracy depended on the environmental conditions, and likely is also geometry dependent. A way to avoid
this issue is to plot the graph in terms of the applied force, rather than the stress, as e.g., in Sarfaraz et al. (2011), but in that case the
results of course only apply to the specific geometry tested.

Apart from the environment, an SN diagram is also specific to only one value of mean stress, which can be alternatively stated
as the SN-diagram being dependent on the R-ratio (R ¼ Smin/Smax). To take this into account, SN-diagrams can be created for
different R-ratios, and then combined into a so-called Constant Life Diagram (CLD), as illustrated schematically in Fig. 9(b). In
this diagram one plots the different combinations of mean stress and stress amplitude (or mean force and force amplitude) that
result in the same number of cycles to failure (i.e., “constant life”). By interpolating between the experimental data, the life can be
predicted for combinations of mean and amplitude stress that were not tested. As reviewed by Vassilopoulos (2015b), many
different interpolation models have been developed, including piecewise-linear, linear, and non-linear models. These models have
in common that they are all based on empirical fitting of the experimental data, rather than an underlying physical theory of
fatigue.

Fig. 9 Example of (a) an SN-diagram and (b) a constant life diagram.
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Fig. 9(b) illustrates that for an adhesive bond, the CLD is typically not symmetrical. This is because switching from tensile to
compressive loading can change the nature of the stresses in the adhesive bond. Consider for example the double lap joint
illustrated in Fig. 10. If a tensile axial load is applied, the adhesive is mainly subjected to shear stresses. However, if a compressive
load is applied and the outer arms are relatively slender, they may start to buckle. In that case the adhesive will be exposed to peel
stresses. This will also result in transverse stresses in the inner adherend, which could lead to adherend failure if the adherend is
made from a material with low transverse strength, e.g., a fiber reinforced polymer composite. This example should make it clear
that different failure modes might be expected if one compares the behavior under tension-tension, tension-compression or
compression-compression load cycles. This change of failure modes then translates to quite different fatigue lives for the same
absolute values of mean stress and amplitude. A practical example of this can be seen in the investigation of Sarfaraz et al. (2011)
who tested double lap joints with glass fiber reinforced polymer adherends. Under tension loading the joint failed through a crack
which ran along the bond line, while under compression the joint failed due to a crack which ran along the mid-plane of the inner
adherend.

Strength and stiffness wear-out
The total life methods provide the life of the joint, but do not give any information on the development of damage, or the
degradation of the joint properties during the life. This has led to the development of phenomenological strength or stiffness wear-
out models (Ashcroft, 2018; Ashcroft and Mubashar, 2021). In these models, the state of the joint is characterized by the residual
stiffness or strength, which are measurable properties. The downside of using residual stiffness is that it may not be very sensitive
to initial states of damage, whereas the residual strength requires destructive testing to measure (Ashcroft, 2018). A typical strength
wear-out model takes the form (Ashcroft and Mubashar 2021):

SR nð Þ ¼ Su � f Su; Smax;Rð Þnκ ð6Þ
Where SR(n) is the residual strength after n cycles, Su is the ultimate tensile strength, Smax is the maximum applied stress in the
cycle, R is the stress ratio and κ is a strength degradation parameter. The lifetime of the specimen is reached when SR(n) becomes
equal to Smax. As a specific model Ashcroft and Mubashar (2021) substitute the failure criterion SR(Nf) ¼ Smax into eq. 6, to give:

SR nð Þ ¼ Su � Su � Smaxð Þ n
Nf

� �κ

ð7Þ

Similarly, one can instead relate the stiffness degradation to a power-law function of the number of cycles (Yang et al., 1990).
Selecting an appropriate failure criterion is not as obvious as for strength wear-out models, Ashcroft and Mubashar (2021) suggest
relating the failure stiffness E(Nf) to stress, e.g.:

E Nf
� �
E 0ð Þ ¼ Smax

Su
ð8Þ

Within finite element analyses, such phenomenological approaches can be incorporated via the concept of damage mechanics.
In damage mechanics models the damage is not modeled explicitly. Instead the damage is represented by degradation of specific
material properties in a specific area (e.g., certain elements). Essentially, a stiffness or strength wear-out model is used to relate the
amount of degradation to the local stress and the number of applied cycles. For a further overview on such approaches, see for
example (Ashcroft et al., 2010; Ashcroft and Mubashar, 2021; Shenoy et al., 2010; Wahab et al., 2001).

Fracture mechanics models
Fracture mechanics models are based on explicit modeling of the growth of cracks in the adhesive. A variety of models have been
developed for this purpose, taking into account different factors such as the mode-mixity, temperature, and the R-ratio effect. For a
review of these models, see Pascoe et al. (2013a). Given the similarity in damage modes, methods for prediction of delamination
growth in composites can also be used to predict the growth of cracks in an adhesive. The basic form of the fracture mechanics
models is based on the Paris equation for crack growth in metals (Paris et al., 1961), restated based on the strain energy release
rate:

da
dN

¼ Cf Gð Þn

f Gð Þ ¼GmaxorDGorD
ffiffiffiffi
G

p
ð9Þ

Where da/dN is the crack growth rate and C and n are empirically determined curve fitting parameters, Gmax represents the SERR at
the maximum applied load, DG ¼ Gmax-Gmin and D√G¼ √Gmax-√Gmin. Which specific formulation to use is still a matter of

Fig. 10 Schematic illustration of the change in stress distribution in a double lap joint between tensile and compressive axial loading.
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debate in the literature. In principle each choice of f(G) can give good predictions, if calibrated with suitable experimental data.
Similarly, regardless of which formulation of f(G) is chosen, the coefficient and exponent in Eq. 9 will depend on the R-ratio. This
is because a single parameter, whether Gmax, DG, or D√G is insufficient to uniquely characterize a load cycle, and thus a second
parameter (e.g., the R-ratio) is needed (Pascoe et al., 2017). Recently Jones et al. (2021) have therefore proposed the use of the
equation:

da
dN

¼ CDκn ¼ C
D

ffiffiffiffi
G

p � D
ffiffiffiffiffiffiffiffi
Gthr

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffi
Gmax

p
A

q
2
64

3
75
n

ð10Þ

Where A is a curve fitting parameter roughly equivalent to the fracture toughness, and the subscript thr refers to the threshold
value, below which no crack growth occurs. The advantage of this equation is that various effects, including that of scatter, or of the
adhesive thickness (Jones et al., 2021) can be captured within the term Dκ, which therefore becomes a valid similitude parameter.
I.e., for two different adhesive bonds, at the same value of Dκ, the same crack growth rate can be observed. Furthermore, note that
Eq. 10 contains two different parameters that specify the load cycle, i.e., Gmax and D√G. Consequently, a given value of Dκ does
uniquely specify a load cycle, meaning Eq. 10 can capture the R-ratio effect.

Fracture mechanics methods can be incorporated in finite elements via the virtual crack closure technique (Deobald et al., 2017;
Pirondi et al., 2014) or cohesive zone models (De Moura and Gonçalves, 2014; Moreira et al., 2020; Pirondi et al., 2016; Pirondi
and Moroni, 2019; Rocha et al., 2020). An advantage of the cohesive zone model is that it can include the crack initiation, whereas
standard fracture mechanics requires an initial damage to be assumed (Khoramishad et al., 2010).

By explicitly modeling the crack growth, the residual strength and stiffness of the joint after any number of cycles can in
principle be calculated, as long as it can be related to the crack length. The fatigue life of the joint has been reached once the crack
reaches a critical length, where application of the maximum load in the load cycle causes the strain energy release rate to exceed the
fracture toughness of the adhesive, i.e., G 4 Gc. Because fracture mechanics methods rely on modeling the crack explicitly,
additional considerations are required when there are multiple cracks, either in the adhesive (Goutianos and Sørensen, 2016;
Pascoe et al., 2013b), or in the adherends as well (Adamos and Loutas, 2021).

Variable amplitude fatigue
The methods discussed above are applicable to constant amplitude fatigue. In case of variable load amplitude, further con-
siderations are required. In general, modeling of variable amplitude fatigue behavior is not yet a solved problem, but various
approaches can be used to gain some initial estimates of the fatigue behavior.

For total life-models, the Palmgren-Miner rule can be applied, which states that failure occurs when:X ni
Nfi

¼ 1 ð11Þ

where ni is the number of applied cycles at the i-th stress level, and Nfi is the number of cycles to failure at the i-th applied stress
level. The Palmgren-Miner rule is simple to use, but comes with a number of serious limitations. In particular, the rule ignores that
stress cycles below the fatigue limit can contribute to the growth of a crack that was initiated due to prior larger amplitude cycles.
Furthermore, the rule does not take into account that failure will occur as soon as the residual strength of the sample is reduced to
the level of the maximum applied stress in the spectrum. Ashcroft and Mubashar (2021) review a number of possible variations to
the Palmgren-Miner rule to compensate for such effects. These include setting the right-hand side of Eq. 11 to a value other than
one, or devising non-linear accumulation rules. These may produce good predictions in specific cases, but the general conclusion
should be to only apply the Palmgren-Miner rule with caution, and to seek experimental validation of any predictions.

Strength wear-out models that take into account variable amplitude have been proposed by Schaff and Davidson (1997a,b)
and Erpolat et al. (2004). Erpolat et al. showed their model produced more accurate predictions than the Palmgren-Miner rule for
the cases they investigated.

With fracture mechanics based methods, variable amplitude can be accounted for if one assumes that linear damage application
applies. This assumption essentially states that the crack growth in a specific cycle does not depend on the previously applied load history.
The crack growth can then by predicted by a numerical integration of the chosen crack growth law (e.g., Eq. 9), taking into account that in
general G is a function of the crack length. Although straightforward to implement, the validity of the linear damage accumulation
assumption is questionable and has been shown to underestimate the actual crack growth (Ashcroft and Mubashar, 2021). Therefore,
experimental validation of the crack growth predictions remains necessary.

Testing of Adhesive Bonds

Testing of adhesive bonds is important for a variety of reasons, including generation of material data, material screening, quality
control, and validation of prediction and analysis models. A wide array of tests have been developed for different purposes, such as
testing the bulk adhesive properties, finding joint strengths or fracture toughnesses, or testing the creep or fatigue behavior.
Organizations such as ASTM International and the International Organization for Standardization (ISO) have published a range of
standards for conducting such tests. A dedicated handbook has been published by da Silva et al. (2012) and many handbooks for
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adhesive bonding also contain dedicated articles on testing, including e.g., (Adams et al., 1997; Brockmann et al., 2009; da Silva
et al., 2018b; Ebnesajjad, 2008). Additionally, Budzik et al. (2021) have recently published a review of available test methods,
including those applied in specific industrial sectors, such as aerospace, wind energy, civil engineering, and automotive. Budzik
et al. highlight that many adhesive test standards were originally developed in the aerospace industry, and therefore reflect
aerospace structural applications, i.e., thin (1–2 mm) adherends joined by thin (o 1 mm) adhesive layers. These standards do not
always well represent applications in other sectors. Consequently, industry still relies a lot on in-house testing procedures, rather
than internationally formalized standards.

A variety of methods are available for testing the bulk material properties, the most straightforward of which is tensile testing of
dogbone-shaped specimens. For shear properties, commonly used tests are the Iosipescu (V-Notched Beam) test, as standardized
in ASTM D5379, and the Arcan (V-Notched plate) test. Both the Iosipescu and Arcan tests involve loading a specimen containing
two v-notches. The differences lie in the dimensions of the specimen, and the details of the load introduction into the specimen.

For testing the bond strength, the single lap joint test (see Fig. 1), as covered by ASTM D1002–10 (metal adherends), ASTM D3163
(rigid plastic adherends), ASTM D5868–01 (fiber reinforced plastic adherends) and ISO 4587 (rigid adherends) is very popular. To
reduce issues with secondary bending, though at the cost of increased manufacturing effort, one can instead opt for a double lap joint,
per ASTM D3528. For a better view of the adhesive shear properties, one can also employ the thick-adherend shear test, per
ISO11003–2 and ASTM D3983. This test is also suitable for fatigue experiments (Budzik et al., 2021). The previously mentioned tests
are suitable for rigid adherends. For flexible adherends a peel test (e.g., ASTM D3167, ASTM D1876 or ISO 11339) is more suited.

For fracture mechanics there are few standards available for adhesive bonds. However, within the research community there are
a number of test configurations that have become de facto standards, and efforts to develop more formal standards are underway
(Brunner et al., 2021). Commonly used geometries include the double cantilever beam (DCB) for mode I testing, the 3 point and 4
point end notched flexure (ENF) and end loaded split (ELS) tests for mode II testing and the mixed mode bending (MMB) test, as
the name suggests, for mixed-mode crack growth. For the DCB test ISO 25217 is available for adhesive bonds. For the other
configurations, the geometry and general test set-up can be based on available standards for delamination of fiber reinforced
polymer composites. For example ASTM D5528 can be used as a basis for DCB tests. For the 3 point ENF there is ASTM D7905. For
the ELS test there is a standard under development for adhesives (Brunner et al., 2021) based on ISO 15114 for composites. The
MMB test is specified in ASTM D6671.

A detailed discussion of all the available test methods is outside the scope of this article, but some general remarks will be made
here. Firstly it is important to realize that unless one is performing a bulk adhesive test, so-called “adhesive” test methods are
actually testing a combination of adherends, adhesive, and surface preparation method. The influence of the different components
will vary from test to test, but in nearly all tests changing the adherend material or geometry, or changing the surface treatment will
affect the outcome of the test, e.g., the failure mode and measured failure load. If this is not correctly taken into account during
analysis of the test results, it could give the false impression that generic adhesive material properties are being measured, rather
than specimen-specific properties.

As a concrete example, we can look at the single lap joint test, as for example standardized in ASTM D1002 and ISO 4587. This
test is very popular because it is relatively cheap and easy to perform. The single lap joint test consists of manufacturing single lap
joint specimens, as illustrated in Fig. 1, typically with a width of 25 mm. These specimens are then loaded in tension along the
length axis until failure, and the failure load divided by the overlap area (i.e., the average shear stress at failure) is reported. From
the discussion on stress analysis (Fig. 3) it should be clear that this average shear stress is not a good representation of the stress
distribution in the adhesive. Therefore the average shear stress cannot be used to predict the failure of the same adhesive for
different geometries, including even different overlap lengths. Nevertheless, the results can easily be compared to those from other
single lap joint tests conducted according to the same standard. This makes the test very suitable for purposes such as material
screening or quality control. Although this test is thought of an adhesive test, the properties of the adherends, especially their
thickness and stiffness, will influence the measured failure load, as can be seen in e.g., Eqs. 2 and 3. The adherend properties can
also affect the failure mode. For example, failure could occur through yielding of the adherends if they are too thin or weak (da
Silva et al., 2012). Similarly a difference in surface preparation could change the failure mode from cohesive to adhesive.

In short, the issues discussed above illustrate the importance of carefully selecting the right test to provide the needed data for a
given joint. Particular care is needed if a test is being conducted in order to qualify a design or analyze an in-service failure. If a test
coupon is being used, rather than a full-scale structure, the geometry of the bond area, particularly the number of overlaps, the
overlap length, and the presence of stress raisers, should still be matched as closely as possible. Furthermore the adherend
stiffnesses and thicknesses should match, as well as the used manufacturing process (especially the surface treatment). The test
temperature and humidity should match the operational environment, and pre-conditioning of the specimens to induce moisture
absorption should be considered. Finally, it is important to ensure that the failure mode seen during the test is the same as the
failure mode that is seen or expected in service. If the failure mode that occurs during the test does not match the one seen in
service, the test will have very little predictive power.

Summary and Conclusion

This article has covered the failure analysis of adhesive bonds. It has illustrated that the stress distribution within an adhesive bond
is complex, and that different methods exist for analyzing it. These range from relatively simple analytical methods of limited
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accuracy to more complex and accurate methods, with finite element methods being required for complex geometries. The
importance of conducting a non-linear analysis in the case of ductile adhesives was highlighted. An overview was given of different
failure criteria that can be used to predict the bond strength, where it must be noted that a failure criterion will only be reliable if
the failure mode does not change.

The strength of an adhesive bond depends not just on the geometry and materials used, but also on the suitability and quality
of the manufacturing process, and on environmental effects such as temperature and moisture. To ensure long term durability and
structural integrity, the possibility of creep and fatigue should be investigated, and available methods for this were reviewed.

Given the uncertainties in available models, experimental testing is indispensable to validate analyses, as well as to generate the
necessary input data. Many test methods are available, and selecting the right method requires careful consideration of the purpose
of the test and of possible influencing factors.

Highlights

• The stress distribution in an adhesive bond is complex. Relying on the average shear stress for failure analysis is misleading

• An overview is given of different stress analysis methods and failure criteria.

• The influence of manufacturing and of the operating environment is discussed.

• Different methods for analyzing creep and fatigue loading are presented.
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