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Joint Strength Optimization of Adhesively
Bonded Patches

E. A. S. Marques and Lucas F. M. da Silva

Departamento de Engenharia Mecénica e Gestéo Industrial, Faculdade
de Engenharia, Universidade do Porto, Rua Dr. Roberto Frias,

Porto, Portugal

Aircraft face damage from impact with objects or birds or due to ageing that leads
to fatigue cracks. The conventional methods of repairing aircraft metallic struc-
tures generally include the use of a plate joined by screws or rivets. Although these
methods are efficient in the short term, they introduce stress concentrations
leading to the initiation of new cracks that are difficult or impossible to detect by
non-destructive methods. For these reasons, it is necessary to develop new methods
to improve the behaviour of the structure (especially for long term) and its manufac-
ture cost. One of the solutions that have been studied by the aeronautical industry is
the use of patches bonded with structural adhesives. However, adhesively bonded
patches have problems of stress concentration at the edges where crack initiation
is prone to occur. This problem can be reduced by the use of a taper and a spew fillet
at the end of the patch and by the use of a mixed adhesive technique where a ductile
adhesive is placed at the edges of the patch. Double strap specimens from 3mm
thick 6063-T6 aluminium alloy sheet were analysed. Aluminium and straps (or
patches) with an internal taper, an adhesive spew fillet, and dual adhesives were
experimentally tested. The results obtained were explained by a finite element
analysis. A taper angle is beneficial only for the brittle adhesive. The use of two
adhesives is advantageous for the taperless configuration.

Keywords: Aluminium; Epoxy; Finite element stress analysis; Lap-shear

1. INTRODUCTION

Damage to aircraft is more common than usually thought and appears
in various forms of varying severity. “Ramp rash” is a general term
used to describe impacts against the surface of the aircraft occurring
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while on the ground. It is usually caused by the maintenance, catering,
and baggage handling vehicles in the airport. These impacts, while
generally at slow speed, are very concentrated and can produce small
and undetectable dents or cracks in the pressurized section of the
fuselage. Bird strike is caused by the impact of a bird (or other animal)
against the aircraft during flight. Depending on the velocity of the
impact and weight of the bird, it can cause variable amounts of dam-
age. This type of damage is usually concentrated in the parts of the
aircraft facing directly forward, such as nose cone, cockpit windows,
wing leading edges, and vertical and horizontal stabilizer leading
edges. Hail damage occurs when the aircraft flies through hail storms.
When the hail is big enough, it creates considerable damage on the for-
ward facing zones of the aircraft, the same zones affected by the bird
strike. Lightning strike can be intense enough to create small holes or
dents in the fuselage. The aeronautical industry also faces problems of
ageing such as fatigue and corrosion that require particular attention.
The metallic components of the aircraft develop cracks under fatigue
loading or stress corrosion. These defects initiate in places of high
stress concentration such as rivet holes or non-uniform geometry.

Repair of the damage described above is usually possible by means
of a patch applied over the crack. This type of repair is very common
and is economically very important, as it allows the safe operation of
damaged or older aircraft for an increased amount of time. The
current repair technique for aircraft with aluminium fuselages uses
riveting to install the repair patch. In this procedure, the aluminium
patches are placed over the damaged zone and completely riveted to
the aircraft skin. The rivets are evenly distributed over the patch to
provide better connection between the patch and fuselage while
ensuring lower stress concentrations. Adhesive patches have gained
popularity in the last decade as the use of composite parts increased.
Suited to almost every material and able to handle complex geome-
tries, this technique is known for its versatility and ease of application.
Most aircraft manufacturers have developed portable adhesive repair
kits that are easy to carry. This allows the quick repair of stranded
and damaged aircraft, making them airworthy and enabling a flight
back to a main maintenance base where more resources are available
to complete the repair procedure. Hu and Soutis [1] studied a repair
procedure in which the damaged material is removed, often by drilling
a hole. The remaining material is then cleaned, degreased, and, if
necessary, a filler material is applied in the gap. The adhesive and
respective repair patches are applied next. The curing is usually done
at room temperature but may also require the application of heat
using heat blankets or other sources.
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In a modern commercial aircraft, the fuselage is not simply for
enclosing the interior, it is an integral part of the structure. The air-
craft fuselage is comprised of machined aluminium frames, which
are connected to each other by beams. These beams and frames are
responsible for handling the bulk of the inertial and torsion forces act-
ing on the aircraft during flight. The internal pressure tries to open
the fuselage, by introducing tangential traction forces in the fuselage
surface. These tangential forces represent the majority of the stress
acting on the adhesive joint.

The patch geometry studied here was chosen to suit the repair of a
component which suffered cracking damage. The repair patch will act
as a bridge between the two sides of the cracked component, transfer-
ring the loads over a gap. The adhesive layer acts as the bridge founda-
tions, ensuring the best connection possible between the patch and the
adherends. The design of the adhesive layer and the patch is optimized
to smooth the transfer of load. The geometry of the joints present in
the borders of the patch influences directly the behaviour and dura-
bility of the patch. One of the main functions of the joint is to avoid
the peeling of the patch. This can be achieved in various ways. In
many cases this is done by tapering the surfaces of the patch, but
tapering the adhesive is also a possibility. Figure 1 shows the tapering
possibilities that have been studied by various authors [2-11]. The
main idea is to lower the stiffness at the ends of the overlap for a
smoother load transfer. Mixed modulus joints are another possibility
to improve the stress distribution and increase the joint strength of

1- Outside taper

2- Inside taper

et

3-Inside taper and adhesive fillet

FIGURE 1 Designs of tapered joints.
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high modulus adhesives [12-15]. For example, Bouiadjra et al. [16]
used the mixed modulus technique for the repair of an aluminium
structure with a composite patch. The use of a more flexible
adhesive at the edge of the patch increases the strength perform-
ance of the repair. The technique of using multi-modulus adhesives
has been extended by da Silva and Adams to solve the problem of
adhesive joints that need to withstand low and high temperatures
[17,18].

The objective of the present study was to supplement and expand
these previous results. The joint selected for this work was a double
butt strap joint, in which two aluminium specimens are intercon-
nected by means of two adhesive layers and two symmetrically
placed metal patches. This standard joint is a good simplification of
the case encountered in a repair situation. A comparison was made
between different patch taper angles. Four different and relatively
evenly spaced taper angles were selected to be studied and tested.
As shown before, there is already some work in the area, though
most works are not focused on aluminium bonding. The gap between
the substrates simulates a crack. The mixed adhesive technique was
studied with a very brittle adhesive in the middle of the joint and a
ductile adhesive at the ends of the patch. Finally, the two methods
(tapering and mixed adhesive technique) were combined for testing
any synergetic effect.

2. EXPERIMENTAL PROGRAMME
2.1. Materials

Two adhesives were selected, a very stiff and brittle epoxy (Araldite
AV138/HV998, Huntsman, Salt Lake City, UT, USA) used in aero-
space applications, and a more flexible and ductile epoxy adhesive
(Araldite 2015, Huntsman). Uniaxial testing (British standard BS
2782) was done on bulk specimens (three specimens tested for
each adhesive) and typical stress-strain curves are shown in
Figure 2.

A 6000 series alloy was used to closely represent the aluminium
alloys used in the aerospace industry. Although it would be preferable
to use a 7000 series, as it is the most used in aeronautical construction,
availability constraints lead to the use of 6063 aluminium with T6
heat treatment. This is a very strong aluminium alloy, as the T6 heat
treatment raises the tensile strength. It was used in all of the sub-
strates as well as in the reinforcement patches. The properties of the
aluminium alloy used are presented in Table 1 [19].
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FIGURE 2 Tensile stress-strain curve of adhesives used.

2.2. Specimen Geometry

The double strap joint (DSJ) geometry was selected so as to simulate a
crack with a patch. The DSJ had an overlap of 10 mm and a width of
25mm (see Figure 3a). The overlap length was chosen so that the
adherends remain in the elastic range. The load corresponding to
the yield of the adherend is given by:

Fo=o0p-w-ts, (1)

where F is the yielding load of the substrate, oy is the yield strength of
the substrate, w is the joint width, and ¢4 is the substrate thickness. The
load corresponding to the total plastic deformation of the adhesive is:

Fa=1,-w-2l, 2)

where F, is the failure load of the adhesive, 7, is the shear yield strength
of the adhesive, and [ is the overlap length. The substrate will not yield
if Fs > F,. This condition (considering the adhesive which has the
higher shear strength) means that the overlap length (/) must be lower
than 20 mm.

TABLE 1 Tensile Properties of Aluminium [19]

Young’s modulus Poisson’s Tensile yield Tensile strength  Tensile failure
E (GPa) ratio strength o, (MPa) o, (MPa) strain ¢ (%)

67 0.33 172 206 10
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FIGURE 3 Joint geometry (dimensions in mm).

To minimise the high stress concentrations at the end of the patch,
three methods were used. The first method consisted in the use of a
taper angle. Four different taper angles were considered: 90° (no
taper), 60°, 45°, and 30° (see Figure 3b). The second method used a
combination of two adhesives, being the brittle AV138 in the middle
and the more ductile 2015 at the ends of the patch (see Figure 3c).
The third method was a combination of the first and second methods
(see Figure 3d). When a combination of two adhesives was used there
was the need to select the length that each adhesive would occupy in
the adhesive layer. The main concern here was for this length to be the
same in all of the different configurations studied to allow direct
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comparison of the joint strength. The 30° taper, which is the taper that goes
farthest into the overlap, gave a length of 5.7 mm from the end of the patch
to the end of the taper. This length was adopted for adhesive 2015 in all the
dual adhesive cases to ease the fabrication of the 30° taper case.

2.3. Specimen Manufacture

The specimens were produced in a special mould, which controls the over-
lap and the adhesive thickness. For the joints with two adhesives, differ-
ent methods of separation were tested. It was found that the most
effective method was the use of a nylon line with the same thickness of
the adhesive layer between the adhesives. The nylon line is glued to
the substrates using a small amount of cyanoacrylate adhesive. This
method gives a very good dimensional control and occupies a very small
area when compared with other techniques tested (use of small strips of
silicone or Teflon™). The process of construction requires the same mould
as the one required to produce DSJ specimens. The mould geometry
aligns the substrates, patches, and moulds. The construction must follow
a special sequence due to the number of different components that make
up each specimen. The sequence is illustrated in Figure 4.

2.4. Test Procedure

The completed specimens were then subjected to a tensile test in
an Instron testing machine (High Wycombe, England). The joint

Lower patch = The adhesives are placed over the
v . patch and between the nylon fiber
N SNANNR barriers.

Packing shims

1 mm silicon spacer —
T The specimens are placed over the

N/ adhesive. A 1 mm silicon spacer is
placed between them.

Packing shims

Nylon barriers
The upper layer of adhesive is placed

ST over the specimens and between

the nylon fiber barriers.
Packing shims
Upper patch
» 2N < The upper patch is placed. The upper
11 / tapers are shaped when the upper
K \‘@ N/ moulds are placed.
K

Packing shims

FIGURE 4 Dual adhesive joint construction process.
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displacement was measured with a 50mm extensometer. Three
specimens were produced for each taper angle and for each adhesive
combination. The specimens were tested under a cross-head displace-
ment rate of 1mm/min and in typical laboratory ambient conditions
(approximately 25°C and 50% relative humidity).

3. EXPERIMENTAL RESULTS

The specimens failed cohesively in the adhesive in all cases. Figure 5
shows a failure surface of a joint with two adhesives and a taper. The
crack runs close to the patch/adhesive interface in the area of the
taper. The results of tensile testing of the single and dual adhesive
specimens are presented in Figure 6 as a function of the taper angle.
Little experimental scatter was found being the maximum for the dual
adhesive joint without taper (standard deviation of 1.16 kN). The error
bars are not represented in Figure 6 to improve clarity. Figure 6
demonstrates that the joint strength of the stiff adhesive (AV138)
can be significantly increased by use of a taper angle. This effect is
not as visible when a less stiff adhesive (2015) is used alone or in
the taper. It can be seen that the stiffest adhesive has a peak around
45°, falling off immediately after (Figure 6). The gain of performance
obtained for AV138 for the 45° taper is of 33% in relation to the taper-
less configuration. 2015 and 2015+ AV138 have almost identical
distributions, owing to the fact that it is the adhesive in the taper of
the joint (2015) that dictates the effectiveness of the taper. In these
two cases it is the same adhesive, so similar distributions are expected.
Another interesting fact is the synergetic combination of adhesives in
the taperless configuration (90°) (see Figure 6). Here, it can be seen
that the combination of adhesives is stronger than either of the adhe-
sives individually. This is explained by the sensitivity to stress risers

FIGURE 5 Fracture surfaces of mixed adhesive joints with a taper.
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FIGURE 6 Joint strength evolution with taper angle.

of the AV138 adhesive due to its high stiffness and brittleness. This is
a very stiff and strong adhesive, but performs badly in unfavourable
conditions, such as the abrupt patch termination zone. When 2015 is
placed in that area it resists better than AV138 would resist itself
and the result is a joint better than any of the adhesives alone could
provide.

A clip gauge of 50 mm was mounted on the specimen to measure the
load displacement curves of the joints. The nonlinear behaviour of the

14000 2015 + AV138
AV138, 45° 450 T, ’
12000 Taper aper
10000
g 8000 | 2015, 45° Taper
°
3
9 6000
4000
2000
0 -
0 0.05 0.1 0.156 0.2

Displacement (mm)

FIGURE 7 Load-displacement curves for joints with a 45° taper angle.
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T 6000
]
-
4000 — 2015, 90° Taper
— 2015, 60° Taper
2000 - —— 2015,45° Taper
=== 2015, 30° Taper
0 T .
0 0.05 0.1 0.15 0.2

Displacement (mm)

FIGURE 8 Load-displacement curves for joints with adhesive 2015 and
various taper angles.

joints with 2015 is clearly visible, as shown in Figure 7. The taper and
the spew fillet give a less rigid joint at the ends of the overlap and this
effect is also captured in the load displacement curves, as shown in
Figure 8.

Despite the fact that joints with AV138 alone and a taper of 45° are
the strongest joints, the dual adhesive system might be more appropri-
ate when a compromise of strength and ductility is sought. The flexible
and ductile adhesive at the ends of the overlap gives a higher capacity
to deform and is less sensitive to defects such as cracks. Applications
where dynamic loadings such as fatigue or impact loads are frequent
is an example where the use of dual adhesives might be more appro-
priate than reducing the stress levels by geometry modifications of a
joint with a stiff adhesive.

4. JOINT MODELLING

The simulation work used the ABAQUS 6.6-3 program (Hibbit,
Karlsson and Sorensen, Pawtucket, RI, USA). Elastic analyses were
performed for all taper and adhesive combinations to asses the stress
distribution in the different types of joints. Plastic analyses were car-
ried out in order to understand the failure mechanism. In the case of
the plastic analysis, the Drucker-Prager model was used [20].

A displacement of 0.5 mm was applied for the elastic analysis in all
cases. Even though the level of stress is above the adhesive failure
stress in the elastic analysis, it is adequate for comparison purposes.
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FIGURE 9 Typical mesh used in the finite element analysis of the double
strap joints.

The mesh used was composed of CPE8R elements, which are 8-node
bi-quadratic plane strain quadrilateral elements, with reduced inte-
gration to enable faster calculation. Each element was 0.2 mm long.
A general aspect of the mesh can be seen in Figure 9. One quarter
of the specimen was used to save computer power. A comparative
analysis was made with different meshes of different resolutions. It
was found that the stress distributions for this mesh were very
similar to those obtained with meshes with the double of the density.
For simplicity and faster processing times the simpler mesh was
selected.

4.1. Elastic Analysis

Von Mises equivalent stress was chosen for this analysis as it
encompasses all of the different stresses in the different directions
acting on the adhesive. A von Mises stress distribution allows a
quick and relevant assessment of the stress state in the joint. To
choose the location of the path, a small parametric study was made.
Stress distributions for three different locations in 45° tapered patch
specimen were obtained in ABAQUS as shown in Figure 10. This
figure shows that the differences are very small for the three loca-
tions. Based on this data it was decided to use the middle path for
simplicity reasons.
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FIGURE 10 Von Mises stress for different path locations (adhesive 2015).

80
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0 - T T T T !
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FIGURE 11 Von Mises stress distributions for 2015 adhesive models.
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Figure 11 shows the von Mises stress distribution for Araldite 2015
adhesive (E =1850MPa). It shows that in the absence of a taper the
stresses at the end of the patch are extremely high and concentrated.
This is obviously the worst case scenario. The use of taper angles
immediately lowers the tip (end of the patch) stresses to near zero.
As the taper becomes longer and less steep, the loads are transferred
to the centre section. Extremely low taper angles bring excessive
stress to the centre section and offer lower joint strength. The ideal
angles in this configuration are 60° and 45°. They combine smooth
stress distribution at the tips with stresses in the centre that are close
to those offered by the 90° configuration.

Figure 12 shows the von Mises stress distributions for AV138
(E =4590 MPa). In the case of the 90° (no taper), the maximum stress
is 40% higher than for the other configurations. This demonstrates
that the taper angle is much more useful in stiff adhesives. The opti-
mal taper angles for this case still appear to be the 45° and 60° config-
urations which are very closely matched and similar. It is interesting
to note that at the tip of the taper the stresses for all angles are higher
than observed for Araldite 2015 (see Figure 11).

The last case studied is depicted in Figure 13 and shows the combi-
nation of the two adhesives represented in the previous graphs. The
stiffer adhesive (AV138) is placed in the centre of the joint while

Von Mises Stress (MPa)

0 0.2 04 0.6 0.8 1

Joint length (normalized)
——Av138 - 90° —=—Av138-60° —+— Av138 - 45° —m- Av138 - 30°

FIGURE 12 Von Mises stress distributions for AV138 adhesive models.
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Von Mises Stress (MPa)

Joint length (normalized)

—— Av138+2015-90° —=— Av138+2015-60° —+— Av138+2015 - 45° - Av138+2015 - 30°

FIGURE 13 Von Mises stress distributions for dual adhesive models.

2015 is placed in the taper. This assures lower stresses at the tip,
leading to smaller stress concentration. For the 90° case (no taper),
it can be seen that the tip stress is identical to that observed using
2015 alone, but using a stronger adhesive in the centre section will
almost certainly result in a stronger joint. This fact, among others in
the graph, shows that the stress distribution of the adhesive combi-
nation is, in fact, an assembly of the individual distributions of each
adhesive. If necessary, a joint can be engineered with specific stress
distributions by combining sections of different adhesives and control-
ling their length.

4.2. Plastic Analysis

The plastic behaviour of the adhesive was modelled using the
exponent Drucker-Prager criterion [20] which takes into account the
hydrostatic stress. There are other models that include the first stress
invariant such as the one of Raghava et al. [21] and the one of Dolev
and Ishai [22]. The Raghava and the exponent Drucker-Prager criteria
are equivalent when the exponent parameter (b) is 2. The yield
criterion can be expressed as:

aq® —p =p;. 3)
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TABLE 2 Drucker-Prager Parameters

Parameter 2015 AV138/HV998
b 2 2

A 1.4 1.3

a 0.041 0.03045

The terms that appear in Equation 3 are defined as:

3 1
T30 - 1oy
1
q= \/5 (o1 — 02)® + (09 — 03)% + (03 — 61)%] = /32
b=2
1 1
p= _g(al + 09 -‘r-0'3) = _511
_ oy
pt - 3(/1_ 1)7

929

where / is the ratio of yield stress in compression to the yield stress in
tension, 0;(i =1, 2, 3) are the principal stresses, o,, is the yield stress in

Shear stress (MPa)

Overlap (mm)

Shear stress (MPa) — — Plastic shear strain

0.03
0.02
0.01

Plastic shear strain

FIGURE 14 Shear stress and plastic shear strain distribution for the

adhesive 2015 at the experimental failure load.
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FIGURE 15 Shear stress and plastic shear strain distribution for the
adhesive AV138 at the experimental failure load.
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FIGURE 16 Shear stress and plastic shear strain distribution for the mixed
adhesive joint (AV138 + 2015) at the experimental failure load.
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tension, J5 is the second deviatoric stress invariant, and I, is the first
invariant of the stress tensor. Note that when A=1, the exponent
Drucker-Prager model is equivalent to the von Mises criterion. The
model of Drucker-Prager requires data from compression and tensile
testing to calculate the / ratio. An alternative method can be used to
enable calculation with tensile and shear test results. Adhesive 2015
was tested in shear using the Thick Adherend Shear Test (TAST)
(ISO 11003-2), so this technique is very appropriate for this case. To
find the parameters that correctly model the adhesive, a comparative
method is needed. Comparisons were performed between finite
element analysis models and actual test results. Finite element models
loaded with tensile test data were subjected to a pure shear load, from
which one can obtain a shear stress-strain distribution. By varying the
parameters of the variables in the Drucker-Prager criterion, one can
obtain a series of shear stress-strain distributions and compare them
with the actual experimental TAST test results. The 4 ratio obtained
by this method is indicated in Table 2. The Drucker-Prager

Position of values

0.025
0.02 A
0.015 A
0.01 A
0.005 -

— Without taper
— 45° taper

10 15
Overlap (mm)

:
-0.005 { 5
-0.01 |

]
:

Plastic shear strain
o

-0.015 +
-0.02 A
-0.025 $

Position of values

FIGURE 17 Plastic shear strain distribution at failure load for adhesive
AV138 with a 45° taper and without taper.
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exponential parameters for adhesive AV138 were gathered from
literature [23] and are also listed in Table 2.

For the case of the joints without taper (90° case), the plastic
analysis shows that for adhesive 2015 the failure occurs due to global
yielding of the adhesive, i.e., when all the overlap has yielded. A load
corresponding to the experimental failure load was used in the finite
element modelling. The shear stress and strain distributions along
the overlap presented in Figure 14 show that the adhesive has yielded
completely. In the case of the more brittle adhesive AV138, the shear
stress and strain distributions along the overlap presented in
Figure 15 show that the failure occurs when the strain reaches the
failure strain of the adhesive (corresponding to a plastic strain of
0.02). In this case, the adhesive is not sufficiently ductile and the fail-
ure occurs before the adhesive has yielded along all of the overlap. In
the case of mixed adhesive joints (see Figure 16), the overlap corre-
sponding to AV138 is shorter and the adhesive can this time yield
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FIGURE 18 Plastic shear strain distribution at failure load for adhesive 2015
with a 45° taper and without taper.
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completely. In this case, the whole overlap is at yield which means
that both adhesives give their maximum load bearing capacity. This
explains why for joints with no taper, the mixed adhesive joint is
stronger than the joints with only one adhesive.

The taper has a strong effect on the brittle adhesive AV138. The
taper decreases the strength of the singularity at the ends of the over-
lap decreasing, therefore, the level of stress. With a taper, the brittle
adhesive AV138 fails not because it reaches its adhesive failure strain
but because the whole overlap has yielded (adhesive global yielding)
(see Figure 17). In the case of a taper, once the overlap corresponding
to the inner part with the thinnest and constant bondline yields
completely, the remaining adhesive area located beneath the taper
is not sufficiently strong to support any more load, causing joint fail-
ure. With a taper, adhesive AV138 can sustain a higher load and
makes more use of the overlap. In the case of the more ductile adhesive
2015, the ductility of the adhesive compensates for the strong singu-
larity of the 90° case (no taper) which makes this adhesive practically
not sensitive to any stress riser. With or without taper, the adhesive
can yield along all the overlap, as shown in Figure 18.

5. CONCLUSIONS

Aluminium double lap (or patches) specimens with internal taper and
dual adhesives were analysed with the finite element method and
tested experimentally. The main conclusions are:

1. A taper angle of 45° reduces stresses at the end of the patch.

2. Tapered patches are more adequate for stiff adhesives, providing
up to 30% stronger joints.

3. The combination of a ductile adhesive (2015) and a brittle adhesive
(AV138) has a synergetic effect in taperless configurations.

4. Joints with dual adhesives have a strength comparable with that
of joints with a stiff adhesive alone and are at the same time
more flexible and ductile. This can be useful, especially for
dynamic loadings.
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