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Abstract
The increasing use of fibre reinforced polymer composite materials in a wide range of applications increases the use of 
similar and dissimilar joints. Traditional joining methods such as welding, mechanical fastening and riveting are challeng-
ing in composites due to their material properties, heterogeneous nature, and layup configuration. Adhesive bonding 
allows flexibility in materials selection and offers improved production efficiency from product design and manufacture 
to final assembly, enabling cost reduction. However, the performance of adhesively bonded composite structures can-
not be fully verified by inspection and testing due to the unforeseen nature of defects and manufacturing uncertainties 
presented in this joining method. These uncertainties can manifest as kissing bonds, porosity and voids in the adhesive. 
As a result, the use of adhesively bonded joints is often constrained by conservative certification requirements, limiting 
the potential of composite materials in weight reduction, cost-saving, and performance. There is a need to identify these 
uncertainties and understand their effect when designing these adhesively bonded joints. This article aims to report 
and categorise these uncertainties, offering the reader a reliable and inclusive source to conduct further research, such 
as the development of probabilistic reliability-based design optimisation, sensitivity analysis, defect detection methods 
and process development.
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1 � Composites joining

Compared to metals, fibre-reinforced polymer (FRP) com-
posites offer excellent tailored stiffness to weight ratio, 
thermal and electrical properties, corrosion resistance, 
and durability, all of which are interesting properties for 
advanced industries and applications. For instance, the 
aerospace industry exploits these benefits by replacing 
metals such as aluminium and titanium alloys with com-
posites in primary structures such as the main wing and 
fuselage [1, 2]. Similarly, the automotive industry is replac-
ing more conventional materials with lighter and stiffer 
alternatives that meet the higher performance standards 

set by regulating bodies and tighter regulations and 
restrictions to produce environmentally friendly cars [3–7].

The increasing use of composites in such complex 
applications combined with the main composites manu-
facturing methods (mostly moulding-based and often lim-
ited by oven and autoclave size) leads to the proportional 
increase of similar and dissimilar joints. The design of such 
complex joints is challenging as it involves multiple mate-
rials with different mechanical properties, surface behav-
iour and thermal expansion coefficients. Established join-
ing technologies for metallic elements such as welding, 
mechanical fastening and riveting are not directly trans-
ferable to composite materials joining. Thermoset com-
posites are not thermally weldable. Drilling or punching 
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composites with post-manufacture mechanical fasteners 
or rivets damage the reinforcement, can cause delamina-
tion, and initiate cracks in the resin matrix [8]. Although 
prerequisite holes can be arranged during the manufactur-
ing process, post-manufacture holes are more common as 
they allow flexibility in positioning the fasteners during a 
product’s life and compensate for mismatch and manu-
facturing-induced geometry variations [9]. Such damage 
caused using post-manufacturing mechanical fastening 
can be seen in Fig. 1. Other disadvantages of mechanical 
fastening of composites include the additional weight of 
the fasteners, stress concentration and low sealing per-
formance. Furthermore, the composite limited bearing 
capacity through the thickness may require increasing its 
thickness [9, 10].

Adhesive bonding is the process of joining materials in 
which a polymer, placed between the adherend or sub-
strate surfaces, solidifies to produce an adhesive bond [9, 
11]. The substrates can either be composite to composite 
(similar) or composite to metal (dissimilar) [10, 11]. Several 
types of adhesives exist, such as Cyanoacrylates, Epoxies, 
Polyurethanes, and others. Adhesive selection depends 
on the substrate(s) material, intended application, and the 
manufacturing and operational environmental conditions.

Adhesive bonding offers several advantages over 
mechanical fastening in composite joining applications. 
Adhesively bonded joints offer more uniform stress dis-
tribution along the bonded area, resulting in higher stiff-
ness than a riveted joint [10, 11], see Fig. 2. The wide range 
of adhesives available offer compatibility to join different 
types of similar and dissimilar materials. They also provide 
sealing and electrical insulation [12], excellent fatigue 
strength, damping, and shock absorption. Furthermore, 
adhesive bonding is a manufacturing-friendly process that 
allows a high degree of automation with short cycle times 
for fast production [8, 13], often requires single side access 
only, and has an overall lower fabrication cost than other 
joining methods [10, 11].

Despite the aforementioned benefits of adhesive bond-
ing, the process is influenced by several factors such as 
joining process parameters (surface preparation, adhe-
sive type, filling, fixture, curing, etc.), manufacturing and 
operational environmental conditions (moisture absorp-
tion, service temperature, loading, etc.). Additionally, the 

Fig. 1   The damage FRP sustains because of using post-manufac-
ture mechanical fastening. Copyright © 2021 TWI Ltd. reproduced 
with permission

Fig. 2   A comparison between 
the stress distribution of a 
mechanical bonded joint, and 
b adhesively bonded joint
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performance of adhesively bonded joints is affected by 
the presence of various types of defects [10, 11, 14, 15].

To summarise, the aforementioned advantages and dis-
advantages of mechanical and adhesively bonded joints 
are recapped in Table 1.

2 � Challenges of adhesive bonding

Detecting and controlling adhesive bonding defects and 
uncertainties is challenging even with the use of the most 
extensive and sophisticated non-destructive methods 
[14–18]. As a result of these defects, the performance of 
adhesively bonded joints varies considerably. An example 
of such variation in failure modes is shown in Fig. 3 and 
described in Sect. 3.

The difficulty in predicting and detecting defects and 
how they correlate, leading to disbond growth, affects the 
confidence in using adhesives in advanced applications 
[16, 17, 19, 20]. To overcome this, certifying bodies and 
industries have adopted a conservative approach when 
using adhesives by adding secondary mechanical fasten-
ers to prevent catastrophic events in the event of bond 
failure. For instance, according to EASA [21], all adhesively 
bonded joints in primary structures of aeroplanes must 
either undergo full non-destructive inspection or testing 
for each production article or use Disbond Arrest Features 
(DAF) to prevent disbonds larger than the maximum allow-
able value. Non-destructive inspection of each production 
specimen is not a cost-effective option. Also, each article’s 
load-proof testing to establish certification cannot ensure 
that defects do not exist, in addition to being unfeasible 
for large components and expensive to conduct. There-
fore, DAFs are widely used to meet this criterion. Similarly, 
adhesive bonding is almost always used in conjunction 
with mechanical fasteners in high-volume applications like 
the automotive sector [15].

Based on the above, limitations related to adhesive 
bonding employment result in unwarranted weight 

addition and manufacturing process complexity, as sum-
marised in Table 2.

In order to overcome the lack of confidence and the 
conservative design approach of adhesively bonded 
composite joints, many studies investigated the effect of 
different process parameters on the joint’s performance. 
However, most of these studies are limited to determinis-
tic investigations, not taking into account the variability 
in some parameters that affect the process. A stochastic 
approach offers the opportunity to account for the effect 
of defects and uncertainties that occur within adhesively 
bonded joints. It also provides a better mathematical for-
mulation for understanding the effect of process param-
eters and their combinations by means of sensitivity when 
designing and analysing these joints. Developing such 
stochastic approaches will provide a reliability indication 
compared with the practice of using high safety factors 
to increase confidence. Additionally, developing such a 
framework can be coupled with detection techniques to 
allow high-resolution inspection at critical areas based 
on adaptive sampling. On the other hand, a stochastic 
approach requires identifying uncertainties and derivation 
of probability density functions for the process parameters 
and cross-correlation of these functions. Such analysis 
needs high experimental effort.

This review aims to explain the main failure modes of 
adhesively bonded composite joints. Then, it highlights 
the effect of defects on joint performance. Finally, it 
defines uncertainties classification and their link to defects 
and joint parameters. These parameters are categorised 
based on their position within the joint. Cross Correlations 
between the joint parameters are highlighted.

3 � Failure modes

The different ways in which an adhesively bonded joint 
may fail are categorized into several different failure 
modes as per ASTM D5573 [25]; These modes of failure 

Table 1   Advantages and disadvantages of typical composites’ mechanical and adhesive bonding solutions

Adhesive bonding Mechanical joining

Low stress concentrations in adherends High stress concentrations in adherends
Higher stiffness joint Lower stiffness compared with adhesively bonded joint
Hard to disassembly Easy to disassemble
Poor material recyclability opportunity Easy to recycle joining material
Considered to be a lightweight joining solution Fasteners and bolts add considerable weight
External surfaces remain unaffected Fasteners protrude to external surface
Excellent fatigue and corrosion performance Prone to fatigue and corrosion
Hard to inspect and require a high level of quality control Easy to inspect and require a lower level of quality control
Surface preparation do not damage adherend reinforcement Drilling and bearing damages the composite adherend



Vol:.(1234567890)

Review Paper	 SN Applied Sciences           (2021) 3:769  | https://doi.org/10.1007/s42452-021-04753-8

are: adhesive defects, cohesive defects, substrate defects, 
adhesive failure, cohesive failure, fibre-tear failure, light-
fibre-tear failure, stock-break failure, or even mixed failure, 
which is the combination of one or more failure modes. In 
this review, three of the most common failure modes are 
explained as follows:

3.1 � Adhesion or interface failure

This failure mode occurs when there is minimal adhe-
sion on one or both sides of the bonding surface; see 
Figs. 3 and 4a. It is characterised by the absence of the 
adhesion on one of the surfaces due to hydration of the 

chemical bond formed [26]. The failure occurs due to the 
inability to develop a chemically bonded cured adhesive 
surface due to contamination of the adherent surface 
during adhesive application. Contamination can be the 
result of poor surface preparation. It can also occur when 
the adhesive cures before a bond with the adherent is 
created. Apart from the direct effects of the manufac-
turing process, operational and environmental factors 
can contribute to adhesive failure propagation. Such fac-
tors include fatigue, adhesive creep and peel stresses. 
An adhesive failure can happen if the adhesive bond 
strength has exceeded overstress loads [27].

Fig. 3   Variation in the failure 
mode of eight single lap shear 
test samples manufactured 
and tested under the same 
conditions. Copyright © 2021 
TWI Ltd. reproduced with 
permission
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3.2 � Cohesive failure

This failure mode arises when there is breakage along with 
the adhesive layer; see Figs. 3 and 4b. There should be a 
clear layer of adhesive material on both the faces of the 
adherend to characterise the failure as cohesive. Failure 
occurs due to shear stresses, peel stresses, or a combina-
tion of both, which happens due to substandard joint 
design such as too much peel stress, inadequate overlap 
area or even excess porosity or voids [28]. Adhesive and 
cohesive failures are also called bond line failures [29]. 
Cohesive failure detected in service is usually caused by 

insufficient overlap length and excessive peel stresses. 
Excessive porosity due to poor conditions during appli-
cation of the adhesive (for example, high humidity) and 
adhesive that has started curing prior to the application 
could also lead to cohesive failure [26].

3.3 � Substrate or adherend failure

Adherend failure in composite joints occurs when there 
is an appearance of fibre reinforcement from the com-
posite adherend on the ruptured area, see Figs. 3 and 4c. 
This failure takes place when the mechanical strength of 

Table 2   Adhesive bonds conservative limitations in the context of advanced structural applications

Limitations Impact

Need for full non-destructive inspection for each production 
article in aerospace applications [21]

Impractical and costly process to assess the joint performance

Introduction of fail-safe mechanical fasteners in the bond line [21] Additional process that leads to high production and maintenance cost 
as it can involve:

- Drilling and fastening process
- Surface treatment and coating for corrosion protection
- Higher material and process cost to meet thickness requirements
Addition of unwarranted weight as an accumulation of:
- Fasteners’ weight
- Wider overlapping bond lines to avoid damage caused by drilling 

defects
- Thicker, hence heavier substrates to meet bearing requirements
Fasteners protrude from joint surfaces can influence the aerodynamic 

performance of the structure
Apply conservative design strategies [22–24] Promotes conservative joint design with wider overlapping bond lines 

to achieve higher bond strength, which requires more material and 
fasteners. Increased manufacturing and operational costs

Fig. 4   The main three modes 
of adhesive bond failure: a 
Adhesive or interface failure. b 
Cohesive failure. c Substrate or 
adherend failure
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the substrate is lower than the adhesive bond strength. 
This type of failure usually happens in brittle and thin 
adherends. Although it signifies good bond strength, the 
substrate is unsuitable for the type of adhesive chosen. 
Alternatively, adherent failure signifies that an alternative 
joining method should be considered. Adherend failure 
usually occurs in dissimilar adherents when one of the 
adherent is metal weakened by corrosion. When adherend 
failure occurs on a composite plate, the failure load direc-
tion varies according to the stacking angle of the contact 
ply [30].

4 � Adhesive joint defects and uncertainties

Uncertainty in engineering problems refers to the situa-
tion where the parameters affecting a process have some 
variability or cannot be measured accurately. The variabil-
ity of these parameters can either be ignored or expressed 
statistically based on experimental data and assumptions. 
These uncertainties are generally classified as either alea-
tory or epistemic. Aleatory uncertainty describes the inher-
ent variation of the physical system. Such variation is usu-
ally because of the random distribution of the input data, 
which can follow a certain probability density function. 
Conversely, epistemic uncertainty in non-deterministic 
systems arises from a lack of knowledge or incomplete 
information [31, 32].

In terms of adhesively bonded joint systems, a range 
of foreseen and unforeseen defects and control imperfec-
tions can occur. These include kissing bonds, disbonds, 
delamination, cracks, voids, porosity, poor cure, insufficient 
filling, adherend defects, irregular fillet geometry, variation 
in bond line thickness, and other as Fig. 5 illustrates.

These uncertainties can be quantified as parameters 
with statistical scatter in size, shape, and position. All 
these uncertainties lead to variability in the adhesively 
bonded joints’ overall mechanical performance. In order to 

understand the uncertainties in adhesively bonded joints, 
the Kiureghian and Ditlevsen definition of uncertainty 
classification can be used [33]. Uncertainties that there is 
no foreseen possibility of reducing them are aleatory. For 
instance, it is almost impossible to produce a joint free of 
porosity and voids, even under stringent controls [34]. On 
the other hand, poor interface filling, spew fillet, bond line 
thickness, and some defects in adherends can be defined 
as epistemic because there is a possibility to reduce them 
or account for their effect by better process control and 
design methodologies.

Quantifying these uncertainties is an essential step in 
designing reliable and efficient systems that involve test-
ing, modelling, and simulation; this is known as uncer-
tainty quantification (UQ). UQ allows to make better 
design decisions, reduce the cost of trial and error during 
code development, and improve the reliability of simula-
tion through identifying the primary source of uncertainty, 
analysing how the uncertainty propagates, and searching 
for stable, optimised solutions [35]. The general procedure 
and processes which form the UQ are illustrated in Fig. 6.

In this study, uncertain defects and variables are 
grouped into three categories based on their joint system 
position: bonding interface defects, adhesive defects, and 
adherends defects. The following sections, together with 
Fig. 7, aim to present these defect categories, classify the 
uncertainty type of each defect, and emphasize the cor-
relation between them where applicable:

4.1 � Bonding interface

Bonding interface is the boundary line between the adhe-
sive media and the adherends. The strength and perfor-
mance of the joint are directly related to the adhesion 
between the two. Poor adhesion at the interface is a thin 
interfacial layer that is generally difficult to detect using 
conventional non-destructive testing methods [36–39]. In 

Fig. 5   An illustration of the typical defects and uncertainties in adhesively bonded systems
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this review, three adhesive bonding interface defects are 
considered as follows:

4.1.1 � Kissing bond

Literature is divided in defining kissing bond thickness. 
Some authors consider kissing bonds to have zero vol-
ume/thickness. Others describe them as having a thick-
ness in the range of nanometres. All studies agree that 
kissing bonds result in significant or total loss of adhe-
sion. The combination of the seriousness and detection 

challenge of kissing bonds makes them one of the most 
serious and undermining defects in adhesively bonded 
joints [36–39]. Due to their importance, many studies 
investigated kissing bonds, numerically and experi-
mentally. In this review, kissing bonds are classified 
as aleatory uncertainties because they seem to occur 
randomly. Additionally, it is difficult to eliminate their 
occurrence in the bonded joint because of their correla-
tion to other aleatory process parameters such as poor 
cure, adhesive and adherend(s) properties, see Fig. 7.

Fig. 6   General uncertainty 
quantification framework and 
main process from [35]

Fig. 7   Categories, classifica-
tion, and correlation of com-
mon defects and uncertainties 
within adhesively bonded 
joints
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4.1.2 � Disbond and delamination

These defects are different from kissing bonds as they can 
have a distinctive thickness and can occur at a later stage 
of the joint life because of factors such as loads, adhesive 
degradation, defects in adherend(s), or environmental 
conditions. Many studies consider disbond and delamina-
tion as a single phenomenon when it comes to numerical 
modelling of the joint. Both defects are considered to cre-
ate a non-bonded area. Given the difficulty in establish-
ing the exact cause of disbond and delamination, they are 
categorised as aleatory uncertainties, see Fig. 7.

4.1.3 � Degree of interface filling

Poor and irregular adhesive filling and distribution can sig-
nificantly affect an adhesively bonded joint’s life expec-
tancy due to fatigue, especially if the filling irregularity 
defect occurs in regions with high-stress concentration 
[40–42]. Additionally, poor filling can lead to gaps that 
increase local stresses in the surrounding adhesive area 
[42]. Hence, poor filling can inherently cause disbond and 
delamination as the joint is not adequately filled. Poor fill-
ing can also act as crack initiator and vary bond line thick-
ness, as indicated in Fig. 7. Furthermore, poor filling can 
lead to voids (see Sect. 4.2.1) when the adhesive is une-
venly applied to one adherend [43]. As poor filling can be 
controlled by fixtures and by altering process parameters 
such as the adhesive amount and deposition method, it 
can be considered an epistemic uncertainty.

4.2 � Adhesive phase

Defects that fall between the interfaces of the bond 
line are categorised as adhesive defects or gross adhe-
sive defects. Due to their size and nature, these defects 
are detectable to some extent using conventional non-
destructive testing and inspection methods [37]. Some of 
the critical adhesive defects are listed as follows:

4.2.1 � Porosity and voids

Porosity is defined as a cluster of micro-voids found in 
adhesive bonds. The effective cross-sectional area of the 
bond reduces with an increase in void density and thus 
influences the structural performance of the joint [44, 
45]. Some of the primary sources of porosity in adhesives 
are volatiles, entrapped air, and the chemical reaction(s) 
involved in the curing of the adhesive.

On the other hand, voids can be controlled by careful 
design of the joint and appropriate preparation of the 
adhesive system. They occur when air is trapped within the 
adhesive either because of poor mixing, filling or laying 

pattern [28, 43, 44]. Voids can also occur if the setup was 
moved before the adhesive has reached a stage in its cure 
cycle when it has hardened sufficiently [43], see Fig. 8.

Although both porosity and voids correlate to specific 
process and material parameters, they exist in most bond 
lines to some extent [43]. Unlike weak bonds, detecting 
these defects is possible using suitable non-destructive 
testing and inspection methods [38, 39].

4.2.2 � Poor cure and adhesive cracks

Curing of the adhesive is an essential manufacturing step 
that applies to all adhesive types. Some adhesives require 
solvent(s) to initiate the curing process. Other adhesives 
need pressure, heat, or light to cure. The cure profile and 
method play a vital role in selecting a suitable adhesive 
and its manufacturing process. For instance, the adhe-
sive is cured simultaneously as the E-coat after the coat-
ing process in automotive applications. This means that 
the uncured adhesive must pass the washing and phos-
phating coating procedures. Therefore, very high viscos-
ity adhesives are used for this application to avoid being 
washed out. Another method of preventing washing out 
the adhesive is to use a two-part-adhesives which cure 
before the washing process without additional heat input 
[46].

Partially cured adhesives result in cohesive and adhe-
sive failures due to reduced final strength. Partial cure can 
occur due to not following the cure profile, incorrect mix-
ing of the adhesive system, wrong formulation, or insuf-
ficient thermal exposure [43]. These causes are related to 
several design, process, and material parameters, which 
means that partial cure can be considered as an aleatory 
uncertainty. On the other hand, adhesive cracks can occur 
due to poor cure, thermal shrinkage, and additional stress 
and fatigue elements. Similar to partial cure, the control of 
these causes is inherently aleatory, see Fig. 7.

4.2.3 � Adhesive material properties

Like any engineered material, various adhesive material 
properties scatter around a mean value. Although their 
coefficient of variation can be controlled with improved 
process and manufacturing control, these variations can-
not be eliminated as they are directly linked to all adhesive 
defects and uncertainties mentioned earlier in Sects. 4.2.1 
and 4.2.2. This makes adhesive material properties uncer-
tainties as aleatory, but only partially because although 
they are linked to many aleatory defects, this does not 
mean that there is no foreseen way to estimate these 
properties more accurately (as an epistemic uncertainty). 
For instance, methods such as numerical homogenisation 
[47] can consider the effect of voids, porosity, cracks, poor 
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cure, etc., when estimating the effective stiffness proper-
ties of the adhesive.

4.2.4 � Bond line thickness

Most of the defects presented in Sects. 4.2.1–4.2.3 occur as 
a function of adhesive volume. Therefore, increasing bond 
line thickness increases the probability of having internal 
defects proportionally. Such a conclusion was made as 
early as 1974 by Adams and Peppiatt as they investigated 
joint strength against bond line thickness [48]. It is also 
worth noting that thicker bonds generally offer lower 
strength by considering adhesive’s plasticity [49]. Other 
factors such as incorrect machining, adherends surface 
alignment or issues with fixtures can influence bond line 
thickness. These aspects are presented in Sect. 4.3. As the 
bond line thickness is an uncertainty that can either be 
controlled or considered, it can be assumed epistemic, see 
Fig. 7.

4.2.5 � Spew fillet and taper geometries

Spew fillet is the adhesive geometry at the joint’s bounda-
ries, or portion of an adhesive that bridges the adherends 
outside the bond-line [9]. Studies have established that 
spew fillet or taper geometry influences joint strength by 
reducing the joints’ stiffness discontinuity at the bonding 

area’s edges to smooth the load transfer and reduce stress 
concentration [41, 50–52], as illustrated in Fig. 9. This is 
particularly useful for similar and dissimilar joining of lami-
nated composites because their through-thickness weak-
ness is likely to promote adherend failure (see Sect. 3.3) 
[53]. Such techniques are not limited to adherend spew 
fillet geometry, but they include tapering and rounding 
of adherend ends.

Like any manufacturing process, altering spew fillet 
and taper geometry will include tolerance uncertainties 
that can affect the joint performance. Given that inclu-
sive design approaches can consider the effect of spew 
fillet and taper geometry and the fact that controlling 
this process is possible (similar to bond line thickness, 
Sect. 4.2.4), the geometrical variation of these features can 
be assumed epistemic uncertainty, see Fig. 7.

4.3 � Adherends phase

In addition to the importance and effect of adherends 
parameters on the joint’s overall performance and 
strength, composite adherends are prone to have more 
defects and uncertainties than metals due to their het-
erogeneous nature and the complex manufacturing pro-
cesses they go through [54, 55]. Some of the main defects 
and uncertainties of adherends and composite adherends 
specifically are presented in the following sections:

Fig. 8   Void in adhesive bond 
line most probably caused by 
moving the joint before the 
adhesive had reached a suf-
ficient cure state
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4.3.1 � Manufacturing and operational environmental 
conditions

Although presented here, the environmental conditions 
reviewed in this section are relevant to both the adhesive 
and adherend phases. In terms of the adherends, special 
attention is needed in similar and dissimilar composite 
joints because of the different basic mechanical proper-
ties and the hygrothermal behaviour directly affected by 
environmental conditions [51]. Adhesive properties are 
also sensitive to environmental factors such as tempera-
ture and humidity. Hence, they often require environmen-
tal control to avoid variance of operation and keep curing 
consistent. Variation in these conditions can initiate several 
defects such as poor cure, cracks, and delamination [56].

It is important to note that environmental conditions 
extend beyond the boundaries of manufacturing to the 
operational phase, affecting the longevity and reliability of 
these joints. As it is impossible to define these conditions 
with deterministic values or have them controlled, they 
are considered aleatory uncertainties that require repre-
sentation when designing and analysing joint systems as 

they influence a wide range of defects and uncertainties 
(see Fig. 7).

4.3.2 � Composite adherend material properties

Designing and analysing FRP composite materials is 
a more complicated process than metal alloys due to 
their multi-material build-up nature, which introduces 
more design variables [57]. For instance, designing alloy 
adherend will typically have the overlap thickness as 
the primary material design variable. Whereas, if a fibre 
reinforced composite material is used, a comprehensive 
design would include parameters such as the number, 
thickness, and orientations of plies, as shown in Fig. 10. As 
a result, a more comprehensive range of uncertainties is 
expected to feed into the joint system, undermining deter-
ministic design solutions that assume design variables are 
always at their mean value. These uncertain parameters 
result from complex engineering processes involved in the 
fabrication of composites [58]. Their inherent and irreduc-
ible nature classifies them as aleatory uncertainties, often 
defined in the form of a probabilistic distribution [32].

Fig. 9   The effect of fillet pres-
ence on shear stress in a single 
lap joint
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If these uncertainties are not accounted for, composite 
performance at the joint will be non-optimal, potentially 
leading to poor reliability and failure [57]. The traditional 
approach to account for these uncertainties is to use safety 
factors. However, these are often derived from experience 
or intuition and may be too conservative, leading to inef-
ficient design or an optimistic one with poor reliability. 
Therefore, there is a need to represent composite adher-
end material properties is a stochastic way when design-
ing and analysing joints, with particular attention to local 
stress peaks in the FRP to meet the required reliability 
level.

4.3.3 � Surface preparation and treatment

According to Worrall et  al. [9], the purpose of surface 
preparation and treatment is: “to ensure consistency of 
the bond surface and thereby facilitate a high level of 

quality assurance, remove or prevent the formation of 
weak boundary layers, form an effective intimate molecu-
lar contact between the adhesive and the adherend, and 
altering the surface profile to increasing the bondable sur-
face area”. Some of the principal surface preparation and 
treatment techniques include cleaning, degreasing, sur-
face roughening, chemical and mechanical abrasion. Inad-
equate surface preparation and treatment will increase 
adhesion or interface failure (see Sect. 3.1). Equally impor-
tant, excessive composite surface abrasion and blasting 
can remove surface resin and cause fibre damage and sub-
surface cracking [9], as illustrated in Fig. 11. In some cases, 
strength deviation due to nonuniform adhesive thickness 
or bad adhesive spreading can be caused by machining 
beyond dimensional allowance [56].

Considering the uncertainties relevant to the surface 
preparation and treatment process can provide compre-
hensive design and analysis of adhesively bonded joints. 
This allows classifying uncertainties such as surface align-
ment across the joint, bond line thickness variation, and 
the likelihood of surface contamination as epistemic. 
Addressing the effect of these uncertainties can also influ-
ence the assessment of bonding interface defects such as 
kissing bonds, disbonds, and adherends defects such as 
cracks and delamination, see Fig. 7.

4.3.4 � Loading uncertainty

Adhesive joints are designed to carry shear and compres-
sion loading while aiming to avoid peeling. However, con-
trolling applied loads in terms of type and magnitude to 
any designed structure is often impossible due to uncer-
tain manufacturing or operational conditions, making load 
uncertainty classified as aleatory.

In the context of the adhesive bond, local load distri-
bution and its path along the joint are affected by the 

Fig. 10   The main design variables of alloys and composites. From 
[57]

Fig. 11   Illustration of possible 
composite laminate damage 
because of excessive surface 
preparation
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adherend material properties, bond line thickness, spew 
fillet and taper geometries, and defects such as disbonds, 
cracks and delamination as shown in the Fig. 7 correla-
tions. The traditional approach to account for loading 
uncertainties is to use a factor of safety (FoS), indicating 
the ratio of resistance magnitude to applied loads. It is 
obtained by dividing the resistance capacity of a system 
by the induced load. Although this method has produced 
many successful structures, it uses conservative FoS val-
ues, limiting the potential of composites and adhesives 
(Fig. 12).

5 � Conclusions

The scope of similar and dissimilar composite joining is 
continuously increasing as material use expands to new 
applications with growing production values. Due to the 
architecture of FRPs, the use of traditional mechanical 
fastening joining methods is damaging, restrictive and 
cost-intensive. In contrast, adhesive bonding technology 
is one of the most widely used joining methods for com-
posites because it allows flexibility in selecting materials, 
improved production efficiency, and cost reduction. Yet, 
because of the complex nature of their failure and the fact 
that not all defects can be fully verified by inspection and 
testing, these joints are conservatively designed, limiting 
the potential of composite materials in weight reduction, 
cost-saving, and performance.

While many studies have investigated the effect of 
defects on the failure of adhesive bonds and others 
aimed at developing non-destructive testing technolo-
gies to inspect these joints, there is a need to identify the 
statistical uncertainties of these defects and understand 
their correlation and effect when designing and analys-
ing joining systems. Therefore, to support the research 
aiming to enable probabilistic reliability-based studies, 
this article draws attention to the following:

•	 One of the main challenges which face adhesives use 
in advanced applications is the use of fail-safe features; 
because it is difficult to detect some critical defects 
which cause significant or total loss of adhesion.

•	 Defects in adhesively bonded joints appear in three 
categories based on their location: interface, adhesive, 
and adherends. The uncertainty in these defects is cat-
egorised as Epistemic when there are means to control 
their presence, and Aleatory if their cause is complex 
and challenging to manage.

•	 The investigated defects range from mostly being 
affected by other defects, to affecting other defects 
(see x and y-axis in Fig. 12, respectively). Hence, to con-
trol or quantify the presence of these defects, there is a 
need to investigate the degree of correlation between 
them, starting with the higher effect defects and uncer-
tainties (y-axis in Fig. 12) as they influence many others.

Fig. 12   Indicative influence level of the investigated defects and uncertainties
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