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A B S T R A C T

Traditional adhesive joints with straight edged adherends suffer from a significant stress concentration in the
composite coincident with the edge of the metal adherend, which can lead to accelerated translaminar failure of
the substrate. In this work, we developed a novel profiling concept which improves the mechanical performance
of adhesive joints between metallic adherends and composite substrates. We conducted quasi-static four-point
bending (4PB) tests which showed that profiling the edge of the metallic adherend could improve the peak load
by at least 27%, and that the stability of failure was simultaneously improved. We investigated varying the
profile parameters and were able to conclude that further significant mechanical performance gains could be
achieved by increasing any of the profile: amplitude, frequency, or number of fractal length-scales. By analysing
in-situ acoustic emission (AE) monitoring data we were able to observe that profiling of the metallic adherend
results in failure initiation occurring at higher loads, which suggests that the concept is successful in providing
better stress distributions and lowering peak stresses. By analysing the fracture surfaces, it is apparent that the
profiling concept is successful in deflecting the translaminar fracture path; and additionally that a debonding
mechanism occurs at the profile tips which is thought to be an important additional mechanism for creating
damage tolerant joints.
1. Introduction

1.1. Stress concentration at adhesive joints

Adhesive joining of metal and composites offers many advantages
over traditional mechanical joining methods such as riveting [1]. In
addition to providing a high joining strength, the use of adhesives
provides improved stress distributions [2] due to a continuous and
relatively larger connecting area. Whilst adhesive joints do offer an
improved stress distribution, a step change in stiffness at the edge of the
joint means that a significant stress concentration is still present [3–5].
This can lead to the failure mechanism depicted in Fig. 1.

Fig. 1 shows that the concentration of peel stress initiates interlam-
inar failure. The delaminated plies subsequently suffer a translaminar
fracture, which, due to the stress concentration running continuously
along the joint edge, is encouraged to rapidly propagate across the joint
width. This failure then allows the delaminations to propagate resulting
in an unstable failure.

∗ Corresponding authors.
E-mail addresses: adw15@ic.ac.uk (A.D. Whitehouse), silvestre.pinho@imperial.ac.uk (S.T. Pinho).
URL: https://pinholab.cc.ic.ac.uk/ (S.T. Pinho).

1.2. Industrial significance

Jet engine fan blades are often subject to bird strike events which
impart high-velocity transverse impact loads. The aerospace industry
has begun to utilise composite fan blades with adhesively bonded
metallic erosion shields [6,7], so a stress concentration in the composite
blade at the edge of the erosion shield may lead to accelerated failure
of the component, and ultimately to a blade-off event which could
compromise the safety of the structure. Composite helicopter rotors [8]
and aeroplane wings [9] with metallic leading edge erosion shields
could both similarly be vulnerable to failure triggered by this stress
concentration following hail or bird strikes.

In the energy sector, leading-edge erosion is a significant problem
for off-shore wind turbines. Larger turbines which give greater efficien-
cies, also have increased tip speeds, which has led to blades suffering
significant erosion damage just a few years into their supposed 25-year
service life [10]. Metallic erosion shields have been shown to offer a
lifetime greater than that of the blade service life [10,11]; however,
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Fig. 1. The sequence of failure at the adherend edge. Recreation based on Hart-Smith et al. [4].
the stiffness mismatch of a metallic erosion shield with the composite
blade is then a design concern. Herring et al. [10] have suggested that
a design that can account for this stiffness mismatch may reveal the
solution to leading edge erosion in off-shore wind turbines.

Beyond erosion shields, there are other applications and loading
scenarios where this type of failure is of relevance. From structural
applications with joints transferring axial loads, an active area of
research [12], to more complexly loaded components, such as safety
structures in motorsport. A recent high-profile example is the crash of
Formula (1) driver Zhou Guanyu at the start of the 2022 British Grand
Prix, where the solid titanium roll hoop of the car, that was adhesively
bonded to the CFRP monocoque, was torn off the car with the process
of failure appearing to follow the same failure mechanism [13]. If a
concept can be developed which significantly improves the mechanical
performance of metal to composite adhesive joints, it will have a large
significance across a number of industries.

1.3. Background

There has been significant work in the literature to address the fail-
ure of structural adhesive joints, with researchers exploring solutions
ranging from new joint configurations, to adding nanostructure to the
adhesive [5,14–32]. Single and double lap joint tests, where the load is
transferred axially across adherends, are frequently used. This load case
differs from the loading which is the focus of this work, albeit it shares
the same common problem: a stress concentration in the substrate local
to the termination of the adherend.

Shang et al. [12] reviewed methods to improve the strength of
adhesive joints with composite adherends. They found that two types
of solutions were dominant, and that they focused on producing a
better distribution of the concentration of load transfer between the
adherends, thus reducing peak stresses [33,34]. These methods are:
modifying the adherend geometry, and modifying the adhesive fillet
geometry.

Adhesive squeezed out of the joint during manufacture may form a
fillet. The presence of a fillet increases the load transfer area at the joint
edge; this in turn reduces the stress concentration at the edge and has
been shown to give a more uniform shear stress distribution [35–37].
Modifying the adherend geometry is commonly achieved by tapering
2

or rounding of the adherend ends. Tapering the adherend ends gives
a gradual reduction in stiffness and has been shown to be effective at
reducing the stress concentration at the joint edge: Adams et al. [38]
achieved strength increases of 200% utilising an inside taper and an
adhesive fillet.

In their review, Shang et al. [12] compared the effectiveness of
local geometry techniques against other methods in the literature which
aimed to increase joint strength. The work of Adams et al. [38] was
the equal best of the considered works, and was achieved with a lower
manufacturing difficulty than many of the other techniques which
focused on global joint configuration.

Whilst tapering of the adherend and use of an adhesive fillet have
been shown to be of benefit, a stress concentration remains present: the
critical mode of failure is still a fracture of the composite local to the
metal adherend edge [38]. In addition, tapering only aims to increase
joint strength by reducing the stress concentration; it does not address
the unstable nature of damage propagation. A solution to this problem
which provides improved stress distributions, and/or which addresses
the unstable nature of failure of such joints, would be highly relevant
to the various industrial sectors identified in Section 1.2.

1.4. Outline

In this work we develop a novel concept which utilises a profiled
adherend edge to address both the strength and the failure stabil-
ity of metal to composite adhesive joints. First, the novel profiled
adherend concept is proposed. We then present our experimental meth-
ods, including a Finite Element model developed to guide the specimen
design, before outlining the manufacturing and testing processes fol-
lowed for the experimental study. The results of the work are then
presented and discussed, followed by a summary of the key conclusions
we have been able to make.

2. Profiled adherend concept

The techniques for improving joint strength from the literature focus
on varying the geometry of the joint through the thickness to achieve
a gradual stiffness transition and thus a reduced stress concentration
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Fig. 2. The proposed concept profiles the adherend edge aiming to improve strength via better distribution of critical stresses and to improve failure stability by deflecting the
translaminar fracture path.
at the joint edge. In this work, for the first time in the literature, we
vary the profile of the joint edge to achieve these objectives, whilst
additionally aiming to address the unstable nature of failure. The
concept is depicted in Fig. 2.

The concept aims to reduce the stress concentration in the compos-
ite laminate by:

• replacing the discontinuous change in stiffness with a progressive
change; and

• increasing the effective length of the joint edge, thus providing a
larger region for load transfer;

and to increase the stability of failure by:

• isolating regions of peak stress, making it harder for initiated
cracks to propagate; and

• deflecting the path of translaminar fracture, resulting in increased
energy dissipation.

In this work, in addition to a straight-edge baseline (Fig. 3(a)), we
use a profiled edge based on equilateral triangles (Fig. 3(b)). This tri-
angular profile then serves as an additional baseline when we consider
how the parameters of the profile affect performance. We investigate
the effect of individually varying: the type of geometry defining the pat-
tern (Fig. 3(c)), the amplitude of the pattern (Fig. 3(d)), the frequency
of the pattern (Fig. 3(e)), and the number of length-scales contained
within a fractal-based pattern (Fig. 3(f)).

The pointed wave profile, selected to test the effect of the type
of profile geometry, is based on an exponential curve; rather than on
equilateral triangles, as for the other profile designs.

For the fractal-based pattern, designs of increasing order are dis-
played in Fig. 4. An example construction of the fractal-based patterns
is depicted in Fig. 4(d) for the 3rd order pattern, which we ultimately
selected for use as a compromise between the number of length-
scales and manufacturing complexity. The fractal-based patterns are
constructed by taking sequential Koch curves [39] of increasing order,
alternating orientation, and a tripling of size; and then mapping this
along the edges of the triangular baseline profile.
3

3. Specimen design

3.1. Test type and materials

As shown in Fig. 5, a specimen coupon design was chosen which
would be loosely representative of key applications of interest, such as
an idealisation of a chordwise segment of a jet engine fan blade near
the leading edge.

In order to test the merits of the concept, a test was desired which
would isolate the failure mode of interest. A quasi-static 4-Point-Bend
(4PB) test was selected to apply out-of-plane bending, as opposed to
a 3PB configuration, so that the failure location was not prescribed ‘a
priori’.

The specimen design is depicted in Fig. 6. The adherend edge was
positioned at the specimen mid-length. For specimens with profiled ad-
herends, the centre of mass of the profile was consistently positioned at
the mid-length. The baseline triangular profile was manufactured with
a peak-to-peak amplitude of 5.78 mm and a wavelength of 6.67 mm.
These parameters were unchanged for the other profiled designs, with
the exceptions that the increased amplitude design had a peak-to-peak
amplitude of 17.34 mm, and the increased frequency design had a
wavelength of 3.33 mm.

The composite substrate is composed from IM7/8552 pre-preg. The
properties of IM7/8552 are given in Table 1. The metallic adherend is
grade 5 titanium (Ti6Al4V) with the properties shown in Table 2. The
adhesive used is AF 163-2K film adhesive by 3M and has the properties
displayed in Table 3.

The CFRP layup strategy was selected based on a quasi-isotropic
layup, but with the outer 50% of chordwise plies being replaced
by spanwise plies, a similar strategy to that which would be antic-
ipated in the industrial applications of interest. The resulting layup
was [(45/90/-45/90)2(45/0/-45/90)2]s, which led to a 4.19 mm thick
laminate with a cured ply thickness of 0.131 mm [43].

3.2. Numerical model

We developed a Finite Element (FE) model of the baseline straight
edge specimen shown in Fig. 6. The goal of the model was to verify that
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Fig. 3. Repeat units of the various profiles considered alongside renders of each concept.
Fig. 4. (a–c) Fractal based patterns of increasing order. (d) Construction of the 3 length-scale fractal-based pattern from Koch curves.
the specimen design would isolate the failure mechanism of interest, by
confirming that, for the baseline, the critical failure would be within the
composite substrate local to the termination of the metal adherend, and
that potentially competing failure mechanisms, such as compressive
failure of the laminate or adhesive failure, are not close to being
triggered.
4

The 4PB specimen was modelled using FE in Abaqus standard [53].
The mesh used is shown in Fig. 8. The mesh contains a structured
refined region around the joint edge where elements have side lengths
equal to the ply thickness of 0.131 mm; a swept region connects this to
a structured region with a coarser mesh containing elements with 1 mm
side lengths in the plane of the laminate. The six top and bottom plies
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Fig. 5. The test was designed to be loosely representative of a segment of a blade or wing on the leading edge.
Source: Images from [40–42].
Fig. 6. Specimen design and geometry.
Table 1
IM7/8552 pre-preg material properties.

Elastic properties Strength properties

𝐸11 (GPa) 161 [44] Longitudinal Tensile 𝑋T (MPa) 2720 [43]
𝐸22 (GPa) 11.4a Longitudinal Compressive 𝑋C (MPa) 1690 [43]
𝐸33 (GPa) 11.4a Transverse Tensile 𝑌T (MPa) 64 [43]
𝜈12 0.31 [44] Transverse Compressive 𝑌C (MPa) 255 [45]
𝜈13 0.31a Longitudinal Shear 𝑆L (MPa) 101 [45]
𝜈23 0.435 [46,47] Transverse Shear 𝑆T (MPa) 101 [45]
𝐺12 (GPa) 5.17 [46,47] Fracture plane angle for pure compression 𝛼0 (◦) 53 [48]
𝐺13 (GPa) 5.17a Initial misalignment angle 𝜙0 (◦) 2.606b

𝐺23 (GPa) 3.98a Longitudinal shear friction coefficient 𝜂L 0.082 [49]
Transverse shear friction coefficient 𝜂T 0.287c

aAssume transverse isotropy.
bValidated against longitudinal compressive strength in a single element model.
cCalculated [48].
5
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Table 2
Titanium Grade 5 (Ti6Al4V) proper-
ties.

Properties

𝑡 (mm) 0.635
𝐸 (GPa) 111 [50]
𝜈 0.34 [50]

Table 3
AF163-2K film adhesive properties.

Properties Plasticity [51]

True stress (MPa) Plastic strain

𝐸 (MPa) 1103 [52] 30.10 0.00000
𝜈 0.34 [52] 41.20 0.00245
Normal Tensile Strength (MPa) 46.93 [51] 46.80 0.00843
Shear Strength (MPa) 46.86 [51] 49.28 0.01637
𝑡 (mm) 0.2

Fig. 7. Stress–strain curve used to define the plasticity of the adhesive. Material data
from Santos et al. [51].

are modelled with one element each in the thickness direction, whilst
plies far from the surface are grouped in single elements through the
thickness direction. Appendix details the convergence study to verify
the mesh, and a bending analysis to verify the ply grouping strategy.

The metal and the individually-meshed composite plies are mod-
elled using continuum solid shell elements, whilst the grouped plies
are modelled using continuum shell elements with reduced integration.
The adhesive is modelled using linear 3D solid elements with full
integration.

The composite is modelled as a linear elastic material with damage
initiation criterion following the LaRC05 Abaqus subroutine [48,54,
55]. The metal is also modelled as a linear elastic material, whilst the
adhesive is modelled as an elastic–plastic material with plasticity as
defined in Table 3 and Fig. 7.

Boundary conditions have been applied to the model to simulate
the set-up shown in Fig. 6. The model is loaded under displacement
control at the shown loading locations, whilst zero vertical displace-
ment is enforced at the depicted support locations. Additional boundary
conditions are used only to prevent rigid body modes.

3.3. FE model results

Fig. 9 shows the various LaRC05 damage initiation criterion near
the joint edge at the onset of failure. It is seen that matrix cracking
is critical in one of the plies in tension near the joint edge, whilst
the plies under compression have relatively low failure indices. This
indicates that failure should initiate significantly earlier local to the
6

adherend edge in the tensile-side composite plies than it would in the
compressive-side plies.

Fig. 10 shows the relevant stresses in the adhesive near the
adhesive–laminate interface when laminate failure first occurs: these
stresses remain below the yield strengths of the adhesive in Table 3. As
then expected, the FE model additionally shows that no plastic strain
is present in the adhesive. Therefore, the FE model indicates that the
adhesive is still operating in the elastic regime at the onset of tensile
failure in the composite substrate.

The FE model is therefore successful in the goal of verifying that the
specimen design will yield the failure initiation mechanism of interest,
and that competing failure mechanisms of compressive composite fail-
ure or adhesive failure are not close to being triggered in the baseline
specimen, providing scope to observe potentially significant perfor-
mance improvements when the proposed profiled adherend concept is
applied.

4. Manufacturing

The CFRP laminate was manufactured using a hand lay-up process,
with the use of alignment pins to ensure accurate ply orientations,
and cured as per the manufacturer’s recommended cure cycle [43].
Following curing, we verified using a C-scan that the laminates were
free of significant defects.

The profiled edges of the metal adherend were manufactured via
wire electrical discharge machining. The baseline triangular profile was
manufactured with an amplitude of 2.89 mm and a wavelength of
6.67 mm. To achieve sufficient resolution of the pattern, the fractal-
based profile was wire eroded using wire with a diameter of 0.1 mm,
whilst all other patterns were manufactured using wire with a diameter
of 0.25 mm.

We surface-treated the composite substrate and titanium adherend
to improve the adhesive bond quality. The CFRP was dry grit-blasted,
followed by wiping with degreaser and clean paper towels. As trapped
moisture has been shown to reduce the toughness of formed joints [56–
58], the laminates were dried at 100◦C in a fan-oven for 24 h before
bonding.

The surface treatment regarded as the benchmark for titanium
alloys is sodium hydroxide anodising [59]. Whilst it is complex and
hazardous to apply, it gives long-term durability of joints [60,61]. In
this work, we followed the same procedure as used by Feito et al. [59].

When preparing the panels for bonding, we first removed the pro-
tective film from one side of the adhesive before placing it against the
CFRP substrate and holding it under a vacuum to consolidate. We then
removed the protective film from the top surface, before positioning
the metal adherends on top via the use of alignment pins, and then we
consolidated this under a vacuum.

During curing, we placed a layer of silicone over the exposed
adhesive to provide a smooth surface finish. The bond was cured in
an autoclave as per the manufacturer’s instructions [52]. We placed
the adhesive over the entire surface, not just below the adherend, as
can be seen in Fig. 11. This allowed a fillet to form naturally from
the adherend surface by surface adhesion. The resulting fillets were
considered a characteristic of their respective profile.

Six plates like the one shown in Fig. 11 were manufactured, each
produced one specimen of each profile type, giving six specimens in
total for each configuration. An advantage of this is that any variability
in the quality of manufacturing for a single panel would affect just one
specimen for each profile type, rather than all specimens of one type.

Following bonding, the specimens were cut from the plates using
a water-jet cutter; the initial piercing was performed in the CFRP-
only region away from the bonded metal adherend, as piercing in the
bonded region can lead to delamination damage. Each test specimen
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Fig. 8. Detail of mesh refinement around the joint edge. The ply grouping strategy is also visible: the six plies closest to each surface are modelled individually with one element
through the thickness, whilst the remaining internal plies are grouped through the thickness to reduce the computational cost of the model.
Fig. 9. The different laminate LaRC05 damage initiation criterion at failure initiation. The view is an isometric view of a section cut across the width along the edge of the joint.
The matrix cracking failure index reaches a critical value at the specimen edge.
was sanded to 600 grit along the sides to reduce the effect of edge
defects.

5. Experimental testing

The 4PB tests were carried out with an Instron loading machine
with a 50 kN load cell at a displacement rate of 1 mm/min; the setup is
shown in Fig. 12. To ensure all pins made contact at the same time, we
raised the support pin on the specimen side without the metal adherend
using spacers cut from the same metal plate. We used in-situ acoustic
emission monitoring (Express-8 multichannel AE system manufactured
by Physical Acoustics) during the tests to provide additional data on
the failure process. We used broadband (WD) sensors with an operating
frequency range of 100–1000 kHz and the signals were pre-amplified
with a pre-amplification level of 20 dB. Two sensors were used during
each test, one positioned at either end, with Sonagel W1 used as the
coupling agent, and masking tape used to secure them in place. We also
7

recorded video footage during the tests of the specimen edges and, via
an inclined mirror, footage of the surface with the bond edge.

6. Results

Fig. 13 exhibits loading curves for representative specimens of
each design. The peak load is used as a quantitative measure of the
joint strength, but we additionally desired a quantitative Measure of
Failure Stability (MFS) of each specimen. For this, we first define the
mechanical energy dissipated by the specimen 𝑈𝑚 as:

𝑈𝑚 = ∫

𝛿𝑢𝑓

𝛿=0
𝐹 𝑑𝛿 (1)

where 𝐹 is the force, 𝛿 is the displacement, and 𝛿𝑢𝑓 is the displacement
when unstable failure occurs. Then, we defined the MFS as the en-
ergy dissipated prior to unstable failure normalised by the mechanical



Composites Part B 261 (2023) 110791A.D. Whitehouse et al.
Fig. 10. Contour plots for the adhesive at the joint edge near the adhesive–laminate interface.
Fig. 11. Each cured panel produced one specimen for each profile type.
energy:

𝑀𝐹𝑆 =
𝑈𝑚 − 0.5𝐹𝑢𝑓 𝛿𝑢𝑓

𝑈𝑚
(2)

where 𝐹𝑢𝑓 is the force at the onset of unstable failure. This methodology
is shown graphically in Fig. 14. The quantitative results for each
specimen are plotted in Fig. 15.

Fig. 16 shows 𝑝-values, calculated via a two-sample 𝑡-test, which
compare the quantitative results for each set of specimens against the
straight edge and triangular baseline specimen sets. This statistical
analysis shows that the quantitative improvements are statistically
significant (𝑝 < 0.05) for the triangular baseline when compared against
the straight edge baseline; and that each of the triple amplitude, double
frequency, and three length-scale concepts give statistically significant
improvements in comparison to the triangular baseline. The quanti-
tative results of the pointed wave profile compared to the triangular
baseline profile are seen not to be statistically significant. Fig. 17
displays, for each specimen, the AE events recorded throughout the
test; the marker size is scaled logarithmically to represent the energy
of each AE event. A universal energy threshold was applied to remove
relatively low energy events which occurred from the beginning of each
test, leaving AE events associated with damage. Testing images at crit-
ical points for a straight edged specimen and a triple amplitude profile
8

Fig. 12. Experimental 4PB test set up.
Source: Adapted from [62].

specimen are shown in Figs. 18 and 19 respectively. Representative
fracture surfaces from a variety of specimens are shown in Fig. 20.
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Fig. 13. Loading traces of one representative specimen from each profile design.
Fig. 14. A schematic to illustrate how we defined a quantitative Measure of the Failure Stability (MFS). The MFS was defined as the energy dissipated prior to unstable failure
normalised by the mechanical energy. A fully unstable failure would tend towards a value of 0, where as a fully stable fracture would tend towards a value of 1.
7. Discussion

7.1. Failure mechanisms for the straight edge configuration

The baseline specimens with straight edged adherends exhibited
failure initiation in the composite local to the adherend edge as
anticipated by the FE model. Immediately before failure, Fig. 18 shows
delaminations beginning to originate from an initial matrix crack in the
transverse ply. Subsequently, an unstable failure occurs including rapid
delamination growth.

The fracture surface seen in Fig. 20(a) reveals that a translaminar
fracture has propagated through the specimen, local to the adherend
edge. This is the failure mechanism which is of interest, so the sequence
of failure in the baseline specimens validates the test and specimen
design for investigating our concept (which is designed to address this
phenomenon).

7.2. Comparative mechanical performance of profiled adherends

The results shown in Figs. 13, 15 and 16 demonstrate that the pro-
filed specimens exhibit significant increases in mechanical performance
relative to the straight edged specimens. The largest improvements in
the current work demonstrate that a profiled adherend can result in an
9

increase in the peak load of at least 27%, as achieved with the three
length-scale fractal concept. The failure stability of the joint can also
be significantly improved, with the profiled specimens in the current
work exhibiting regions of stable failure prior to unstable fracture.
The improvement in failure stability can be seen quantitatively with
the triple amplitude profile concept giving a mean MFS of 0.130 in
comparison to 0.035 for the straight edged design.

Fig. 17 shows that, in general, profiled specimens recorded initial
AE events at a higher load and displacement than specimens with
a straight edged adherend. This suggests that the concept of a pro-
filed adherend is successful in providing better stress distributions and
lowering peak stresses, such that initiation of damage is delayed.

The proposal for a profiled adherend edge theorised that a more
stable failure would be achieved via deflection of the translaminar
fracture. The fracture surfaces shown in Fig. 20 indicate that the pro-
filed adherends were successful in deflecting the translaminar fracture.
As seen in Fig. 15, this coincided with an increase in the stability
of fracture. However, deflection of the translaminar fracture is not
the only toughening mechanism observed. In the profiled specimens,
particularly for the triple amplitude specimens, which gave the largest
MFS improvement, the fracture surfaces in Fig. 20 show an apparent
failure at the metal–adhesive interface around the tips of the profile.
Fig. 19 shows the sequence of failure for a triple amplitude specimen.
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Fig. 15. Peak load against the Measure of Failure Stability (MFS) for all specimens.
Fig. 16. Statistical significance of the improvement in properties measured.
It can be seen that, before ultimate failure, the profile tips debond
and pull away from the surface. A possible explanation for this is
that the sharper angle of the triple amplitude profile tip increases the
local stress in the adhesive. This triggers some initial adhesive failure
before the translaminar fracture, which improves the failure stability,
however this is potentially at the expense of even larger increases in
joint strength: from the AE results, damage initiation occurs later in
the triple amplitude specimens than in the fractal specimens; but the
duration of AE events before failure is shorter, and a lower peak load
is achieved.

There appears to be scope to produce joints which are significantly
more damage tolerant by exploiting this adhesive failure mechanism. If
10
features can be included at the profile tips, which do not significantly
affect the stress distribution before failure, but which create a much
larger area for debonding, this could allow for significant bridging of
the fracture without sacrifices to the increase in joint strength. Avenues
to achieve this which could be explored in future work include: using
a combination of both profiling and tapering of the adherend edge, or
by including weakly attached features at the profile tips.

A valuable piece of future work would be a detailed numerical
model verified against these experimental results. This could then be
utilised to better understand how changes to the profile change the
failure mechanisms, and consequently such a model could be used to
create optimised profiles for a range of loading scenarios.
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Fig. 17. AE events for each specimen. Markers represent a single AE event with the marker size representing the energy of the event scaled logarithmically.

Fig. 18. A specimen with a straight edged adherend immediately before the sudden load drop. Delaminations can be seen to grow from a matrix crack and debonding of the
adhesive fillet from the adherend edge is visible.

Fig. 19. Side view of a specimen with the triple amplitude profile during testing. The tips of the profile are seen to pull away from the composite before the unstable failure.
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Fig. 20. Representative fracture surfaces on the underside of the metal adherend.
7.3. The effect of varying profile parameters

7.3.1. Alternative style geometry: triangular vs. exponential
The pointed wave profile, based on an exponential curve, was

used to compare the effect of the ‘style’ of geometry chosen for the
profile. When compared directly to the triangular baseline concept,
the performance of the pointed wave profile design can be seen to
be very similar, and statistically there is no significant difference in
either metric as per the 𝑝-values in Fig. 16(b). These results suggest
that, for profiled adhesive joints, changes to the ‘style’ of profile, whilst
keeping other variables such as the amplitude and frequency constant,
are unlikely to have a significant effect on the mechanical performance.

7.3.2. Triangular profiles with varied parameters
Whilst the presence of the triangular baseline profile yielded signif-

icantly improved results relative to the baseline straight edge design,
12
significant further improvements were achieved by varying different
parameters of the profile at the adherend edge. In the current work,
statistically significant improvements in the mechanical performance
were demonstrated, as shown in Figs. 15 and 16, by individually
increasing: the amplitude of the profile; the frequency of the profile;
and the number of fractal length-scales within the profile.

Whilst each of these changes resulted in improvements to both the
peak load and to the MFS, the changes were not linearly proportional
across the three modified triangular concepts. The three length-scale
fractal profile exhibited the best performance measured by peak load;
however, of the three modified profiles, it gave the lowest improvement
in the MFS. In contrast, the triple amplitude profile gave the best
improvement for failure stability, but of the three modified profiles
it gave the lowest improvement in peak load. This suggests that an
optimised profile would include increases to profile amplitude and
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profile complexity, based upon the relative importance of optimising
for each of peak load and failure stability.

In industrial applications where the physical design spaces are much
larger than in the current work, such as at the edge of a leading edge
erosion shield for a jet engine fan blade or for an off-shore wind turbine,
these would allow for much larger increases in profile amplitude, which
in turn would allow for more significant increases in profile complexity
for a given manufacturing process. The results in the current work
demonstrate that significant improvements in mechanical performance
are attainable via the use of a profiled adherend edge, and that further
significant improvements are attainable by increasing these profile
parameters, which supports that this concept has the potential for
significant industrial impact. Future work which applies this concept
with a much larger profile amplitude and complexity on larger scale
tests would be of particular significance to explore the full potential of
this concept.

In industrial applications, a decision for the engineer would be the
compromise between the benefits of increased mechanical performance
of larger and more complex profiles, and the increase in manufac-
turing time and cost. The balance of this compromise would be very
dependent upon the application, as would the manufacturing costs with
small applications likely requiring a high precision process, such as wire
erosion, to achieve complex profiles, where as larger applications could
utilise cheaper manufacturing methods with larger cutting radii, such
as water-jet cutting.

8. Conclusions

In this paper we identified the need for a solution to increase the
strength, and the failure stability, of metal to composite adhesive joints.
We proposed a novel solution to this problem: profiling the termination
of the metal adherend, and investigated its effect, focusing on the
context of a metallic erosion shield on a composite substrate. Our
results demonstrate that by using a suitable profile:

• peak stresses are contained within isolated regions;
• the peak load can increase by at least 27%; and
• the stability of failure is increased.

Our work also shows that this concept can be utilised to obtain
urther improvements by:

• increasing the profile amplitude (in our tests, tripling the ampli-
tude resulted in a peak load increase of 5.5% and an increase of
117% in the failure stability measure);

• increasing the profile frequency (in our tests, doubling the fre-
quency resulted in a peak load increase of 8.4% and an increase
of 49% in the failure stability measure); and

• increasing the number of length-scales (in our tests, incorporat-
ing three fractal length-scales into the profile, rather than one,
resulted in a peak load increase of 12% and an increase of 38%
in the failure stability measure).

In industrial applications where it is feasible to use much larger
rofile amplitudes, which also allows for larger increases in profile fre-
uency and/or the number of fractal length-scales, we would anticipate
hat even larger improvements than demonstrated in the current work
ould be obtainable.
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ppendix. FE mesh

A convergence study was conducted to ensure suitable mesh refine-
ent around the edge of the joint. The load when a laminate failure

riterion was first reached was compared for three meshes as shown
n Fig. 21. The meshes had in-plane side lengths set to half, single,
nd double the cured ply thickness. It can be seen from Fig. 21 that
or a significant increase in computational cost, the change in failure
oad compared to the most refined mesh was small, in fact just 3.6%,
hich we considered to be acceptable convergence for the purpose of

his model.
To help reduce the computational cost, the plies away from the

urface were grouped through the thickness as shown in Fig. 8. The
trategy of grouping plies was validated by modelling a laminate in
ending and comparing the load when the laminate failure criteria
ndicated failure, against a model which had an element through the
hickness for every ply. The failure load varied by just 0.23% between
he two approaches, thus validating this modelling simplification strat-
gy which allowed for models with 40% fewer degrees of freedom,
ignificantly reducing computational cost.

https://doi.org/10.17632/stg935v3pk.1
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