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ABSTRACT ARTICLE HISTORY
The development of new adhesives has allowed to expand the Received 12 January 2021
application of bonding into the most diverse industrial fields. Accepted 28 April 2021
This review article presents the commonly used experimental KEYWORDS
methods for the investigation of mechanical performance of Adhesives; composites;
adhesively bonded joints in the aerospace, wind energy, auto- bi-material joints; Joints;
motive and civil engineering sectors. In these sectors, due to fatigue; fracture

their excellent intrinsic properties, composite materials are

often used along with conventional materials such as steel,

concrete and aluminium. In this context, and due to the limita-

tions that the traditional joining techniques present, adhesive

joints are an excellent alternative. However, standardized

experimental procedures are not always applicable for testing

representative adhesive joints in these industries. Lack of rele-

vant regulations across the different fields is often overcome by

the academia and companies’ own regulations and standards.

Additional costs are thus mitigated to the industrial sectors in

relation with the certification process which effectively can

deprive even the biggest companies from promoting adhesive

bonding. To ensure continuous growth of the adhesive bonding

field the new international standards, focusing on actual adhe-

sive joints’ performance rather than on specific application of

adhesive joints are necessary.

1. Introduction

The history of adhesives and sealants goes hand in hand with that of adhesively
bonded connections in several applications. Probably the first “inventor” of a
“glue” that is acknowledged in several documents is Daedalus, who, according
to the legend of the Greek mythology, engineered wings fashioned from
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feathers joined with wax to escape from Crete together with his son Icarus .
The Greek legend dates more than 3000 years back in time, however, it was not
before the 17-18" century when Galileo suggested that there should be in
nature a “gluey or viscous substance to bind materials together” and Newton
conjectured that “There are agents in nature able to make the particles of
bodies stick together by very strong attractions”.”?! The first mention for a glue
in patent literature comes from a British patent of 1754, although a massive
production started much later, at the beginning of the 20™ century .1
Adhesives were sold on test, i.e., the price of a product was governed by its
strength and other properties, measured with several divergent tests. It is
interesting to mention that by 1922 the most common testing procedure was
the “finger test”. An experienced engineer was breaking a sample of the
adhesive with the thumb and forefinger of each hand giving an indication of
the glue quality. If the adhesive was fractured evenly and bent but little, low
strength and brittleness were indicated. If a thin sheet was bent well and in case
it was breaking, showing a splintery fracture, good strength was indicated. This
test, however, was not more than a method to rank “glues” by comparison.!

Until that time, most of the structural adhesives were of natural origin.
Phenol-formaldehydes are generally regarded as the first true, fully synthetic
polymers, with other formulations introduced the following years as shown in
Table 1.

Since their introduction, modern structural adhesives were used as alter-
natives to traditional ways of joining similar and dissimilar materials. Initially,
adhesives were used as sealants in secondary application and later on for
bonding non-structural elements. With the experience gained from their
use, adhesives have progressively gained their place as structural components
in primary structures in a wide range of engineering domains. As such, epoxy
adhesives gained rapid success in aerospace, automotive, construction, elec-
tronic and woodworking applications, largely because of their ease of use,
versatility and mechanical properties.

The mechanical properties must be measured as precisely as possible - in
contrast to the “finger test” that was initially adopted - through an abundance
of experimental fixtures, machines, techniques and procedures that were
devised during the last century in order to measure the load necessary to
achieve mechanical failure of the adhesive. Examples of equipment and

Table 1. Historical development of structural adhesives.”

Approximate date of commercial availability Adhesive

1910 Phenol-formaldehyde

1930 Urea- formaldehyde

1940 Nitrile-phenolic, vinyl-phenolic, acrylic, polyurethane
1950 Epoxies, cyanoacrylates, anaerobics

1960 Polyimide, polybenzimidazole, polyquinoxaline

1970 Second-generation acrylic
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methods for measuring the mechanical properties are the jelly strength testing
machine™ or methods for the stress-strain analysis of the bulk specimen, the
derivation of the physical properties of the adhesive, tensile tests of joints (butt
joint)™®! or shear adhesive testing through tensile joints testing (single/double
lap joints).[*! In parallel, a number of standardized procedures, as proposed by
the International Standard Organization (ISO), the European Standard (EN),
the British Standards Institution (BSI) and the American Society for Testing
and Materials (ASTM)'” were developed, as described by Hussey and
Wilson.")" A large volume of data has been collected, especially after the
Second World War, compiled and tabulated in order to be available to
designers. These data contained, among others, shear, tension, fatigue, and
stress-strain information on laboratory specimens, mainly adhesively bonded
joints.!"?) Nevertheless, controversy still exists as to whether adhesive proper-
ties in the thin film form (which is how they are normally used in aerospace
joints) are the same as when bulk specimens are prepared. Useful data on the
elastic properties of structural adhesives can be provided by both specimen
configurations if purely elastic behavior is considered.!"*! However, the stress
state in bulk adhesives is simpler than in adhesive bondlines, while bulk
adhesive specimen dimensions can meet (fatigue) testing standards.!'*
Differences in the stress state within the specimen configuration, rather than
material-related differences can cause differences between the apparent prop-
erties, namely the shear strength and the tensile strength,"! for thin film in-
situ and bulk adhesive samples. Likewise, the behavior of a joint is also affected
by the dimensions. A typical long-overlap structural bonded joint behaves
frequently very different from equivalent short-overlap test specimens.!”
Whilst, simple, tensile-shear tests on joints are adequate for determining
certain parameters, they barely apply to different bond dimensions or surface
conditions, or other adherend materials.""® Bulk specimens are not susceptible
to the problems inherent in joint tests and are more suitable for providing
reliable data on the response of adhesives to various known states of stress,
although care should be taken in controlling the curing process.™"’!

This review article summarizes the most commonly used experimental
methods for the investigation of the mechanical performance of adhesively
bonded connections in aerospace, wind energy, automotive and civil engineer-
ing and tries to identify the similarities and the differences between the
followed procedures. Each section dedicated to a specific application is in
addition tailored to the topics relevant for that field.

2. Experimental investigation of adhesive joints

In this section, the focus is on coupon-level testing methods of structural
bonded joints. Such tests are designed to target specific loading modes and
conditions, thus, allowing reduction of complexity once compared to the
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component and structural scale testing (presented in the remaining part of this
work). At the coupon-level testing, two approaches are often followed: the
strength-based approach, and addressing evaluation of ultimate failure stresses
and strains (Subsection 2.1), and, the fracture mechanics, toughness approach,
based on the evaluation of the material properties evolution due to crack growth
(Subsection 2.2). With the aim of keeping this section informative and technical,
the methods presented are deliberately limited to those consistent with the
material systems, loading cases and failure modes observed and outlined in
Section 3. For that reasons, as well as to keep this section possibly concise,
otherwise important subjects, like effects of thermal, ") and shrinkage
stresses!"®'” or creep behaviour,”*? are not discussed in greater details.
However, the framework proposed, constitute the basis for evaluating mechan-
ical performance of adhesive joints.

2.1. Strength analysis

Assessment of bonded structures in terms of strength characterization is
customarily done by performing lap-shear (shown in Figure 1) and peel
(shown in Figure 2) tests.

Single lap type joints are, for instance, commonly used in the aero-
space and automotive industries due to the fact that the adherend
thickness is comparatively thin.!*”! Although the single lap shear test
(SLJ; thin adherends) is responsible for out-of-plane bending moments
due to misalignment shown in Figure 1a) with the consequent high peel
stresses and non-uniform shear stresses in the adhesive layer, **7>" this
test is commonly used to characterize the shear strength of bonded
joints.[>*?73*1 Appropriate test procedures and data reduction methods
are standardized in e.g. EN 2243-1, B¢ ASTM D1002-10, ®7) ASTM
D3163-2010, ** ASTM D5868-2010, *”) DVS 1618!°) and AITM
1-0019.""" Comprehensive literature reviews are available dealing with
the experimental behaviour of such joints considering several affecting
parameters like joint geometries, adhesive/adherend properties, failure
modes and environmental issues.!'®*>**7**} An alternative configuration
of the single lap joint test for measuring adhesives shear properties is the
thick-adherend shear tests (TAST) shown in Figure 1b .**~*"] Currently,
the test is standardized in ISO 11003-2!**1 and ASTM D3983, ! and is
often employed for fatigue studies.’®>>'! Double Lap Joints has been
designed to reduce peel stress at the free end of overlap and to increase
the strength of the joints.°>**! However, bending of the outer adherend
cannot be prevented since the load introduction during testing is away
from the neutral axis of the specimen.** Variants of the double lap
shear tests are described in e.g. ASTM 3528.1°%
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Figure 1. Schematic representation of lap joints specimens under axial loading N. (a) The Single
Lap Joint (SLJ) geometry (based on'?*)). (b) The Thick-Adherend Shear Test (TAST) geometry (based
on?4), (All dimensions in mm).

Flexible S
adherend P,A

Adhesive

(a)

Figure 2. Schematic representation of peel testing configurations. (a) The T-peel test geometry
(adopted from™}). (b) The Composite Peel Test (CPT) set-up (adopted from™®}).

Peel tests, °**>*>% Figure 2, are carried out to assess the bond quality

between a rigid and a flexible joining part. The test is mainly used for the
comparative evaluation of adhesives and surface treatment methods, as this
method can be used to characterize the adhesion and cohesion behavior of the
adhesive layer.””) Most of the current available standard test methods, e.g.
ASTM D3167"° and DIN EN 2243-2"% for the floating roller test method or
ASTM D1876!°°! and 1SO 11339 for the T-peel test, [!! Figure 2a, are opti-
mized for metal joints.

In a few studies, the rigid adherend in the floating roller test specimen was
replaced by a composite material. “>®*) However, as pointed out by Teixeira de
Freitas and Sinke,!**! this approach might not be representative for a compo-
site/composite joint. Hence, the authors developed the so-called Composite
Peel Test (CPT), shown in Figure 2b, where both the rigid and the flexible
adherend were made of epoxy carbon fiber reinforced.?® A further test
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method to determine the peel resistance of a flexible adherend (composite
skin) to a rigid adherend (honeycomb core - see also subsection 3.4) is the
climbing drum peel test. This type of test is common in the aerospace industry
and is standardized for instance in ASTM D1781!%*) or EN 2243-3.1°¢]

2.2. Fracture analysis

The fracture-mechanical approach assumes the presence of cracks (defects) in
the material, which in combination with external mechanical loading lead to
fracture initiation, growth of a main crack and finally to critical failure of the
tested material or structure.!”*®! Introduction of fracture mechanics to
bonded materials has revolutionized the field leading to more reliable struc-
tures by introducing new design criteria and predictive tools.!**~"* Nowadays,
one of the faster developing industries is the wind energy highly supported by
the EU which is committed to reach the green transition goals.”>”*! Here, for
wind turbine rotor blades, fracture mechanics is so crucial that 8 out of 9
recognized failure modes of wind turbine blades are rooted to fracture and its
special, interface, forms: delamination (crack growth between composite
material layers) and debonding (crack growth along interface between two
bonded materials).”>~7®! Wide acceptance and use of fracture-mechanics-
based approaches originate from the fact that bonded joints are regarded as
intrinsically and extrinsically heterogeneous. The heterogeneities originate
from both the geometrical features like corners, layer drops, edges as well as
dissimilarities between material properties, e.g. different properties of laminas,
or between the laminate and the adhesive. Both, adhesive joints and composite
materials are very sensitive to manufacturing flaws like trapped air and air
pockets, kissing bonds, broken fibres and microfracture and delaminations
introduced by machining, and are hard to avoid due to multistep technological
processes. The local stress gradients lead to introduction of fracture mechanics
into what has been considered as strength-driven geometries like shear-lap
joints, pull-out where edges are origins of failure.”**") Since the early days, a
number of test protocols and data reduction schemes have been proposed with
only a relatively small amount of such being followed by a standard. This
section aims at introducing fracture testing for laminated and bonded materi-
als and summarizes the fracture testing methods used for evaluation of
structural adhesive joints.

2.2.1. Fracture mechanics parameters

Fracture mechanics postulates existence of cracks inside the material, at the tip
of which a singular stress field, %! with components oij (i, - refers usually to
components of the Cartesian coordinate system), is produced following

(83,84

asymptotic relation ¢ = K;r~1/2 . I'K; is proportionality factor known as
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the stress intensity factor (SIF) with subscript [ referring to one of the three
fracture modes (see Section 2.3), and r is a radial distance from the crack tip.
Once the stress reaches the critical, threshold value 0;; — o, then K; — K,
known as the fracture toughness. From the experimental viewpoint direct mea-
surement of Kj. or o is impossible. Relatively recently, with introduction of the
digital image correlation technique, the SIF could be estimated from the displace-
ment field components.®>*¢! Instead, different fracture process measures obtained
through kinematic relations and assumptions but consistent with the SIF approach
are used frequently: (i) the critical strain energy release rate (SERR) - fracture
energy G, based on Griffith’s energy balance analysis and usually related, and
limited, to the linear elastic fracture mechanics (LEFM); (ii) the critical ] integral
value J. proposed by Rice®” and based on energy flux conservation through an
enclosed contour (thereof, often referred to as contour integral) usually related
with the non-linear elastic fracture mechanics (NLEFM). The ever-increased use
of computational techniques combined with the new experimental tools (like
Digital Image Correlation — DIC) allowed establishing of data reduction schemes
based on so-called cohesive zones representing crack tip forces for which the crack
tip openings (separations), § including critical crack tip opening displacement
(CTOD), introduces additional failure criterion CTOD=4, .!****"! The consistency
between the different approaches is readily established for the elastic case resulting
inG.=J. = KCZE = %0685 for the simplest stress state (with E being the Young’s
modulus of material). Nowadays, the three measures are frequently used for
establishing framework for experimental evaluations and data reduction, even
though they are not exclusive and other parameters are also investigated .*' =]

2.3. Fracture modes

Following Bueckner’s principle!®* every fracture loading case can be decom-
posed, following Figure 3a, into the three fracture modes:

« the mode I - opening or cleavage mode and followed by notation Kj, Gy, J;

o the mode II-in-plane shear and followed by notation Ky;, Gy1, /i

« the mode III - anti-plane shear and followed by notation Ky, Gy, Jin

The existing crack growth criteria!®>~*”) are congruent and indicate mode I
as the most critical loading case. Hence, the joints are designed to carry the
loads corresponding to mode II and mode III loading directions and such
conditions are frequently encountered in real structures. Moreover, the ‘per-
fect’ (e.g. pure mode I) conditions are very difficult to achieve even at the
coupon-level specimens.®®**?! The local analysis reveals that at the crack tip
mixed mode conditions exist and therefore mode-mix experimental config-
urations are frequently in use. Under an arbitrary external loading, F,, (see
Figure 3b), for a prismatic, rectangular cross-section adherend (usually beam),
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Crack front

N

AN\

Figure 3. Schematic representation of a bonded joint under fracture loading. (a) Fracture modes.
(b) A coupon level fracture specimen under arbitrary loading Fe. The external loading is decom-
posed at the crack front (x = a) into simpler loading cases.

using the effective crack tip forces approach, modes I, II and III can be

combined through!?°~*°2l;

G

(12M* + I°N) +

(T* + Q) (1)

" 2ERK3 2uhb?

where E, y, h, and b are the adherend Young’s and shear modulus, adherend
thickness and width, respectively. M, N and T are the bending (cleavage)
moment, axial/membrane/in-plane force and transverse/out-of-the-plane
shear force per unit width, respectively, and Q is the transverse/anti-plane
shear force. Eq. 1 can serve as a basis for identifying important and measurable
quantities and reviewing specific loading cases.

2.3.1. Mode |
In this case, N = Q — 0 and F,; = M, leading to:

M2

= :6—
G=Gr=657,

(2)
where M is the edge applied bending moment or the effective bending moment
defined as M = Pa/b with P being the projected on z-axis component of F,;
(see Figure 4) and a is the current crack length.

Both, M and P could be applied to the tip of the adherends and both such
loading conditions are now frequently in use with the latter case being subject of
standardized method""* with the data reduction following bending of a cantilever
beam. The family of methods is known under the name of Double Cantilever
Beam tests (DCB), '>'%! Figure 4a, which forms the most widely used testing
framework. Here, three types of loading boundary conditions are usually
considered:

(a) loading with the bending moment M,

(b) loading with the transverse force T (at constant displacement rate,
ie. A = const.),
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Figure 4. Schematic representation of the DCB (a) and the TDCB (b) specimens with initial crack of
length ao, under transverse force, P, or displacement, A loading (adopted from'®*)),

(c) loading by imposed constant displacement A where T can be regarded as
reaction.

a) Loading with bending moment: Experiments are controlled by direct
application of M which needs to be measured directly (torque sensors)" or
indirectly. In the latter case, over the time authors developed different strate-
gies aiding direct application of the loading moment."'*”'*®! However, uni-
versal tensile machines require adoption and additional elements like brackets,
pulleys and wires'*>''”) to convert transverse machine cross-head motion
into moment loading. Also, part of the specimen needs to be sacrificed as
special adaptors are also required for the specimen. Due to that, the method
using applied moment is frequently used for wind industry applications where
the coupon-level specimens are usually much bigger than the one used in e.g.
aerospace (meter vs. centimetre scale). Adaptation of the ] — integral
approach!'''?] Jeads to another interesting relation:

1
Jr = EPQ 3)

where 0 is the rotation of the loaded tip which can be measured directly,
through e.g. inclinometers, image correlation, or evaluated from the measured
displacement. The advantage of the moment-controlled experiments is theo-

retical insensitivity to the crack length, i.e. % = % = 0. Since this is the case,
it allows easy and reliable evaluation of the crack tip stresses, following o = %

. . . . 11
which is advantageous for extracting cohesive zone parameters.[ 3

b) Loading with transverse force: Application of transverse force P results in
an effective bending moment at the crack tip so that M = Pa. For M to be the
dominant loading component requires the substrate to be slender - i.e. the
initial unbonded part of joint, or the initial crack front a, must be at least 10h.
If e.g. composites are being used, an additional consideration must be given to
material properties as material are no longer isotropic, and in general E, <
E, =E in eq. (1). If the slenderness condition is not fulfilled the second
component, P=T, must be included and data reduction becomes more
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tedious.!"'*'**! To facilitate treatment a number of corrections are proposed.-
[116=118] Dyring the test, force P and the crack length a needs to be measured
simultaneously to evaluate G;. While P is measurable in a straightforward
manner (force sensor), measurements and interpretation of a is less obvious
and debatable .!"**'2°! The popular way of direct measurement of a is by side
observation using travelling video cameras.!"**'*!) Following such protocol
standards, that have been already established for testing of fiber reinforced
composites (see e.g.!'?>'?) are largely adapted for testing of adhesively
bonded composite joints. Over the time, different strategies have been adopted
for more reliable measurements, incl. strain gauges, '**'**! optical and fibre
Bragg grating sensors, !**'*”) acoustic methods!'**! or digital image
correlation"?~"*!) to name a few. Importantly, a large number of protocols,
based on e.g. beam and plate theories have been proposed to link a to an easily
measurable vertical displacement of the load application point A. This allows
for plotting the load-response, or the force law, or the P vs. A curves forming a
very popular approach. Additional work in this field has been done on high-
rate fracture testing to study rate effects on the adhesive fracture toughness.
Many studies were performed for mode I and detailed procedures were
developed.!'****] A similar DCB framework is used for fatigue studies;
however, a choice of loading conditions and, thus, definition of the loading
ratio can be cumbersome due to the prismatic beam geometries'"*”~"**! and
hence the lap joint geometries are often preferred.!* 14!

An important approach aiming in relieving G; from crack length depen-
dence is Tapered DCB (TDCB)!"**'*4 schematically shown in Figure 4b.
Following eq. (1) and taking M = Pa the DCB G; x a*/h’ . Thus, once h =
h(a) < a*/ the G; becomes independent of the crack length guaranteeing a
constant bending moment at the crack tip. This approach has received notice-
able attention and has been used by the aerospace industry for fatigue testing
as, contrary to the DCB geometry, the TDCB and the constant moment
conditions allow controlling the amplitude and the loading ratio during the
course of the entire test.['*>!*>¢] The drawback is the manufacturing of
tapered geometries especially when using composites. In addition, the varying
thickness is likely to affect stress state inside the adhesive. Importantly, so far,
only BS 7991 an 1SO 25217!"*#! specify test procedure for mode I testing of
composite/composite joints using double cantilever beam (DCB) or the
tapered double cantilever beam (TDCB) specimens under quasi-static loading.
No standards for other loading patterns have been developed yet.

¢) Loading by imposed displacement: To reduce the overall costs of testing,
by excluding use of any machines, and address the need to study durability of
bonded joints an edge applied displacement loading has been proposed.-
[126,149-151] Here, one introduces a spacer/wedge or rod between the two
adherends and follow the increasing crack length. Such approach, using a
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wedge, was later pursued by Boeing company engineers and constitutes a
separate standard method, **'**) which, however, can be only used for
qualitative comparisons. More recently, few methods and data reduction
schemes have been proposed to address this issue.">*'>*! Due to the stability
of the crack growth process — once the crack onsets the G;~a %, the wedge
configuration is very suitable for dynamic loading. ISO Impact Wedge-Peel
test (IWP) provides information on the behaviour of different adhesive/adher-
end combination. The IWP test was proposed as an International Standard in
1993, 1°¢1 and it suggests the use of 20 mm wide sheet metal adherends
(between 0.6 and 1.7 mm thick) with 90 mm long and bonded over a length
of 30 mm. The free arms of the specimen are clamped, and a wedge is driven
through the bonded portion. The velocities recommended are 2 m/s for steel
adherends, and 3 m/s for aluminium. This standard is popular for automotive
industry in order to evaluate the relative performance of adhesives.!*>"~'%°!

2.3.2. Mode I

Introduction of pure mode II requires the crack tip force coming solely
from the horizontal projection, along the x-axis, of F,; which at the crack
tip decomposed into N* and N"#N7'. Here N and N~ are the axial
forces acting on the upper and bottom adherends respectively. Direct
application of such boundary condition rarely takes place and is a domain
of ‘stress’ testing, incl. shear lap joints. The fracture mechanics implemen-
tation is based on the beam bending configurations applied to bonded
joints and have been reviewed on several occasions.!"®*"'%*! For instance,
the three-point bending test on bonded joints with an edge crack corre-
sponds to the End Notched Flexure (ENF) experiment shown in
Figure 5a, the cantilever beam test applied to the edge crack specimen
corresponds to the End Loaded Split (ELS)!'®*7'%) experiment or inverted
version of such (ELS).[11%167]

The four-point bending tests performed on bonded and crack config-
uration correspond to 4ENF, e.g. '*®! We consider ENF as the most
popular, and the only standardized version of mode II experiment.
Here, the loading is due to the transverse force P which is applied in
the middle of edge-cracked specimen. Under such conditions, following
eq. (2), Gy o< P*a?, so that P and a should be measured. As previously, the
fact that a = f(A) is used. Popular mode II tests ENF and ELS often
encounter instabilities ."'*>'”°! Under such circumstances overall reliabil-
ity of mode II testing can be questioned. In addition, since all configura-
tions are loaded by transverse forces, compressive stresses at the crack
tip!!”>!7?] are introduced which can alter estimated values of SERR. Since
the crack faces are compressed and under shear loading, the effect of
friction should be taken into account.!’”>'* In addition to the
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aforementioned tests, a number of ] integral approaches are being intro-
duced into mode II testing. The loading conditions are not necessarily
affected, but the measured quantities and such tests usually require addi-
tional instrumentation.!'””!

2.3.3. Mode Il

Compared to the other fracture modes, a relatively small amount of works
considered mode III. The importance, specifically from the applied perspec-
tive, is indisputable. Several test methods were examined as ways to measure
interlaminar mode III fracture toughness. Agarwal and Giare!"”® carried out
tests on short-fiber composites using a single notched plate arrangement. Such
configuration, under the name Edge Crack Torsion'"””! has been applied to the
bonded joints"”®! to study rate effects in mode III. Main drawback these tests
suffer from is distortion due to the relatively low torsional rigidity of plates
geometries. To address this issue, Ripling et al.'”! used a modified DCB
arrangement under with the loads applied in the crack plane but in
transverse direction (thus anti-plane shear mode). The name coined for
such configuration is Split Cantilever Beam!'®"! shown schematically in
Figure 5b. Due to the robustness - universal tensile machine is easily
adopted, and the data reduction follows one of the DCB, which has been
used on many different occasions. In the work by Szekrenyes,'®'! the
author analysed the configuration using shear deformable beam theories,
and in the work by Budzik et al.l'**! effects of the process zone have been
quantified. Ever increasing demand for more reliable structures but with-
out compromising on mechanical performance is reflected by the increas-
ing number of newly proposed configurations.!'82-18*

2.3.4. Mixed-mode

Strive for more reliable design tools, more robust failure criteria, and experi-
mental campaigns simulating as close as possible actual loading conditions, led
academia and industry towards mixed-mode fracture testing. The need for
such an approach comes from the fact that, usually, structures experience

Crack front NNNNNNN

Crack front P,

R

(2) (b)

Figure 5. (a) ENF mode Il testing configuration and (b) Split Cantilever Beam for mode Il testing.
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complex loading scenarios during operations and life-time. In addition, even
predominantly pure fracture loading lead to mixed-mode conditions at the
crack tip.?*1#>186] Straightforward addition of the pure modes’ contributions
does not yield correct results and a number of models have been provided to
facilitate calculations."®” %% Since three basic modes exist, a total of four
mixed-mode conditions could be outlined: I/II, I/III, II/IIT and I/II/III. All of
these cases have been investigated experimentally. The most widely used
conditions correspond to I/II. The popular configuration refers to the asym-
metric bonded joint. Here, two dissimilar materials in terms of bending
stiffiness (=EI where E is the adherend Young’s moduli and I is the second
moment of the cross-section area) are bonded to produce a specimen similar
to the DCB and referred to as ADCB. Due to the difference in bending stiffness
under loading, the two adherends bend, rotate and displace by different
amounts, thus leading to mixed conditions at the crack tip."**'*"! Basic data
analysis follows the one outlined previously for the DCB, which here however
evaluated G corresponds to Gy/;;. Once the stiffness of one of the adherends
EI — oo a single cantilever beam geometry (often referred to as SCB) is
produced.!"*? This geometry is very popular due to the simplicity of the
data reduction and is probably the only choice for testing bonding between
‘flexible’ and ‘fragile-rigid’ materials, i.e. encountered in electronics.!'*>'"*
Combination of the DCB and the ENF produces a mixed-mode bending
(MMB) test.!'9%1957197) The test gains significant importance and is one of
the standards in the aerospace industry. Advantages here are easiness of
producing different modes Gy;/G ratios, which together with the DCB and
the ENF can form the so-called fracture envelope.!"®! More recently Blackman
et al."** investigated the dynamic behavior of composite joints under mode II
and mixed mode I/II. Mixed mode I/III conditions are probably the second
most extensively studied due to the fact that a number of mode III deemed
configurations in reality introduce mode I as well. Like in the
previous case, the privilege is given to the beam like geometries due to
their simplicity, data reduction schemes and previous experiences with
mode I and II testing.!"**~2°!) The literature on modes II/III and I/II/III is
still very limited, though seems to be very important due to the expecta-
tion, as mode III introduces additional edge debonding or delaminations
so that the coupling between different delaminations is of interest.!2°2%%]
For instance, some authors proposed a combination of the ENF with an
out-of-plane shear loading to study mode II/III fracture on a prestressed
material system.?°) De Morais and Pereira'**®! studied mode II/III frac-
ture but in the context of delamination and using a six-point bending
plate (6PBP) specimens. Davidson et al.?°®**”! further developed the
MMB configuration and added out-of-the-plane shear displacement to
study I/II/III modes combination.
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2.4. Other relevant aspects

2.4.1. Adbhesive thickness

The thickness of the bondline (denoted as ¢, in Figures 4 and Figure 6) is one
of the crucial geometrical parameters of an adhesively bonded joint. The role
of t, on local, crack tip vicinity, strain and stress distribution is depicted by
Figure 6.

Historically, bondline thickness was often assumed as negligible when com-
pared to other important length scale parameters; thus, for analysis the effect of
the bondline thickness could be omitted — such case is present on the left side of
Figure 6. Application of adhesive joints in marine, civil engineering, or
wind energy industries requires use of thick adhesive layers, up to several
centimetres2**?*) for which excluding adhesive thickness seems inappropriate
— such case can be seen on the right side of Figure 6. Irwin*'”! and Orowan*'"
introduced corrections recognizing that the plastic zone ahead of the crack tip
can dominate the evaluated fracture energy of many structural materials.'*'
The concepts of the process zone, fracture process zone, plastic zone and related
corrections leading to a more reliable estimation of e.g. fracture energy was
further exploited and applied to adhesive bonding.*****'*) For instance, the
original Irwin idea of the plastic zone in front of the crack tip has been associated
with a finite stiffness of the adhesive layer.*'*~*'! Following these approaches
the adhesive layer thickness was introduced explicitly to the original formula-
tions neglecting finite stiffness of the region ahead of the crack tip. The research
devoted to the adhesive layer thickness and its effects is considerable'?*°2%") as
few examples. Various, contradicting results are obtained. For instance, in the
work by Kawashita et al,*** the authors analysed the effects of bondline
thickness using peel experiments without observing any clear trend indicating
dependence between the adhesive thickness and the fracture energy. Additional
results obtained through the TDCB experiments revealed an increase in fracture
toughness with the bondline thickness. In the work by Davies et al.,*?*! effect of
adhesive thickness is studied using a variety of physico-chemical and mechanical

-tg = 0.4mm P,AA -t, = 5mm Oz

02z

Figure 6. Adhesive thickness t, affects the local, crack front, stress/strain field. The color map
corresponds to the strain tensor shear component (g,,) captured using the digital image correla-
tion. Predicted distribution of the crack opening stresses g, is also presented. (Courtesy of Michal
K. Budzik).
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methods, thus searching for a link between the mechanical response, bondline
thickness and reactions taking place during curing of differently confined
adhesives. In'**®! the results indicate increase in fracture toughness until certain
limiting thickness above which the apparent toughness converges. Such effect
was associated with the radius of the plastic zone (r,~ E(“IZG‘ where E, is the
adhesive Young’s moduli and o, is the adhesive failure stress). Therefore, it is
deemed that the plastic zone cannot develop once the bondline is too thin,
rp > t, and, hence, altering the energy dissipation. In!***! similar results were
obtained, with non-convergent fracture energy for thick bondlines being
recorded. In**"! the effect of adhesive thickness on the parameters of traction-
separation law (TSL) was investigated. Increase in the thickness lead to higher
critical opening at the crack tip, thus leading to increase in the fracture energy. In
the work by Arenas et al, **! the authors aimed in optimizing the thickness of
the bondline following the data obtained from the shear lap joint experiments
and Weibull statistical treatment. In this case, the strength decreases with the
adhesive thickness; however, the Weibull modulus, carrying information about
the reliability of the structure/material, does not show a clear trend. The adhesive
thickness effect can be directly related to the stability of the crack growth.!**!
Another important aspect is related to the fact that by increasing the thickness of
the adhesive layer the corner singularities are developed between the adherend
and the adhesive.”*>">*") For instance, the confinement of the bondline alters
development of the process zone including the plastic zone.*>***! With the
focus shifting recently towards bimaterial bonded joints, the effect of adhesive

thickness will continue to be very important for the failure loads and
loci,[100,237,238]

2.4.2. Dissimilar adherends

Bonding and evaluation of structures and materials made of dissimilar adher-
ends is gaining nowadays significant attention.*”?*>?* It is well recognized
that once a bimaterial is loaded, a stress gradient exists at the interface between
the two materials.**!! Under such circumstances, the structure, or material, is
likely to fail under apparent loading being lower than the failure load calcu-
lated for any of the two materials separately.'***! The adhesive thickness may
play here a significant role, as the adhesive itself can form the ‘dissimilar’
interface, providing it is thick enough (like on the right side of Figure 6) or it
can be treated as a line which accommodates the stress gradient between the
two joined materials. The latter problem received attention from the theore-
tical standpoint and led to the nascent of the interface fracture mechanics.!"*”’
The data here were often supported by the experimental investigations using
so-called Brazilian disc test, **?! however, it is only recently that the scientists
start to work on it motivated by industrial needs. Indeed, composite patching
of aluminium fuselages or concrete bridges, or attaching composite
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superstructures to steel decks are examples of bonding between two dissimilar
adherends. Another interesting aspect is related to assuring controlled loading
conditions in bimaterial joints. For instance, in the work by Budzik et al.,!'”?
strain has been used to detect deviations from the pure mode II loading
conditions. Recently, in the work by Wang et al.,'**”! the authors proposed a
strain-based criterion to produce mode I conditions at the crack tip in
bimaterial joints. This analytical methodology was also recently applied for
mode partitioning in mixed mode bimaterial joints./***!

3. Applications

This section summarizes the frequently used methods to test and evaluate
mechanical performance of structural adhesive joints in the aerospace
(Subsection 3.1), wind energy (Subsection 3.2), civil engineering (Subsection
3.3) and automotive (Subsection 3.4) industrial sectors using or aiming to use
adhesively bonded connections. Preference is given to structural applications
of adhesive bonding emphasizing aspects like the use of composite materials
and bi-material systems or effect of adhesive thickness. Industry-specific
aspects regarding structural applications are also outlined.

3.1. Adhesive joints in aerospace engineering

3.1.1. Potential and challenges

In aerospace applications, the use of adhesive bonding has been increasingly
growing since it was first introduced in 1945.'°) Adhesive bonding, of both
metallic and composite materials, has been utilized for primary structures such
as fuselage and wings in the form of skin-stringer, skin-rib and skin-spar
joints.?**! Despite the fact that adhesively-bonded joints represent a great
potential in the aerospace industry, there are various limitations and chal-
lenges facing the further expansion and utilization of them. The quality and
strength of adhesively-bonded joints, especially for composite materials, relies
on many parameters, some of which are design-driven, '***>"2°% such as the
geometrical parameters, materials to be joined and the adhesive characteris-
tics, while others are manufacturing and process-driven, 2**?*1-2%3 guch as
the surface pre-treatments, the bonding area and the effect of defects. In fact,
the preparation of any surface involves not only cleaning, but also its treat-
ment, which must consider the combination adhesive/material of the
adherend.'*****"! For this purpose, chemical and/or mechanical treatments
are generally used to improve the surface performance of adherends.
According to Molitor et al., ***! while the traditional abrasion and solvent
cleaning techniques are sufficient for thermoset composites, thermoplastic
ones require surface chemistry and surface topographical changes to obtain
strong and durable adhesive joints. Acid etching, corona discharge treatment,
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plasma treatment, flame treatment and laser treatment are examples of surface
treatments that aim to decrease the water contact angle and increase the
surface tension.'”*®***) In terms of aluminium alloys, Critchlow and
Brewis*®"! presented a review of surface treatments, which involved mechan-
ical, chemical or electrochemical treatments. These authors concluded that,
regardless of its effectiveness, the surface treatment must be selected according
to the type of aluminium and adhesive to obtain the highest strength and
durability. In addition, surface treatments are strongly suggested to obtain a
strong interface between adhesive and adherend to prevent the displacement
of the adhesive by water, *°") as well as for production of fibre-metal laminates
(FML) components.?®"! Another challenge of using adhesively-bonded joints,
especially those made of composite adherends, is exploiting their full load-
carrying capacity. In the case of compression of thin-wall panels for instance,
metals are allowed to buckle as their response is well understood, offering
significant weight reductions when it comes to design.!*>*) On the contrary,
the large out-of-plane deformations associated with buckling result in exces-
sive delaminations in composite structures leading to debonding and conse-
quently final failure. For composite stiffener/skin structures, the failure load of
such panels may be two times more than the buckling failure load.'**”
However, these structures are designed only up to the buckling load due to
lack of good prediction of post-buckling behaviour of these structures. In
order to achieve the maximum efficiency of the post-buckled structures and
access this reserve of the post-buckled strength, deep understanding of the
post-buckling response and collapse behavior, including damage mechanisms,
is essential. Thus, several attempts by researchers are reported in literature to
accurately predict and capture the post-buckling and damage progression in
such skin-to-stiffener joints by numerical modelling,!24>247-24%263-2691 pye to
the complexity of simulating some of these sub-components, researchers used
a hybrid global-local finite element analysis.**>?*>2°*] This approach leads to
a cost-effective analysis with no compromise of the accuracy of the simula-
tions, but it is out of the scope of the current piece of work. In spite of all the
efforts exerted so far in the modelling, there is still a quite limited confidence
when it comes to the development of generic models that can be directly
applied in real-life applications. Such a lack of confidence in having robust
predictive models means that qualification and certification of adhesively-
bonded composite structures is both cost and time consuming, as extensive
coupons and elements testing is necessary.>**! In addition, this lack of con-
fidence forces the safety authorities to include mechanical fasteners as an
additional safety measure which results in highly inefficient structures.!**"
The situation becomes more complicated when it comes to the qualification of
new adhesives for bonded joints in the aerospace industry. Nowadays there are
two adhesive systems used for bonding in aerospace industry: phenolic and
epoxy systems. Both systems demonstrate good resistance to fluid immersion
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tests with the phenolic performing better in high humidity and high tempera-
ture environments."® The qualification process of new adhesives is a tedious
process involving more fluid immersion, thermal fatigue and accelerated
ageing followed by static and fatigue structural testing. For aircraft industry,
literature reports that new adhesive systems should be assessed based on their
durability and long-term performance, rather than just relying on the static
properties.'**”"! Testing by soaking in warm water (35°C) for periods as long
as (1000 hours) or high humidity and temperature testing (95% RH and 70°C)
is used to simulate typical environmental conditions which such structures
experience in service.

This section presents an overview of the trends in testing and characteriza-
tion of adhesively-bonded joints for aerospace applications while shedding the
light on the importance of the careful consideration of the design and man-
ufacturing aspects and their effect on the structural integrity and strength of
the joints. Moreover, it discusses the effects of defects on the adhesively-
bonded joints, regardless of the nature of it being a manufacturing or an in-
service defect. Finally, it concludes with highlighting the potential of relying
more on adhesively-bonded joints in aerospace structures.

3.1.2. Trends in testing

As previously highlighted, one of the main challenges, facing the wide-spread
usage of bonded joints, is the extensive testing and characterization required to
tully understand their behavior under various loading conditions. Testing a full-
scale structure is very costly and time consuming. On the other hand, coupon
testing is sufficient for material properties’ characterization but does not always
provide information regarding the joint behavior under the actual conditions
experienced by structural components during operation. Thus, the real chal-
lenge is always to develop element/sub-component test set-ups which mimic the
geometrical constraints and the load transfer in full-scale structures. These sub-
component elements generally consist of a section taken through a single or
multiple stiffeners and can be tested in fairly large numbers.'*>*! Figure 7 shows
typical profiles used for stiffeners, such as I, T, L, J and hat profiles.!**"!

Figure 7. Typical stiffener profiles used to reinforce panels of aerospace structures.
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Figure 8. Principal damage onset locations for skin-to-stiffener joints — stiffener core or noddle and
stiffener tip.[2>%!

Generally, there are two locations in the stiffened panels which are more
susceptible to damage/failure initiation either at the tip of the stiftener foot or
at the core/noodle region - see Figure 8 .1***!

The former is the dominant and most important failure mode, and it occurs
mainly due to large deformations, caused by global buckling of the structure,
leading to delamination at the interface and ultimately final failure. The latter
is associated to the out-of-plane loading of the stiffener’s web due to pull-off
loading. Several testing procedures are available to characterize such stiffened
panels under tension, compression, bending, buckling and post-buckling
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Figure 9. Schematic representation of the sub-component tests representing the loads and
boundary condition of the full-scale aerospace structures under service.
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loading conditions. Figure 9 shows two typical sub-component tests per-
formed in adhesively bonded joint for aerospace structures: skin-to-stiffener
pull off-test and compression tests of stiffened panels. In order to simulate out-
of-plane loading conditions, such as internal pressure of the fuselage or the
low pressure zone at the leading edge, pull-off tests4>246:251,263,267.271-274]
skin-to-stiffener joints are implemented.

These tests allow the evaluation of the performance of different design
concepts and structural features in skin-to-stiffener joints by applying tensile
loading on the stiffener’s web while fully supporting the foot/skin from the
edges. Figures 10 and Figure 11 show examples found in literature of pull-of-
tests using T-type and L-type stiffeners, respectively.

Both examples use fully clamped boundary conditions at the skin long-
itudinal edges. Simply supported edges have also been reported but the latter
boundary condition yield to lower pull-oft loads than the fully clamped one.-
(271] Erom these tests, the failure sequence and failure modes can be identified
as well as the load carrying capacity, which in return helps the designers
predict the behaviour of the full-scale structures, as exemplified in Figure 9.
Teixeira de Freitas et al.?*! reported that when testing CFRP T-stiffeners
bonded to a FML skin using pull-off tests, the damage onset occurs at the
stiffener noodle, while if using an Aluminium T-stiffener, the damage onset
occurs at the stiffener tip — see Figure 12.

However, literature reports that in full-scale compression tests of CFRP
panels the damage onset tends to occur at the stiffener foot tip and not at the
noodle region, >* as shown in Figure 12a. Therefore, alternatives to the pull-
off test have been investigated to induce damage initiation at the stiffer foot tip,
to mimic the damage scenario of the full-scale structures. Figure 13 shows
some of these examples, where the skin-to-stiffener joint is subject to bending-
(264275 and/or tension®*?! in which stiffener foot tip failure is induced.

The same type of tests has been also performed on L-type stiffeners with the
same purpose — see examples in Figure 14.

As far as the compression testing is concerne I these
tests are used to evaluate the effectiveness of the adhesively-bonded joints, in
maintaining the structural integrity, in the case of buckling and post-buckling.
This serves one of the main objectives of attaching stringers/stiffeners to the
skin of fuselage or wing structures, aiming to provide the required strength
against buckling loads in service.'®! These tests can include a single-stiffener
or multiple stiffeners in parallel, as shown in Figure 15.

d [252,253,262,268,277,278
ol

3.1.3. Other relevant aspects

3.1.3.1. Effect of design and manufacturing parameters. Optimization of the
adhesively-bonded joints’ strength relies on different design and manufactur-
ing parameters, some of which, are discussed here. These parameters cover a
wide range of choices, from the selection of: the adhesives’ and adherends’
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Figure 10. Pull-off test setup: Fiber Metal Laminate skin bonded to a CFRP T-stiffener./*%)
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Figure 11. Pull-off test setup with CFRP skin bonded to an aluminium L-type stiffener®’>],
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Figure 12. Damage evolution of a FML skin bonded to a CFRP T-stiffener (a) and an aluminium
T-stiffener (b) under pull-Off test.[*”!
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Figure 13. Test setups for characterizing skin-to-stiffener joints which induce stiffener foot tip
failure.’>®
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Figure 14. Single L-type stiffener structures under bending (a) and tensile (b) tests.2”>27¢!
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[268,277]

Figure 15. Specimens for compression tests with single (a) and multiple stiffeners (b)

material, their geometrical design, the surface pre-treatment of the adherends,
the termination of the connection between the stiffener and the skin “i.e., fillet
and run-out design”, and the spacing between the stiffeners in the actual
component. For instance, stress concentrations normally occur at the free
edges of the bonding areas in adhesively-bonded joints. Using ductile adhe-
sives can help reducing such stresses leading to a better macroscopic/global
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performance. In the case of pull-off testing, researchers>**?*”! reported the

advantages of using flexible adhesives, such as Sikaforce 7752, over brittle
Araldite adhesives, for spreading the load over a larger extension and dissipat-
ing more energy during damage before final failure. It was shown that the
ductility of the adhesive can be one of the main reasons for the increase of the
joint strength, showing that a less strong but ductile adhesive can perform
better than a stronger but brittle counterpart. Furthermore, Akpinar et al.**®!
used a novel technique by combining a stiff and a flexible adhesive (DP460 and
SBT9244) along the overlap length showing that such bi-adhesive joint design
was effective in improving the joint strength by 20% compared to the strength
of the joints being made out of each of the adhesives separately.

Another technique, to reduce the stress concentrations at the free edges, is
to optimize the fillet design®*>?"®! successfully demonstrated that the post-
buckling behavior and the failure mechanisms can be altered by flange taper-
ing (see Figure 16), leading to interlaminar delamination of the composite at
the free edge with mostly no observed debonding between the stiffener and the
skin.

In addition, Feih et al.'””®! reported similar failure mechanisms for the pull-
off case of L-type stiffeners, as shown in Figure 17. By simply changing the fillet
shape from a natural flow fillet, as observed during hand assembly
(Figure 17b), to a controlled fillet design (Figure 17a), an increase in the
joint strength up to 100% could be achieved.

Another geometrical factor, that has been extensively studied, is the run-out
of stringers/stiffeners — see Figure 18, at locations where the load path is
interrupted due to structural conflicts with the adjacent regions or due to rib
intersections or access holes, [248-230-26.27]

At the location of the run-out, the loads are directly transferred from the
stiffener to the skin leading to high stress concentrations that make such
regions prone to premature failure. Using a parametric FEA, Psarras et al.127?]
showed that by optimizing the run-out design, an improved stable crack-
growth, under uni-axial compression, was obtained. Moreover, the failure
mechanism changed from a skin-stiffener debonding in the baseline case to

276

2.75

(a) (b) (c)

Dimensions in mm

Figure 16. Examples of tapered stiffeners geometry .26%)
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(a)

Figure 17. L-stiffener fillet design (a) controlled fillet design and (b) natural flow fillet as observed
during hand assembly.>’®’

(a) Type 1 (b) Type 2
(b)

Figure 18. Stiffener run-out location and different geometry types (a) location of run-out region

and (b) Run-out geometries.**®!

an interlaminar delamination in the stiffener between the 0° and 45° plies
leading to a catastrophic failure. Reinoso et al.***?*°! investigated the effect of
different run-out designs on the tensile and compressive response of
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composite skin-stringer joints. In compression, the out-of-plane deformation
led to the skin-stringer debonding around the run-out region; however, the
damage initiation and propagation path demonstrated a significant depen-
dency on the run-out design. Experimental observations suggested that the
load levels, for the damage initiation and final failure, differ from one design to
the other. Authors attributed this to the fact that the local stress state, around
the run-out region, was the main cause of the damage initiation and failure in
the form of stringer-skin debonding and localized intralaminar delamination
at the outer surface of the composite panels. Careful selection of the adherends
has been proven to play a major role not only in the joint strength, but also in
the damage and failure modes. Teixeira de Freitas et al.**>*”! studied the
difference between metal-to-metal joint and a metal-to-composite joint when
subjected to both quasi-static and fatigue pull-off tensile loading. The failure in
the metal joint was 100% cohesive failure in the adhesive bondline. However,
in the case of the metal-to-composite joint, more than 90% of the failure was
inter/intralaminar failure with very limited areas ( <10%) of cohesive failure
through the adhesive bondline. In the metal-to-metal joint, failure started
from the tip of the stiffener foot — see Figure 12b. In the metal-to-composite
joint, the failure started at the stiffener noodle and propagated through the
stiffener foot — see Figure 12a). In this case, it was clear that the CFRP stiffener
represented the weakest link in the adhesively-bonded joint. Thus, it was
concluded that unless the composite’s inter and intralaminar strength is
improved, the aluminum stringers/stiffeners will always have an edge in the
aerospace industry. The effect of surface preparation pre-treatments goes
along smoothly with the choice of the adherends’ material. In the case of
aluminum, for instance, a well-established standardized procedure has been in
place for the lifetime of using them in adhesively-bonded joints in the aero-
space industry. This procedure involves anodization and coating with a chro-
mated epoxy/phenolic primer.!'®!

For composite adherends, Cardoso et al.?*!! investigated the effect of: i)
abrasion with 240 grits silicon carbide sandpaper followed by acetone clean-
ing, and ii) a nylon peel ply layer, cured with the stiffener foot and upper skin
and only removed before the bonding, on the tensile pull-oft strength. The peel
ply-treated specimens had the least strength (=~ 60%) compared to
the untreated case, while the abraded counterpart had a slight enhancement
(~ 5%). In the peel ply case, failure was partly cohesive partly adhesive,
with large areas of macro-voids, but in the other two cases inter/intra-laminar
failure of the CFRP skin was also observed. Researchers investigated
also the effect of various design parameters, such as: the adherends’
thickness, 24¢2*2%] the size of the bonding area, ***) geometry of the adhe-
sion zone, *" joint design!*"***! [274]

251]

I'and composites’ stacking sequence, on
the structural behavior and damage/failure mechanisms of adhesively-bonded
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joints on the sub-component level under tensile, compressive and bending
loading conditions.

Justo et al.””*! investigated further the effect of the spacing between the
stringers to mimic two geometrical definitions: Type-A configuration which
was equivalent to panels with a wide skin-bays between the stringers and
Type-B configuration representing specimens with narrower skin-bays
between the stringers - see Figure 19. They concluded that such design
parameter significantly influenced the initial failure location as well as the
posterior damage propagation path.

Zhan et al.'*®! tested five topologies of skin-to-stiffener joints, shown
schematically in Figure 20, under pull-off load.

They concluded that the failure load increases with the bonding area.
However, horizontally located bondline has a better ability to increase the
carrying capacity than that of the vertically located bondline.

3.1.3.2. Effect of defects. The structural integrity of adhesively-bonded joints
in aerospace applications can significantly be affected by the existence of
defects. Such defects can occur during the manufacturing process or during
the service life of the structure/component. Therefore, adequate attention
should be drawn to the experimental characterization of the effect of defects
on the reliability of these joints. Guo et al.***) studied the effect of manufac-
turing defects on the strength of T-joints in a pull-off test. As cutouts, in
aircraft structures, are unavoidable, they tested sandwich T-joints with and
without a cutout in the web panel - see Figure 21.

Specimen Type-A Specimen Type-B

Stringer
Stringer

Skin

X Y X: axial direction
Y: longitudinal direction Lengths in mm

Figure 19. Type A joint and Type B joint, representing wide and narrow skin bays between
stiffeners, respectively.”?
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Figure 21. Sandwich T-joint with cut-out at web panel (a) and cross section detail and loading (b)
(dimensions in mm).2*4

A reduction of & 25% in the strength was reported due to the cutout.
However, failure was still mainly due to the induced stresses in the adhesive at
the base of the T-joint, in other words at the stiffener-skin interface. After
tailure, they proposed a repair scheme, in dry conditions using paste adhesive,
which proved its success in not just restoring, but also exceeding the original
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joints loading capacity. Greenhalgh et al. and Meeks et al.?*>?**) investigated
the effect of manufacturing defects in the form of an inclusion embedded
during the fabrication process as well as in-service defects in the form of
impact damage due to tool drop on the post-buckling behavior of CFRP
stringer-stiffened panels. In addition, they investigated the effect of the
damage location by studying two cases; one within the bay between stringers
and the other beneath the stringer foot. They concluded that the presence of
defects did not change the buckling strains for all panels; however, the strength
was significantly affected in some cases. In the case of impact damage, when
the joint was impacted at the bay region, the strength reduction was 7%, while
if the impact was on the foot region, the strength reduction was 29%. A similar
trend was observed for the artificial damage cases; ( ~ 12%) reduction for the
bay impact and ( =~ 23%) reduction for the foot impact. When it comes to the
failure analysis, they reported that only the foot-impacted case did not suffer
from skin-stringer detachment. Another way to interpret the results was to
compare the effect of the defect based on its location: bay vs. foot. For foot
defects, impact was found to be worse than an embedded defect, whilst for bay
damage this effect was reversed. It can be therefore concluded that the defect
location (bay vs. foot) is as important as the defect type itself.

3.2. Adhesive joints in wind energy

3.2.1. Potential and challenges
According to reports on failure rates of wind turbines, blade issues contribute
substantially to their failure rate, and yet, reports on structural failures of rotor
blades are rarely published in scientific literature mainly due to confidentiality
issues. Only a few studies are available regarding failure of rotor blades with
known properties and conducted in laboratories. Today, it is generally
accepted that adhesive joints and in particular the trailing edge joint may
seriously compromise the structural integrity of blades. However, most of the
existing knowledge regarding the behavior of adhesives and adhesively bonded
connections in wind turbine rotor blades comes from tests executed under
well-controlled laboratory conditions and no study exists (at least in the open
literature) analyzing the structural behavior of adhesively bonded connections
in wind turbine blades under realistic environmental conditions, i.e., mechan-
ical loading in combination with extreme temperature and humidity ranges.
The thickness of adhesive bondlines in large wind turbine rotor blades
(WTRBSs) can reach or exceed 20-30 mm in several areas to compensate for
manufacturing tolerances.'***~*%*! Two-component paste adhesives are used
for such joints, and due to the common fabrication procedures, the resulted
bondlines contain a significant number of fabrication defects (voids). It is
expected, however, that with modern technologies for mixing and dosing the
void content can be significantly reduced. Investigations regarding the
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behavior of this type of joints, and especially the bulk paste adhesive, are very
scarce in the open literature, while the same happens for works comparing the
adhesive fatigue/fracture behavior obtained from bulk adhesive specimens or
thick adhesively bonded joints. The economic viability of wind energy is
largely dependent on the size and lifetime of the wind rotors. Larger turbines
mean that less are needed for the same energy production, thereby reducing
installation costs. This trend in increasing turbine size is expected to continue
for the near future to maintain wind energy’s cost competitiveness and keep
up with global energy demand.**®! As wind turbines continue to grow in size,
the weight of the rotor and the wind loads experienced by the rotors grow at an
ever-increasing rate.””*® Blades grow longer and design parameters, such as
blade weight, tip deflection and material cost, gain additional importance.
Adhesive used in WTRBs accounts for a significant percentage of the blade
weight. As reported in**”) a wind turbine blade with a length of 60 meters
contains approximately 500 kg of bonding paste and adhesives contributes
strongly to the structural integrity. This weight accounts for more than 10% of
the total blade weight although for contemporary rotor blades with weight that
can reach ca. 20 tonnes, see Figure 22, a lower percentage can be expected.

Full scale physical blade testing is the ultimate tool for the certification/
validation of the blade design and manufacture. Nevertheless, current experi-
ments performed on full scale Mega Watts wind turbine blades are very time
consuming and expensive. Moreover, they are more challenging if not impos-
sible for the academic community, as requirements for experimental facilities
are very demanding and furthermore the time for performing the experimen-
tal test campaign and the cost are not well suitable for most research projects.-
(289) Multi scale models based a) on material properties, b) on sub-component
behavior, and ¢) on testing of down-scaled blades are used to alleviate the
burden of full scale testing.

Most of the contemporary rotor blades are structures with multi-cellular
thin walled heterogeneous sections made of fiber reinforced laminates bonded
together by using structural adhesives.'”*"! Different glass fiber fabrics were
used for long time, due to their low cost and ease of manipulation during
manufacturing. Carbon fibers were initially employed to reinforce the longer
and heavier blades, used for example for the spar beams, or as external
reinforcements. Hybrid composites (glass/carbon hybridization) are used
today to allow the production of long blades by keeping the weight and the
cost in reasonable levels. Carbon fibers can be placed locally to
increase the stiffness for a given blade weight, or reduce the weight for a
given stiffness.””"***) Lots of research efforts have been allocated for the
investigation of the performance of composite materials for wind turbine
blades, see e.g., 2> durability of structural adhesives, e.g.,**”! as well the
fatigue/fracture performance of adhesively bonded joints under different
loading!"**1972%8-3%] 4nd environmental conditions.***) Nevertheless, less
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research has been performed for hybrid composites, especially their durability
and long-term behaviour, although they seem to be very promising for wind
energy.

The most contemporary wind turbine rotor blades are massive composite
structures containing several square meters of thick bondlines, see e.g.
Figure 23.

The adhesive layers that can have thickness reaching 30 mm usually
include several local, but large, voids, as shown in Figure 24 %! and
Figure 25 [307,308]

Gaps as large as 12-15 mm and voids in bondlines - some up to 50 mm long
~ were observed in a 43 m rotor blade.’! The adhesive bonding of the
different parts in a wind turbine blade provides a special challenge as it is

[305]

\ Structura /D

- Adhesive

Figure 23. Example of structural bond lines on two wind blade designs./2%*!
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Figure 24. Voids in the bonding lines of composite wind turbine blades.%
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Figure 25. Typical wind turbine blade cross section (a) and cross section of the adhesive joint from
spar cap to shear web in detail (b).2%73%!

difficult to scale down the thickness of the bondline and derive realistic scaled
joints for the down-scaled blade.”*”! Adhesive bondline thickness of wind
turbine blades is much larger, '>*'” hence, the problem of down-scaling for
experimental investigations becomes more pronounced. Such scaling problem
was identified very early by Hart-Smith!"® who recognized that the behavior of
typical long-overlap structural bonded joints is frequently very different from
equivalent short-overlap test specimens.

Bulk adhesive behavior becomes more important with thickness and
in such cases fatigue data on bulk adhesives might be more reliable than those
from joints.!"*! Nevertheless, it seems that for thin bondlines, experiments for
joint and bulk adhesive provide similar adhesive properties if appropriately
designed and executed. However, most of the evidence comes from quasi-
static investigations and only few works on fatigue exist. For thicker bondlines
that are usual in the construction industry, e.g., in the wind and bridge-
engineering, the bulk adhesive properties seem to be more crucial for an

[311,312]
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appropriate modeling of the assembly behavior. Furthermore, engineering
structures with thick bondlines usually operate under fatigue loadings and
are susceptible to fatigue failure. It is often assumed that the safety factors used
in wind blade design are taken too high, when seen from the material point of
view.[202297313] Nevertheless, damages are observed in industrial wind blades,
even at the beginning of their life time validating the use of such high safety
factors for practical use.

Adams and Peppiatt!®'* and Park et al.®*'® suggested that chances of
having porosity and microcrack in joints with thicker bondline increase and
hence there is a greater probability of early failure for joints with a thicker
bondline. Adhesive thickness is responsible for the development of bending
stresses in lap joints in tension. As the bondline thickness increases, there is an
increase in the bending stress since the bending moment has increased.
Consequently, the strength of the joint is reduced.*'®! However, contradictory
results were reported regarding the effect of voids in the adhesive of thick
joints in wind turbine rotor blades.

315]

3.2.2. Trends in testing

Specifically designed sub-components are used to investigate the behavior of
adhesive joints in wind industry. For instance, in the work by Rosemeier
et al,>'”! authors developed a framework for testing rotor blade trailing
edge. Data recordings with electrical strain gauges and a digital image correla-
tion system were obtained to validate the predicted structural response of the
specimen. In the work by Sayer et al., **! the I-beam structure shown in
Figure 26, is loaded in an asymmetric three-point bending configuration.

[284]

Figure 26. Sub-component (beam) during a cyclic loading.
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Such sub-components are used to investigate the influence of different
design variables and manufacturing techniques. The authors highlighted the
importance of considering the multi-axial stress field in the structural design
process of the joints. Moreover, they observed that single voids causing surface
stress concentrations did not affect the structural fatigue life. In another work,
Sharp et al.°'®! developed and tested an I-beam aiming to represent the
behavior of the connection of the shear web to spar caps in wind blades, and
observed that voids in the adhesive would lead to reduced joint strength with
earlier crack initiation. The complexity of such sub-component testing cam-
paigns has been shown."*’”) The authors investigated the mechanical beha-
viour of two I-beams representing a scaled load carrying rotor blade structural
component. The objective was to investigate the connection between the spar
caps and the shear webs. Nevertheless, during the first experimental attempt,
undesirable failure, concentrated to the support areas, was observed, and
caused failure of the beam at ca. 40 kN. The local failure was predicted well
by the FE simulation and the design was improved in order to perform a
second experiment with a locally reinforced beam. As shown in Figure 27, this
approach considerably improved the beam design; the failure came at around
80 kN due to fracture in the bondline of the lower part of the structure, after
fiber failure of the web.

A similar approach of combining experimental investigations at the sub-
component level with numerical simulations for the study of the web to skin
joint in wind turbine blades was followed.**”! The characteristics of the beam
sub-component are shown in Figure 28, while the experimental set-up is
presented in Figure 29.

Final failure of the sub-component was due to the separation of the upper
flange from the web in the vicinity of the clamping system as described in!*%”!

[319]

Figure 27. Failure of the modified beam.



34 M. K. BUDZIK ET AL.

sandwich material
(bi-axial + foam)

Figure 28. Characteristics of the sub-component.%”!

Figure 29. Experimental set-up used for fatigue loading experiment.?!

confirming that joints are critical areas in any blade design. The FE simulation
of this sub-component is very useful since it allows the numerical investigation
of the adhesively bonded joint behavior - commonly FE models of the entire
blade do not simulate the bonded joints in details. The objective of the
investigations on various wind turbine blade sub-components is obviously
the simulation of realistic structural details and load transfer mechanisms,
since both cannot be sufficiently approached by standardized testing cam-
paigns. Although, as mentioned in'***! the prediction of the cohesive failure of
the adhesive (transverse to the blade length) is of vital importance since it
could propagate in the adjacent laminates, leading potentially into cata-
strophic failures of a wind blade, information from material testing and simple
joint specimens is not sufficient. To alleviate this deficiency, a generic compo-
site I-beam adhesive joint was designed and manufactured, mimicking the
axial-to-shear stress ratio in the bond line between spar caps and shear web of
a MW scale wind turbine blade and tested under asymmetric three-point
bending, under static and fatigue variable amplitude loading, ***! see
Figure 29.
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In addition to previously discussed sub-component experiments, the
authors ofl?*®! discussed the effect of the curing process on the integrity of
the analysed joint. Epoxy adhesives are reacting exothermally. The heat due to
the reaction is dependent on the processing protocol (curing cycle) and the
material volume, being obviously more for thicker adhesive bondlines.!*"!
Thus, they are deforming due to their thermal expansion factor.
Simultaneously, a chemical shrinkage process is taking place, depending on
the degree of curing. The difference of the thermal expansion factor between
the adhesive material and the adjacent substrates is resulting in residual steady
state strains. These are laid over on the strains developed due to the chemical
shrinkage. The investigation showed transverse cracks in the adhesive bond-
line as shown in Figure 30. The authors attributed the crack formation to the
residual strains developing in the adhesive bulk due to the exothermic curing
of the polymer adhesives. Similar cracks were observed in a wind turbine rotor
blade spar to shear web bond line.28%3%°]

Apart from the experimental investigations at the sub-component level,
joints specifically designed for wind turbine rotor blades were also experimen-
tally investigated under quasi-static and fatigue loading simulating realistic
loads in wind blades, showing that adhesive bonding and other load transfer
details have attracted increasing interest as wind blade size has increased.!**
One such experimental program is presented in**' with around 250 speci-
mens prepared by a blade manufacturer, to simulate actual blade materials and
joint geometries to the extent possible, been tested. All laminates were glass/
epoxy with =+ 45° fiber orientations, white the nominal joint thickness was
4 mm. Most crack origins and initial growth were cohesive in the adhesive,
shifting to interlaminar in the adherend as the crack extended, as shown in
Figure 31.

Several specimens, especially the lower strength ones, either contained
pores in the adhesive, or else regions of poorly cured adhesive. Both conditions
were promoting the crack initiation and thus the early failure. Test methods
are developed for thick paste adhesives typical of wind turbine blades, usually
by adapting studies reported in the adhesives’ literature®** in order to
investigate joints in wind blades, usually made by thick adherends and thick

Figure 30. Transverse cracks in the beam adhesive bond line (left) and in a WTRB spar to shear web

bondline (right) - not in scale.’?®!
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(a)

Figure 31. Examples of failed thick joint specimens.22"

paste adhesive bondlines. Each test can provide important data for thick paste
adhesive joints under a full range of loading conditions experienced in the
wind turbine blade application. Results from thick adhesive joints (notched lap
shear joints, shown in'*??!) reveal a significant effect of the overlap length,
adhesive thickness and applied load direction (tension vs. compression). The
use of different adhesives (a relatively brittle, and a relatively tough) did not
affect the fatigue lifetime of the joints, although different failure modes were
exhibited, depending on the adhesive type. The more brittle adhesive failed
quickly after crack initiation, whereas crack growth was slow for the tougher
adhesive involving stable cracks from both notches. In state-of-the-art guide-
lines for wind turbine blades, *°*! towards the adhesive joint design verifica-
tion for a life-span of at least twenty years, several damage modes are
considered. Amongst others, it is recommended that the bondline should be
designed against cohesive failure. Therefore, besides other stress components,
shear and axial stress limits have to be considered. For thick bondlines, this
means that the bulk adhesive material properties with the minimum uncer-
tainty should be available. Nevertheless, despite the availability of extensive
literature, there is still a considerable lack of knowledge in the understanding
of both bulk adhesive and bonded joint behavior, particularly in the case of
thick adhesive bonds."*** For the corresponding fatigue analysis, a stress-life
approach is advised based on reliable experimental S-N data. Moreover, it is
also stated that the performance of the adhesive joints is strongly dependent
on the bondline thickness and therefore, the characteristic strength of the
materials has to be reduced by safety factors. The literature review reveals that
the thick bond lines are subjected to multi-axial stress fields and, contrary to
the adhesively bonded joints with thin bond-lines which mainly serve to
transfer shear stress, it is crucial to take this stress field into account in the
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design process. Thus, for better understanding of the damage process and the
failure patterns observed in thick bonded joints, more knowledge is required
on the multi-axial behavior of the bulk adhesive itself, ***! while attention
should be paid to the residual strains developing in the adhesive bulk due to
the exothermic curing as was mentioned earlier in this document. Thick
bondlines can lead to higher exothermic peak producing higher residual
strains.

3.3. Adhesive joints in civil engineering

Despite the significant amount of adhesives applications in civil engineering
involving materials, e.g. such as concrete, steel, timber, glass, and aluminium,
this section is focused on experimental testing of composite materials in
structural applications to be in line with the focus of this review article.
Therefore, this section presents mainstream of joints that are tested in the
laboratory with FRPs adherends.

3.3.1. Potential and challenges

The use of FRP materials in civil engineering industry was started in the late
1980s in the frame of research and demonstration projects.***! Nowadays,
FRPs are used for strengthening of existing structures®*>***! and in new
constructions.*?”! The application of FRP, as strengthening/reinforcing mate-
rial — Figure 32 (a-c), is widely used in concrete structures, e.g.****?’}; how-
ever, it also finds an implementation in other structural materials, such as
masonry,®*”) timber,**"! steel®*733*) and structural glass™***>**”! New con-
struction uses FRP profiles, shells and sandwiches to materialize bridges,
beam-column frame structures, lock-gates, roofs, among others.***!
However, when comparing the use of FRP materials in the rehabilitation
market with the new construction with FRPs, the latter is more limited given
the lack of guidelines.

Figure 32. Examples of FRP strengthening of structural concrete elements in civil engineering: (a)
shear strengthening, (b) flexural strengthening, (c) confinement.
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In case of strengthening of existing structures, mainly two strengthening
techniques are used: (i) the externally bonded reinforcement (EBR) technique
and (ii) near surface mounted (NSM) reinforcement technique. The EBR
involves bonding the FRP material (in form of laminate or textile) onto the
surface of a structural element to be strengthened, while the NSM the FRP
reinforcement is placed into pre-cut groves in the element. Typically, both
techniques use high-strength adhesives (or resins) to bond the FRP reinforce-
ment to the substrate, e.g. epoxy adhesives. Typical debonding mechanisms
are depicted in Figure 33 (a-c) for FRP-concrete beams.

3.3.2. Trends in testing
Regardless of the type of material composing the element to be strengthened
and the position of the FRP reinforcement (on or in the substrate), the
strength of FRP systems is governed by the premature debonding of the FRP
system. This initiates before the tensile strength of the FRP material being
reached and, therefore, this phenomenon has been of special attention world-
wide for different types of applications, e.g. [23332733433973421 g study the
debonding, different experimental techniques have been employed; however,
standardized procedures for different debonding phenomena have not been
defined yet.***) Common experimental setups for adhesively bonded compo-
site joints reported in literature (that applies for both EBR and NSM) can be
divided into two main groups: (i) direct pullout test (Figure 34a and
Figure 34c) and (ii) flexural beam test (Figure 34b and Figure 34d).

Within the first group, single and double-lap shear test setups can be
identified. These tests are used to test the bond behavior influenced by many
parameters, such as the strength of the substrate, the anchorage length, the

Crack.

Crack propagation
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Figure 33. Different types of FRP deboning: (a) Interfacial debonding due to combined effects of
shear and normal stress at the extremities of the FRP. (b) Debonding by concrete cover separation
induced by a critical diagonal crack close to the FRP extremity. (c) Debonding at an intermediate
flexural crack. (Figures adapted from'*>?).
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Figure 34. Schematic representation test setups for characterizing the bond of FRP concrete
systems: (a-b) EBR and (c-d) NSM.

FRP characteristics, adhesive characteristics, the load type and history, dur-
ability and long-term issues, surface preparation, among others.

Typically, single-lap shear tests (Figure 34a and Figure 34c) are used to
study the end debonding mechanics and critical shear cracks (see Figure 33).
The setup has been used in studies, in which FRP was bonded to different
materials, such as concrete e.g., ******1 masonry e.g.***) and timber e.g.
[340.346] Gelected examples of single-shear test (EBR and NSM) are shown in
Figure 35.

A typical test setup consists of FRP bonded to the fixed substrate; however,
in some cases, a set of two substrate elements is used.*** In the single-lap
shear test, the effective bond length can be assessed; however, it must be
ensured that the test set-up prevents the joint from transverse displacement
which may introduce additional bending moments and cause premature fail-
ure. In the typical tests, a displacement is imposed directly to the FRP or via a
secondary substrate member.**®! In the reviewed studies, different methods to
collect experimental data are used. Typically, a load cell for measuring the
applied force and a set of linear variable differential transformers (LVDTs) to
measure the relative displacement between the FRP and the substrate (slip) are
used, while load and free ends’ slip are registered. In some studies, additional
strain gauges for measuring the strain in specific locations**”) of the FRP and/
or digital image correlation (DIC) are utilized.******! In the case of NSM, the
instrumentation includes the measure of the applied force, slips (loaded and
free end slips) and, in some cases, the strain along the anchorage length of the
FRP and the use of DIC in the surface of the tested sample.

For EBR reinforcement, the bond lengths that have been investigated range
between 150 and 300 mm and displacement rates between 0.2 and 0.3 mm/
min. In the case of NSM, bond lengths of 30-300 mm and displacement rates
from 0.12 to 0.6 mm/min can be found in the literature. In the reviewed
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Figure 35. Examples of single-shear test of bond of FRP: (a) EBR concrete, ®**! (b) EBR brick, **' (c)
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studies, different failure modes were observed. In case of EBR, debonding
between adhesive and FRP (adhesive failure)***! and debonding in concrete
(cohesive failure)*** were observed being the later the most common due to
the weakest component of the system. For the case of NSM, FRP rupture,
debonding at FRP-adhesive, cohesive shear failure within the adhesive,
debonding at the adhesive-concrete interface, cohesive shear failure within
the concrete, adhesive cover splitting, concrete splitting were reported.’***!
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Figure 36. Examples of double-shear test of bond of FRP: (a) EBR concrete, ** (b) EBR glass, **”’
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Double-lap shear tests have been also developed and used to characterize
the bond between FRP systems and the substrate (see Figure 36). This type of
tests avoid the problems caused by the eccentricity between the applied load in
the FRP and the support conditions of the substrate element. However, this
test configuration presents also some disadvantages. The misalignment of the
two blocks and potential imperfections in the setup may cause additional
bending stresses in the FRP and, therefore, it can reduce the bond capacity.
In addition, in the double-shear setup, when one of the two bonds starts
failing, the system loses its symmetry and non-expected peeling stress can
occur in the bond. In the literature, different methods to collect experimental
data are used. The instrumentation used is relatively similar to the one adopted
in the single lap shear test for the measurement of the applied load, the slips
and the strains. For EBR reinforcement, the bond length that has been
investigated was ranging from 50 to 300 mm and the displacement rate from
0.1 to 1.0 mm/min. In the case of NSM, bond length of 300 mm and displace-
ment rate from 0.1 to 0.5 mm/min were used. Failure modes are similar to the
ones observed in single lap shear test. From these tests typical results are: (i)
curves pullout force versus slips, (ii) the evolution of the FRP strains during
the test, (iii) the maximum pullout force and corresponding slip, (v) maximum
FRP strain, (v) debonding load, (vi) failure modes, among others. By perform-
ing inverse analysis, the local bond stress-slip relationship can be derived
based on (i) and/or (ii).

In case of the flexural beam test (Figure 34b and Figure 34d), the FRP
reinforcement is not directly loaded but it is subjected to tensile force due to
the bending action applied to the specimen. This type of test setup is
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Figure 37. Examples of bending (flexural) beam set-up for: (a) EBR timber, ®>3! (b) and (c) NSM
timber.[341'353]

commonly used to characterize the intermediate failure mode (see Figure 33c).
Selected examples of the flexural beam test are shown in Figure 37.

This set-up is commonly used for NSM reinforcement, ***>3 however,
studies can be also found for EBR reinforcement.***! The specimen consists of
two blocks of equal dimensions interconnected by a steel hinge located at mid-
span in the upper part, and also by FRP fixed at the bottom. The setup is
loaded vertically via a transverse beam which results in 4-point bending. For
better stability of the test, displacement control should be used at loaded end
section®**! (with typical velocities of ~ 0.1 mm/min). Typical instrumenta-
tion of the beam tests consists of a load cell, a set of LVDT’s to measure slips
and a strain gauge. In comparison to the shear test setups, the bond lengths in
beam flexural test are typically lower, given the required dimensions of the
specimens. For EBR bond length of 20-60 mm are used, whereas for NSM,
bond lengths of 20-180 mm are investigated. In this approach, single bond on
one side of the beam should be shorter to induce its failure.**!] For beam
flexural test, failure modes are similar to the ones observed in single and
double lap shear test.

3.4. Adhesive joints in automotive engineering

3.4.1. Potential and challenges

In recent years, there has been an explicit demand by modern societies in
reducing fossil fuel consumption or even alter traditional engines with
environmental friendly purely electrified propulsion systems. These trends
set increasing requirements for automotive structures’ design and manu-
facturing. In addition to the design concept change as far as hybrid or
electrified vehicles are concerned, demanding legislation regarding the
automotive safety during road accidents are driving original equipment
manufacturers (OEMs) to develop safer and lighter and, thus, less fuel
consuming road vehicles. These goals are further related to quality issues
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in current and future production lines and the final automotive structures
themselves, especially when safety issues are concerned.**! Fatigue
strength of lightweight materials and joints in automotive structures as
well as occupant’ protection during crash are key requirements, which
drive automotive manufacturers to improve their final products in order
to satisfy the highly demanding market.**®! Simultaneously, the introduc-
tion of novel materials and manufacturing and joining techniques is
strongly correlated with quality and certification issues, which should be
analysed and quantified by means of experimental investigations in terms
of strength and endurance, in order to ensure the sustainability of such
design solutions in automotive production.**”) Hence, accelerated aging
experimental procedures have been established during the course of the
past decades in the automotive industries empirically. The most related
environmental conditions considered for the investigating the mechanisms
of degradation in adhesive bonds are: exposure to moisture, exposure to
water or other liquids, corrosion in a chlorine environment, aging at
higher temperatures, exposure at cyclic changing temperatures and UV-
exposure. Already existing standardised testing procedure is for example
the VW PV 1200 which consists of cycles between —40°C and 80°C at a
relative humidity of 95%, and promotes combined damage mechanisms
related to moisture and temperature gradients simultaneously.'®’ A further
testing procedure is the VDA 621-415 (VDA: abbreviation of German
Association of Automotive Manufacturers) consisting of several test cycles
with exposure of the adhesive joints to be investigated to a corrosive
chlorine environment, humidity and phases where the specimens are
being stored at room temperature, so as to replicate an extreme service
environment.') Under these considerations adhesive bonding possesses a
key position, especially when it comes to joining dissimilar materials in
automotive body-in-white or when attachments are to be mounted on
automotive shells in final assembly lines after the paint shop. This section
presents an overview of the trends related to adhesive bonding currently
applied in automotive industries and the testing methods used to inves-
tigate involved influencing parameters. An extensive presentation and

Table 2. Advantages of adhesive bonding in automotive industry according to Brockmann et al.®

Multimaterial Body Crash Operation Corrosion
Joining method design stiffness resistance resistance resistance Acoustics
Adhesive +++ +++ +++ +++ ++ +
bonding

Spot welding - 0 0 0 - -
Clinching - - - + 0

Riveting 0 0 - + -

Joining with 0 0 0 0 - -

screws
Laser welding - ++ ++ ++ 0 0
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description of structural adhesive applications and their advantages in

automotive industries is provided in the books of Brockmann et al.l®

and Dillard.**® Table 2 highlights the advantages of structural adhesive

bonding in different areas of applications in automotive bodyworks.
Legend grading level: +++ very good, ++ good, + fair, 0 poor.

3.4.2. Trends in testing
A major application in automotive structures in which structural adhesive
bonding is involved is the joining of the glass windshield on the automotive
bodywork by means of two-component polyurethane adhesive. This solution
has motivated automotive manufactures to enhance further dissimilar attach-
ments on automotive body such as composite reinforced plastic roof and
hood.** The challenges and outcomes of such applications in terms of
their static and fatigue strength as well as the crash resistance depending on
the surface pre-treatment and coatings of substrates are presented in the
following with the aid of experimental outcomes. Besides surface pre-treat-
ment by means of coatings, chemicals or ablation, studies on the influence of
surface roughness and pattering on the mechanical properties of adhesive
bond are discussed. Furthermore, testing of hybrid adhesive bonding techni-
ques in automotive body-in-white and their advantages in terms of crash
performance, fatigue behavior and corrosion resistance are presented.
Finally, static and dynamic as well as impact studies on multi-materials and
composites and their joints for automotive applications are elaborated.
Figure 38 summarises the span of the various influencing parameters
related to adhesive bonding for automotive applications, based on which a
wide range of experimental investigations are found in literature. For

coatings, painting
and curing adhesive types

lightweight materials
and composites

crash/impact loads

—

surface pre-treatment

© AUDI AG
hygrothermal ageing
and UV radiation

operation loads joint types for new design
concepts and requirements

Figure 38. Overview of influencing parameters related to adhesive bonding applications in
automotive structures reproduced based on Quattro Daily.**”
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Table 3. Summary of the testing methods of adhesive bonds used in the literature related to
automotive applications.

Testing method Quasi-static Dynamic/Impact Incl. aging effects Coatings/Surf. treat.
Tensile [359,361-363] 1359,361-363] 13641 1359,361]

Lap Shear [356,362,365] [356,362,366] [364,365] [359,361,367,368]

Lap Shear cont. 3693701 - _ (365,371,372]

T-peel 13731 1361,374] _ 1361,374]

Multiaxial (359,361,375] _ 1364] _

© RoofSkin © Rocker Panel @ Roof Skin © Bodyside © Rocker Panel
@ Doorskin @ Quarter Panel/Truck Box/Van Side © FrontUpper/LowerRail @) B Pillar/Uniside (@ Rear Unibody/Wheel Openir
© 3M Company

Figure 39. Overview of adhesive bonds of panels/outer skin and impact resistance adhesive bonds
of structural parts in modern body-in-white (© 3 M Company) reprinted from 276!

completeness, the type of the tests used, together with loading conditions, are
gathered in Table 3.

Furthermore, Figure 39 provides an overview of the most representative
adhesive bonds of panels and outer skin components as well as impact
resistance adhesive bonds of structural parts in combination with rivets, spot
welds or mechanical fasteners in state-of-the art body-in-white as classified by
3 M Company.

Frequently, adhesive bonding solutions are favoured in order to refrain
from interfering holes which are deemed to reduce the joint strength especially
in case of composite structural components. In this regard, Brede et al.”*””! and
Clarke et al.*”*! proposed an experimental setup for a T-shaped specimen with
purely adhesively bonded flanges with one-component epoxy, strongly related
to automotive structural applications in collaboration with automotive indus-
tries in Germany. In addition to this, May et al.*”®) investigated experimen-
tally the crash behaviour of adhesively bonded T-joints in three directions and
at different loading velocities. The variation of these parameters proved to
trigger different failure mechanisms and simultaneously the adhesive bonding
of the T-joints proved to be very sensitive in terms of the batch of the crash-
optimised epoxy adhesive used. The investigated T-shaped automotive related
specimens illustrated in Figure 40 demonstrated promising results in terms of
their crash performance.
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Figure 40. Automotive related applications of T-shaped specimens for experimental testing with
purely adhesive bonded flanges under crash loads.F7>377:378)

3.4.3. Other relevant aspects

3.4.3.1. Influence of coatings and surface pre-treatment on adhesive bonds.
Papadakis et al.®*) presented the experimental investigations of adhesive
bonds with a two-component polyurethane adhesive on painted automotive
shells. In order to assess the potential of the application of adhesive bonding,
different bond-coating configurations were analysed in terms of their mechan-
ical behaviour by means of lap-joint tensile-shear tests, Arcan tests and high-
speed T-Peel tests: (i) plain blasted steel sheets, (ii) electro-coated steel sheets,
(iii) filler coated sheets, (iv) lacquered sheets with white non-metallic and (v)
silver metallic colour. The most representative and related to automotive
applications lap-shear experiments showed a mixed failure through all the
involved layers including the coatings and adhesive in the first four bond-coat-
ing configurations with a strength of =~ 11 MPa even for the white non-
metallic paint. In case of the painted surface with silver metallic colour a
lap-shear strength of approximately 6 MPa was recorded with a cohesive
failure observed solely in the silver paint layer. Further experimental investi-
gations by Schiel et al.**"! using identical configurations with epoxy adhesives
demonstrated higher strength even with non-metallic painted probes reaching
strength values of lap-shear strength of 9 MPa for quasi-static loading.
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painted sheet

adhesive 1
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Figure 41. White paint system (top left) and silver metallic paint system (top right) (1: base material,
2:zinc layer, 3: electro-coating, 4: filler, 5: basecoat, 6: topcoat) and performed test: (a) normal loading
of butt-joints according to the DIN 15870, (b) Arcan tests for pure shearing, (c) tensile-shear of lap-
joints and (d) T-peeling with higher load rate of 2 m/s according to Schiel et al. ®°""

Figure 41 illustrates the specimens with white paint and silver metallic paint
(top) as well as the 4 different testing configurations: (a) normal loading of
butt-joints according to the DIN 15870, (b) Arcan tests for pure shearing, (c)
tensile-shear of lap-joints and (d) T-peeling with load rate of 2 m/s. The
coating system consists of the base material, zinc layer, electro-coating, filler,
basecoat and topcoat.

Higher rate loading in lap-shear as well as in T-peel configuration showed a
comparable trend. As far as the metallic paints are concerned, they proved to
have the lowest strength under quasi-static as well as under impact loads. No
significant change of the cohesive failure mode was observed for the different
loading scenarios. Hereby, the brittle failure was an evidence of very low
energy absorption behaviour during impact.

The surface condition is an important influence parameter in case of
adhesive bonding. The bond quality and strength strongly depend on the
surface preparation of the adherends, especially in case different coatings are
involved as elaborated in the previous paragraph. As far as the surface pre-
heating of painted probes is concerned Papadakis et al.*>*! and Schiel et al.!**"
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presented the possibility of laser ablation of painted metallic and not metallic
probes. Such surface pre-treatment proved to significantly improve bonding
potential of metallic painted sheets. The lap-shear quasi-static tests showed an
improvement of the laser ablated metallic paint reaching comparable values to
blasted steel and non-metallic painted specimens. Laser ablation was on the
other hand used by Warren et al.**”) to pre-treat carbon fibre composites
prior to adhesive bonding and improve the mechanical properties. Moroni
et al.’”* presented the improvement of the fatigue behaviour of adhesive
bonds with aluminium and stainless steel after Yb-fiber laser ablation, a
technique that allows for the removal of impurity and weak boundary layers
from the mating substrates as well as for the surface modification promoting
mechanical interlocking. The results testified an improved interfacial strength
and induced fatigue crack growth within the bondline. Therefore, laser irra-
diation not only improved the joint strength under static condition, but it also
enhanced the mechanical behaviour under cyclic fatigue loading. A similar
study was performed by Wu et al.*®®! to investigate the effect of moisture after
laser ablation surface treatment on the performance of adhesive bonded
aluminium alloys.

Further experimental investigations concern the static strength variation of
aluminium alloy single lap-shear adhesive joints after different surface pre-
treatment techniques. While Jaiswal et al.'>”?! demonstrate the strength bond
improvement with surface pattering generated by means of wire cutting
machining process, Hirulkar et al.””*! investigated the strength of mixed-
adhesive bonds after different mechanical surface pre-treatment techniques,
i.e. rough surface machining, sandpapering, polishing and high-speed lapping.
Comparing all the surface treatment methods, pre-treatment by sanding
proved the highest lap-shear strength.

3.4.3.2. Adhesive bonding of lightweight multi-materials and composites. One
of the major goals of adhesive bonding in vehicle body structures is to join
multi-materials in order to achieve lightweight, to increase body stiffness,
operational strength and energy absorption during crash as well as to reduce
corrosion and increase comfort by reducing noises. Additionally, adhesive
bonding as joining process with no added heat into the structure minimises
the shape distortion problematic compared to welding processes and increases
the processing rates with functional cost savings in the production of auto-
motive shells. These advantages of adhesive bonding are highlighted by
Meschut et al. *”?! Experimental investigations on single lap-joints of different
joining techniques, i.e. clinching, spot welding and friction stir welding,
proved a strength increase when combined with adhesives for joining an
aluminium alloy with an ultra high strength steel. Adhesive bonding even
when used alone on single lap-joints, i.e. without being combined with any
other of the aforementioned joining techniques, demonstrated the highest
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joint strength. Further experimental studies were performed in the literature
on different adhesive types to evaluate the energy absorption potential during
impact or at high strain rates for automotive bond applications.!****%]
Watson et al.***! performed an extensive experimental investigation in var-
ious sheet metal combinations for automotive applications on lap shear test
samples analysing the bond strength and elastic-plastic behaviour. Impact and
vibration tests were performed on composite adhesive joints to determine
their strength and damping capabilities under impact conditions. Figure 42
presents a schematic illustration of the quasi-static, dynamic and vibration
experimental setups used by Aradjo et al. 1*°!

While quasi-static tests indicated solely delamination failure of the CFRP
substrates, a cohesive failure in the adhesive in combination with delamination
of the CFRP were observed under impact conditions. A representative new
design of a CFRP node adhesively bonded to steel beams in bus structures by
means of one-component polyurethane adhesive (SikaTack® Drive) is pro-
posed by Galvez et al. as illustrated in Figure 43. The node design is based on
experimental investigations on single lap-shear joints, similar to the ones
described in Figure 42, of the combined materials with thicknesses 1.2 mm
for the CFRP nodes and 1.6 mm for the steel beams."*”"!

Friedrich et al.*”*! provide a comprehensive overview of various manufac-
turing aspects including the adhesion-related characteristics and potentials of
advanced polymer composites for automotive applications. The advantages of
composites compared to steel for automotive and transportation presented in
this work are: weight reduction of 20-40%, styling flexibility compared to deep
drawn panels; 40-60% reduced tooling cost; reduced assembly cost and time in
consolidation; resistance to corrosion, scratches and dents; reduced noise
vibration harshness (NVH) and higher damping; materials and process inno-
vations capable of adding value while providing cost savings; and safer auto-
motive structures due to higher specific energy absorption during crash. There
are further studies in the literature which are related to aging and durability of
adhesive bonds with multi-materials. Zhang et al.”*®®! concentrate specifically
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Figure 42. (a) Geometry of the CFRP single lap-joints and scheme of experimental setup (b) quasi-
static and impact loads and (c) vibration according to Araujo et al.>%®!
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composite

steel

adhesive

Figure 43. Proposed new design of CFRP node adhesively bonded to steel beams in bus structure
according to Galvez et al.B7®

in durability of adhesively-bonded single lap-shear joints in accelerated hygro-
thermal exposure for automotive applications. They identified that the reason
for the bond strength reduction due to aging was the zinc coating corrosion on
the adhesive-zinc interface. In case of aluminium alloy/electro-galvanised
steel sheet metal mixed bond, the loss of bonding strength was determined
by the weaker adhesive-substrate interface. For a temperature of 80°C, the
adhesive-zinc interface proved to be the weaker interface, whereas at 40°C, the
adhesive-aluminium interface turned out to be weaker. Additionally, Qin
et al.®*** investigated the effect of thermal cycling on the degradation of
adhesively bonded carbon fibre reinforced plastic (CFRP) with aluminium
alloy mixed joints for automobile structures. The reason for the strength
loss of the bond was observed to be mainly due to the degradation of the
adhesion interface between the two-component epoxy and the CFRP. In
Figure 44 the selected experimental setups selected for this investigations
are illustrated altering from the standard tensile and single lap-shear
tests.>%*)

3.4.3.3. Hybrid adhesive bonding techniques in automotive body-in-white. The
combination of adhesive bonds with spot welds and mechanical fastening,
i.e. riveting and clinching, has recently gained ground in automotive
bodyshell assembly lines. This combined joining technique called hybrid
adhesive bonding makes good use of the advantages of adhesive bonding
while making up for its deficits with the aid of traditional joining meth-
ods. The low durability in environments with high temperature and
humidity as well as stress concentration at the ends of the overlap of
adhesive bonds causing undesirable failures can be overcome with hybrid
adhesive bonding. This is the main reason why hybrid adhesive bonds
demonstrate improved behaviour in terms of static and fatigue strength
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Figure 44. (a) Geometry of the CFRP/aluminium alloy mixed adhesively bonded butt joints and
schematical experimental setup (b) under tensile and (c) under shearing according to Qin et al >4

and higher stiffness compared to simple joints. Moreover, a two-stage
cracking initiation mechanism prior to complete failure and improved
durability are additional benefits of the use of hybrid adhesive bonds.
The most commonly used hybrid adhesive bonds are: weldbonding, the
combination of resistance spot welding and adhesive bonding; rivet-bond-
ing, the combination of rivets with adhesive bonding; and clinch-bonding,
the combination of clinching of mostly dissimilar sheet metal alloys with
adhesive bond. An extensive presentation of the various hybrid adhesive
bonding techniques and their mechanical testing is provided by da Silva
et al. % Fricke et al.*®"*%?] present experimental investigations of hybrid
mechanical/adhesive joints for automotive applications and highlight the
synergies of manufacturing, crash, and durability performance as well as
the redundancy benefits offered by such joints. Neugebauer et al.l’%’
contribute with experimental studies on clinch-bonds and rivet-bonds
and describe the mutual influence of mechanical joining and adhesive
bonding. Moreover, Ufferman et al.*®*! present the experimental results
on the mechanical properties of shear lap joints of aluminium alloy with
adhesive bonding combined with mechanical fasteners showing increased
energy absorption capabilities. Similarly, the mechanical properties of self-
piercing riveted and resistance spot welded aluminium alloy assembly for
the automotive industry are compared for different loading conditions
experimentally, i.e. symmetrical and asymmetrical as well as T-peel, by
Han et al. *®! Bartczak et al.*®! study the stress distribution of spot-
bonded steel alloy sheets for the automotive industry by means of experi-
mental tests also proving a greater energy required for the hybrid joint
failure while Yao et al.®®”! deal with the experimental study of high
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strength steel adhesive joint reinforced by rivet for automotive applica-
tions. Finally, in the literature, shear-lap hybrid adhesive joints with self-
piercing rivets, traditional rivets and bolts of composite materials with
metallic alloys for automotive lightweight applications are investigated in
respect to their strength and failure behaviour .83

4, Summary and Conclusions

This review article summarizes most of the existing (standardized and
non-standardized) experimental procedures available in the literature for
the investigation of the mechanical performance of adhesively bonded
joints, focusing to connections in the aerospace, wind, civil, and auto-
motive engineering. Regardless of the various tests standardized by several
international organizations, such as International Standard Organization
(ISO), European Standard (EN), British Standards Institution (BSI) and
American Society for Testing and Materials (ASTM), there is still con-
troversy in terms of applied loads and respective adhesive properties
obtained. In terms of strength characterization, for example, lap-shear
and peeling tests are suggested and duly supported by international
standards. Most of them were developed for the aerospace industry and
are essentially optimized for thin adhesive joints involving, mainly, metal-
lic adherends. Nevertheless, in other industrial domains, the thickness of
the adhesive is much higher, and occasionally uneven, and plays an
important role in the joint’s structural integrity. So far, few standard
test procedures for either fatigue or fracture behavior of adhesively
bonded joints made from FRP composites have been established. One
example is the ISO 252171"*%) standard on the determination of adhe-
sive-fracture energy under mode I, suggesting a tensile opening loading
that includes, among others, adhesively bonded FRP composite beams as
adherends. Other examples are standard fatigue tests that have been
specified for metal-metal adhesive joints (e.g., ASTM D3166°°*); BS EN
15190°°4), but by scope these are not specified to be applicable for FRP
composite adherends. Standards regarding the strain rate sensitivity of the
adhesive joints do not yet exist. Considering the aviation industry,
although several testing methods are available to characterize stiffened
panels under tension, compression, bending, buckling and post-buckling
loading conditions, only two typical tests are suggested for sub-compo-
nents involving adhesive joints: skin-to-stiffener pull off-tests and com-
pression tests of stiffened panels. However, in both cases, no standard has
been developed yet and industry is using “in-house” developed testing
procedures and regulations. From the extensive use and research of
adhesively-bonded joints in aerospace applications for over 70 years, it
is however clear that such joints represent a reliable and durable structural
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solution that has a lot to offer for future designs and applications.
Adhesively-bonded joints are not anymore thought of as the weakest
spot/element in the aerospace field when careful consideration, during
design and manufacturing, is enforced. The same happens in wind indus-
try and civil engineering where adhesively bonded connections are used
for more than three decades in primary connections between similar and
dissimilar materials. The joint adherends vary between FRP, concrete,
steel, etc. Lately, hybrid FRP fabrics are used in both wind and civil
engineering as well. Only limited information exists, however, about the
joint’s static and fatigue behaviour for various environmental conditions
over the lifetime. In addition, the lack of international regulations repre-
sents a major design challenge due to the high adhesive thickness values
used in these sectors and the less controlled fabrication methods, when
compared to the aerospace industry, the often causes non-uniform thick-
ness through the bondline. These adhesive joints contribute to the struc-
tural integrity of the component. Experimental procedures used to
evaluate the debonding are, regardless of not being internationally regu-
lated, the single-lap shear tests and flexural beam tests. In both industries
sub-component testing is also followed in order to simulate actual loading
and geometrical conditions. Finally, the automotive sector involves several
loading modes and joint configurations, many of which are conveniently
supported by international standards. The main concern for automotive
structures is their behaviour under impact loads, where, the OEMs are
demonstrating excellent overall vehicle crashworthiness by avoiding heavy
injuries in real life, despite the lack of suitable protocols for specific
structures in the international standards. In this context, two main groups
of standards are reported in the literature, focused on impact tests to
assess the intrinsic properties of the adhesive and to determine the
performance of an adhesive joint. Experience has shown that adhesive
bonding is the most promising joining technology in terms of weight and
performance. As pointed out by some authors, FRP composites (hybrid or
not) are recommended as suitable material candidates for light, sustain-
able and resilient structures, in the (among others) aerospace, the civil,
auto-motive, wind energy, naval and offshore industry.[*>!*>32* Today,
limited factors for the acceptance of composite bonded joints in these
industries are mainly the lack of confidence and the lack of existence of
appropriate international standards for covering the need of each indus-
trial application.!"***) Nevertheless, tailored experimental protocols and
experience that is accumulated in the last three-four decades, come to
fulfil this gap, providing, among others, information regarding the adhe-
sive process preparation, appropriate type of adherends, the surface qual-
ity, treatment, the best curing process, the necessary protection of the
adhesive bond, and the needed quality monitoring measures. Finally, this
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brief overview highlighted multitude of standards and approaches which
often concern very similar loading conditions or materials used across
different industries. Yet, material aspects critical for adhesive bonding
worthiness, like adhesive thickness, dissimilar material joints, are omitted
often to leading to the situation in which new adhesive joint designs
require significant certification efforts. This imposes additional pressure
and high costs on the industrial sectors depriving even the biggest com-
panies from promoting adhesive bonding from many potential applica-
tions. To ensure continuous growth of the adhesive bonding field the new
international standards, focusing on actual adhesive joints’ performance
rather than on specific application of adhesive joints are necessary.
Principal damage onset locations for skin-to-stiffener joints - stiffener
core or noddle and stiffener tip.[?**!
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