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Abstract 

Concepts are explored for increasing the Mode I toughness of an epoxy-based adhesive 

joint in a double-cantilever beam.  First, a line of cylindrical holes (termed “stop holes”) are 

introduced at regular intervals along the bondline to arrest crack growth periodically.  The 

diameter and spacing of the stop holes are varied, and it is found that the presence of stop holes 

increases the macroscopic fracture toughness of an adhesive joint by up to 50%.  Second, a 

woven copper wire mesh is embedded within the adhesive bondline.  Large-scale crack 

bridging of the mesh across the adhesive layer is promoted by adding polytetrafluoroethylene 

strips on alternating faces of the adherends, at regular intervals along the bondline.  A cohesive 

zone model, as calibrated by the measured traction versus separation response of a tensile butt 

joint, adequately simulates the failure response of the mesh-reinforced specimens.  These 

results suggest that bondline flaws, voids, de-bonded regions and foreign material can induce 

higher macroscopic toughness for a macroscopic crack in an adhesive joint.   
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 Introduction 

Structural adhesives commonly fail by catastrophic crack propagation, with little 

indication of damage prior to failure.  Designers in the aerospace, automotive and shipbuilding 

industries would like to use adhesives more broadly to join modern lightweight materials (many 

of which are difficult to join by traditional welding techniques), but it remains a challenge to 

guarantee the reliability of brittle adhesive joints over their service lifetime.  Such joints are 

defect-sensitive due to their low toughness and the display a wide dispersion in strength due 

the scatter in flaw size.  There is a need to develop damage tolerant designs that possess a 

higher toughness and are less prone to scatter in strength. 

There is ambiguity in the definition of a ‘hybrid joint’.  It can refer to the adhesive joining 

of dissimilar substrates such a composite panel to a steel frame.  Alternatively, a hybrid joint 

can refer to the use of additional features in the joint to that of a homogeneous adhesive layer.  

We shall adopt the latter definition in the present study.  Thus, hybrid joining entails two or 

more methods to produce a joint, ideally with a synergistic increase in strength and/or 

toughness (da Silva et al., 2011).  The combination of adhesive bonding with another joining 

method complicates the manufacturing process and can lead to new and poorly-understood 

failure mechanisms (Paul et al., 2015).  Hybrid joints in the form of adhesive joints reinforced 

with fasteners are currently used in aerospace manufacture.  Such fasteners can increase 

reliability (Sadowski et al., 2011) but they can also act as stress concentrators in the adhesive 

bondline and lead to catastrophic joint failure (Fricke and Vallée, 2015; Kelly, 2006).  We now 

briefly review 3 ways of making a composite adhesive layer in order to order to increase its 

strength or toughness. 

Hybrid bonded-pinned (HBP) joints (or joints containing “Z-pins,” which are short, 

cylindrical metallic pegs that extend across the adhesive joint and join the two substrates in the 

z-direction) have garnered recent attention.  Z-pins can substantially improve the damage 

tolerance of a joint (Löbel et al., 2013; Parkes et al., 2014; Sadowski et al., 2011; Cartie and 

Fleck, 2003; Cartie et al. 2004).  The primary obstacles to wider adoption of this technology 

are the cost and manufacturability of the pins. 

An alternative toughening strategy is to blunt the tip of a crack.  For example, a ‘stop hole’ 

in the form of a circular cylindrical hole ahead of a growing crack can blunt the stress 

singularity at the tip of a sharp crack.  Consequently, stop holes can increase the fatigue strength 

of aluminium alloy parts (Makabe et al., 2009; Murdani et al., 2008).  To the authors’ 

knowledge, little work has been done to explore the potential of stop holes in the toughening 
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of adhesive joints.  An objective of the present work is to explore whether stop holes can 

increase the macroscopic toughness of an adhesive joint.  

Commonly, aerospace adhesives contain a carrier cloth for easier handling and to dictate 

the thickness of the adhesive layer.  However, the available literature on the effect of the carrier 

cloth upon the mechanical properties of an adhesive joint is limited.  Khoramishad and Razavi 

(2014) introduced fibres of diameter on the millimetre-scale into the bondline of a single-lap 

shear joint and observed an increase in the shear strength of the fibre-reinforced joints.  Kinloch 

and Taylor (2002) explored the toughening effects of particles, fibres and woven-mats;  they 

found that the fracture energy associated with failure of an adhesive joint, reinforced with a 

glass-fibre woven mat, may be up to six times that of the unreinforced adhesive.  They also 

suggested that the toughness of a joint reinforced with a woven mat is a function of the degree 

of adhesion between the woven mat and the adhesive material:  if the adhesive and the mat are 

perfectly-bonded, no bridging will be observed and there is no elevation in toughness over that 

of the unreinforced joint.  The toughness is maximised when the mat is partially-bonded to the 

surrounding adhesive. 

Cohesive zone modelling (CZM) has emerged in recent years as an effective method of 

predicting the fracture behaviour of ductile materials including adhesive joints (Gustafson and 

Waas, 2009; Stigh et al., 2010; McAuliffe et al., 2016; Tvergaard and Hutchinson, 1992; 

Tvergaard and Hutchinson, 1996).  In this approach, the displacement jump across the adhesive 

layer is typically modelled as a “cohesive layer” with a thickness of one element and a defined 

traction versus separation response, known as the “cohesive law”.  The shape of a cohesive law 

is often assumed as triangular or trapezoidal, and the properties, including the peak traction, 

energy dissipation and critical separation, are calibrated using a fracture specimen (Yang et al., 

2001).  Ivankovic and colleagues (2004), and more recently Maloney and Fleck (2018) have 

measured the cohesive law measured directly from a tensile specimen.  We shall adopt this 

approach in the present study in order to predict the fracture response of hybrid-joint double-

cantilever beams. 

 

 Scope  

Two hybrid-joint strategies are explored for increasing the toughness of a double-

cantilever beam specimen composed of aluminium alloy substrates and a two-part epoxy 

adhesive.  First, stop holes are introduced at regular intervals along the bondline to arrest crack 
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growth.  The diameter and spacing of the stop holes are varied systematically.  Second, a woven 

copper wire mesh is embedded in the adhesive bondline, and polytetrafluoroethylene (PTFE) 

strips are placed periodically along the bondline in order to generate large-scale bridging.  

Copper is chosen due to its high tensile ductility, and its high electrical conductivity (for multi-

functional application such as sensing of damage or for resistance heating to de-ice).  The 

cohesive zone law is measured directly from tensile butt joints with interface topologies 

identical to those of the mesh-reinforced double-cantilever beam specimens.   

 

 Materials and Methods 

 Specimen manufacture 

The adhesive joints comprised a two-part epoxy adhesive layer Araldite 20151 sandwiched 

between aluminium alloy 6082-T651 substrates.  Araldite 2015 is a thixotropic, 2-part epoxy 

paste, with a room temperature cure and lap shear strength of 20 MPa.  (Its tensile properties 

of the epoxy have been measured and are reported below, and the stress versus strain response 

is shown in Fig. 2). The double-cantilever beam (DCB) joint, as shown in Figure 1(a), 

comprises beams of height H = 21 mm, length L = 229 mm, depth (into page) B = 12.8 mm 

and a starter crack of length ao = 30 mm.  The aluminium alloy substrates deform in a linear 

elastic manner, with a Young’s modulus E = 70 GPa and Poisson ratio ν = 0.33.   

Stop hole specimens:  Stop holes, of diameter D in the range 1.0 mm to 4.0 mm are 

placed periodically along the adhesive layer at a wavelength λ in the range 4 mm to 48 mm, 

see Figure 1(b).  The stop hole nearest to the initial crack tip is placed at λo = 8.0 mm.  The 

adhesive layer thickness t is in the range 1.0 mm to 4.0 mm.  The bonding surfaces of the DCB 

specimens with stop holes were roughened by manual polishing using 60 grit emery paper, and 

then cleaned and degreased by acetone.  The adhesive was applied using a manual applicator 

gun and a static mixer, in accordance with manufacturer’s recommendations.  The epoxy 

adhesive was oven-cured at a temperature of 60°C for 16 hours, and during this cure cycle the 

specimen was held in place by G-clamps.  After cooling, stop holes were created by drilling 

the adhesive layer at regular intervals using a drill press, and a starter crack was created by a 

fresh razor blade.  To better visualize crack growth, a thin layer of white paint was applied to 

the side faces ahead of the crack tip.  

                                                 
1 Araldite 2015, produced by Huntsman Advanced Materials (Switzerland) GmbH, Klybeckstrasse 200, 4057 

Basel, Switzerland. 
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Wire mesh specimens:  The DCB specimens were prepared as follows.  The aluminium 

adherends were roughened with 60 grit emery paper, and then cleaned and degreased with 

acetone.  Mesh reinforcement and PTFE strips are introduced into the DCB specimens as 

shown in Figure 1(c).  The wire mesh begins at the initial crack tip, and comprises a plain 

weave of copper wires, of diameter 0.35 mm, such that the mesh is of thickness 0.7 mm and 

wavelength s =3mm, see Figure 1(c).  The overall thickness of the adhesive layer is t = 1.3 ± 

0.1 mm.   

An adhesive backing was applied to a thin layer of polytetrafluoroethylene (PTFE) tape 

(of thickness 70 m) and strips of PTFE (and backing) were cut to the appropriate size 

(indicated as l in Figure 1(c)) with a razor blade.  The PTFE strips were located on alternating 

interfaces at a fixed spacing along the length of the adhesive layer.  The copper mesh was 

cleaned and degreased with acetone and placed between the substrates.  The adhesive was then 

applied by a manual applicator gun and a static mixer, according to the manufacturer’s 

recommendations.  The substrates were squeezed together such that the thickness of the mesh 

and PTFE strips defined the thickness of the adhesive layer.  The joint was cured at 60°C for 

16 hours and left to cool for at least 24 hours before testing.  A starter crack of length 0a   30 

mm was generated using a sharp razor blade.   

The uniaxial tensile responses of the epoxy adhesive is compared to that of the wire mesh 

in Figure 2.  The nominal stress σn and normal strain εn for the epoxy dogbone specimens were 

calculated in the usual manner, while the nominal stress acting on the wire mesh was calculated 

by dividing the tensile load by the width and thickness of the sheet (12.4 mm and 0.7 mm, 

respectively), and the normal strain was calculated by dividing the tensile displacement by the 

gauge length (40 mm).  Both the epoxy and the wire mesh behave in an elastic-plastic manner 

with significant strain hardening prior to failure:  the epoxy cracks at a strain of 5% whereas 

the wire mesh necks at a strain of 14%.  However, the epoxy is somewhat stronger than the 

wire mesh, with an ultimate tensile strength (UTS) of 28 MPa compared to 18 MPa for the wire 

mesh.   

 

 Test method 

The tensile tests and DCB tests were conducted using a screw-driven test machine.  The 

tensile load on each specimen was measured by the load cell of the test machine, while the 
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displacement was measured by both a displacement transducer and a laser extensometer2.  Both 

displacement transducers gave the same response (after due account for the compliance of the 

test machine).  Tests on double-cantilever beam (DCB) specimens were conducted using a 

machine displacement rate of 0.003 mm/s, and photographs3 of the side face of the specimen 

were collected at 0.5 frames per second to monitor crack growth.  The crack length was defined 

as the distance from the load-line to the point of furthest observable damage within the adhesive 

layer.   

 

 Results and Discussion 

 An array of stop holes within the adhesive layer 

The load versus displacement response of a double-cantilever beam specimen containing 

stop holes of diameter equal to the thickness of adhesive layer (D = t = 4.0 mm) is compared 

in Figure 3(a) to the response of a specimen absent stop holes.  The specimen containing stop 

holes exhibits a higher peak load with a subsequent series of local maxima:  each maximum 

corresponds to crack arrest and re-nucleation at each successive stop hole.  Results for a repeat 

specimen exhibit good repeatability.   

The applied stress intensity factor K is calculated via the usual K-calibration for the 

double-cantilever beam geometry by neglecting the presence of the adhesive layer, but 

including a contribution from root rotation of the beam, see Li et al. (2004) and Thouless 

(2018).  The Mode I stress intensity factor K is thereby calculated as  

 𝐾 =
2√3

𝐻3/2

𝑃

𝐵
(𝑎 + 0.673𝐻) (1) 

where P is load, H is the height and B is the depth of each aluminium alloy substrate, as defined 

above.  Crack growth resistance curves or “R-curves” are presented in Figure 3(b).  The two 

R-curves for specimens with stop holes reflect the load drops associated with unstable, dynamic 

crack growth between adjacent stop holes.  These dynamic fracture events are indicated by 

thinner lines.   

It is found that stop holes give macroscopic toughening of the adhesive layer by 

blunting the sharp tip of a growing crack, thereby elevating the load versus displacement 

                                                 
2 Electronic Instrument Research Laser Extensometer, Model LE-05. 
3 PixeLINK PL-B776U Aptina MT9T001 Machine Vision Camera. 



7 

response, recall Figure 3(a).  The mechanism of crack blunting is depicted in Figure 4.  In the 

initial stage, labelled (a), a sharp crack initiates from the initial crack tip, and advances with a 

small crack tip plastic zone, see Figure 4(b).  If the thickness of the adhesive layer is 

comparable to that of the plastic zone, the substrates constrain the plastic zone and elevate the 

level of hydrostatic tension; see Pardoen et al. (2005) or Varias et al. (1991) for further details.  

The size of the plastic zone under plane strain conditions and with no external constraint from 

substrates is estimated as  

 𝑟𝑝 =
1

3𝜋
(

𝐾

𝜎𝑌
)

2

 (2) 

and, for the epoxy adhesive investigated in this study, an assumed fracture toughness of 

10 MPa m  and a yield strength of 𝜎𝑌=28 MPa implies a plastic zone size of approximately 

0.4 mm.  This plastic zone is somewhat less than the adhesive layer thickness of 1-4mm, 

implying only mild constraint by the substrates on the crack tip plastic zone.  As the crack 

enters a stop hole, the sharp crack tip is blunted, see Figure 4(c).  The crack re-nucleates from 

the stop hole, but this requires a higher load than that required to propagate the crack into the 

hole, see Figure 4(d).  After the crack has re-nucleated, it jumps forward dynamically into the 

next stop hole, see Figure 4(e).   

The sensitivity of the DCB load-displacement response to the wavelength λ of stop 

holes is shown in Figure 5 for specimens with stop holes of diameter equal to the adhesive 

layer thickness, i.e. D/t = 1, and two values of adhesive layer thickness, t = 4.0 mm and t = 1.0 

mm.  The corresponding crack growth resistance curves (R-curves) are presented in Figures 

5(c) and (d).  The sawtooth pattern observed in the load versus displacement curves is reflected 

in the R-curves of Figure 5(c):  the crack is continually blunted and re-nucleated in the manner 

as described in Figure 4.  The peak values of oscillating load, and peak values of the R curves 

for t = D = 4mm are about 25% above those for t = D = 1mm, but there is only a minor 

sensitivity to wavelength.  Also, the specimens with stop holes have peak values of oscillating 

R-curve that lay about 25% above the smooth R-curve absent the stop holes.   

It might be expected that a larger hole within an adhesive layer of fixed height t will give 

increased crack blunting, and thereby greater macroscopic toughness, than a smaller hole.  To 

test this hypothesis, additional tests were performed by varying D but layer thickness held 

constant at t = 4.0 mm.  The load versus displacement responses of these DCB specimens are 

presented in Figure 6(a), and the associated R-curves are given in Figure 6(b); for comparison 
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purposes, the results for an adhesive layer, absent stop holes, are included.  It is clear from 

Figure 6(b) that the presence of stop holes elevates the R-curve, but the elevation is independent 

of the diameter of stop holes.  A sketch of the observed crack path is included in Figure 6(b) 

for the case D/t = ¼.  It shows that the stop holes are functioning as intended:  the crack tip is 

attracted by each successive hole, and crack re-nucleation from the hole leads to a higher 

macroscopic toughness than a crack path that avoids the holes.  Overall, our results reveal that 

stop holes increase the macroscopic Mode I toughness of adhesive joints.  The elevation in R-

curve shows only a minor sensitivity to the layer thickness and to the diameter of stop hole. 

 

 Adhesive joints with metallic mesh reinforcement 

First, results are given for the macroscopic toughening due to the presence of the copper 

wire mesh within an adhesive layer but absent the PTFE strips that alternate between the 

interfaces of adhesive and adherends.  And second, the elevation in macroscopic toughening 

due to the presence of wire mesh and PTFE strips is quantified. 

The elevation in toughness due to the presence of the wire mesh but absent PTFE strips is 

shown in Figure 7 for an adhesive layer of thickness t = 1.3 mm:  two nominally identical 

specimens contain a woven wire mesh embedded in the adhesive layer, and a third specimen 

contains an adhesive layer but is absent the mesh.  Load versus displacement responses, and 

the associated R-curves, of the double-cantilever beam specimens, are given in Figures 7(a) 

and 7(b), respectively.  The two specimens containing a wire mesh exhibited interfacial 

fracture, followed by the crack tip crossing the wire mesh to the opposing interface, thereby 

leaving a bridging ligament of wire mesh in its wake.  Consequently, the wire mesh gave 

random crack-bridging:  the bridging ligaments elevate the toughness, but are accompanied by 

a high degree of scatter, see Figure 7(b). 

These experiments suggest that a specimen which contains an array of the wire-mesh 

ligaments bridging the macro-crack might exhibit a much higher toughness than an 

unreinforced specimen.  The interface topology presented in Figure 1(c) was developed to 

encourage a growing crack to zig-zag across the embedded mesh, thereby generating multiple 

bridging ligaments between the crack flanks.  Load versus displacement responses of 

specimens with the interface topology presented in Figure 1(c) and with ratios of wavelength 

to de-bond length λ/l = 8 and λ/l = 4 are presented in Figures 8(a) and (b), respectively.  The 

associated R-curves of K versus crack extension a  are shown in Figures 8(c) and (d).  Each 
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of the mesh-reinforced specimens display a steeper crack growth resistance curve than the 

unreinforced specimens.  The mesh-reinforced specimen of (λ/l = 4, l = 2 mm) has the steepest 

R-curve, such that the fracture toughness is 160% above that of the unreinforced specimen at 

a crack extension of Δa = 120 mm.   

Side views of the fracture path and plan views of the fracture surface are shown in Figure 

9 for two specimens of de-bond length l = 2 mm.  In both specimens, the crack path alternates 

between interfaces, thereby generating bridging ligaments in its wake at intervals along the 

bondline equal to the wavelength of the de-bonded regions.  The load versus displacement 

responses of mesh-reinforced specimens are characterised by a load drop at a remote 

displacement of approximately u = 5 mm corresponding to fracture of the adhesive layer.  

Subsequently, only bridging ligaments remain and all load is borne by the copper mesh.  

Ultimate failure (i.e. separation of the two substrates) occurs at a large displacement of 

approximately u = 30 mm.   

Additional insight into the nature of the crack traction versus displacement law was 

obtained by performing tensile tests on butt joints with the mesh-reinforced interface topology 

of Figure 1(c), but absent a macroscopic crack.  The traction versus displacement responses of 

three nominally identical specimens of wavelength to de-bond length ratio λ/l = 8 and de-bond 

length l = 2 mm are presented in Figure 10(a) for small opening displacements and in Figure 

10(b) for larger displacements.  A good repeatability in response is noted.  For comparison 

purposes, the traction versus displacement response is included for a butt joint comprising an 

adhesive layer but absent the wire mesh reinforcement.  Images of the side face of the 

specimens are given in Figure 10(c) at 4 stages of deformation (i) to (iv), as labelled on the 

plots of Figures 10 (a) and (b).   

The normal traction of the mesh-reinforced specimens display a peak value of 

approximately 18 MPa, at which point the epoxy layer has cracked but mesh bridging ligaments 

remain.  Subsequently, progressive softening occurs by the stretching, peeling and then necking 

of the mesh ligaments, as indicated in Figure 10(c).  Final failure occurs at a large opening 

displacement of 6mm, and the absorbed energy by plastic deformation of the wire mesh is on 

the order of 1.5 kJm-2, which is comparable to that of a toughened epoxy.  In contrast, the butt 

joint containing only an epoxy layer is stronger (peak strength of 28MPa) than the mesh-

reinforced layer, but has zero residual strength beyond peak load. 
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The sensitivity of the traction versus displacement response to the geometry of the mesh 

reinforcement is explored by performing additional tests on butt joint specimens such that λ/l 

= 4 and 8, and l = 2mm and 10mm. The results are given in Figure 11(a) for small opening 

displacements and in Figure 11(b) for large opening displacements.  The area fraction of PTFE 

that coats the interfaces is highest for the case of λ/l = 4, and consequently these specimens 

possess the lowest peak strength.  However, there is only a minor dependence of softening 

response upon the reinforcement architecture, see Figure 11(b).  The measured traction versus 

displacement response of the butt joint specimens is used in the following section in order to 

develop a cohesive zone model for failure of the double cantilever beam specimens containing 

wire mesh reinforcement. 

In summary, it is anticipated from the observed tensile response of a butt joint that mesh-

reinforcement significantly enhance the toughness of the adhesive joints due to crack bridging 

by the wire mesh.  Periodic bridging ligaments are generated in a deterministic fashion by 

introducing strips of non-stick PTFE tape along the bondline.   

 

 The Cohesive Zone Model 

 Numerical Methods 

The large-scale bridging response of the mesh-reinforced DCB specimens has been 

modelled by finite element simulations using the implicit solver of ABAQUS (version 6.14-5) 

in a similar manner to that described in a previous work (Maloney and Fleck, 2018).  A two-

dimensional model was constructed, consisting of two substrates joined by a thin cohesive layer 

(tcz = 0.1 mm).  Aluminium alloy substrates were modelled as linear elastic and isotropic, with 

a Young’s modulus E = 70 GPa and Poisson’s ratio ν = 0.33.  The yield strength of the 

aluminium alloy is sufficiently high in relation to that of the epoxy that the substrates can be 

treated to behave in an elastic manner.  The substrates were meshed with 4-node plane-strain 

reduced-integration quadrilateral elements (CPE4R), while the adhesive layer, idealised as a 

cohesive layer with a thickness of one element, was meshed with 4-node cohesive elements 

(COH2D4).  Details on how the cohesive parameters were defined are given below. 

 

Three parameters were used to define the normal traction versus separation response of the 

cohesive elements: a normal stiffness s, a critical traction T0 indicating the onset of damage, 
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and a damage variable D(δ) which describes the evolution of damage as a function of the 

normal opening displacement δ.  A representative cohesive law is given in Figure 12.  Recall 

that the measured traction versus opening displacement shows a dynamic jump associated with 

failure of the epoxy layer, see Figure 11.  To explore the significance of this jump in behaviour 

upon the DCB response, two approximations are made for the traction versus opening 

displacement bahaviour: 

(i)  An ‘upper-estimate’ whereby a linear interpolation in traction versus opening 

displacement is assumed immediately post peak traction, down to the point on the curve for 

which the woven mesh can continue to carry traction.  This ‘transient’ portion of the curve 

accounts for the dynamic dissipation of energy associated with epoxy fracture and with the 

radiation of elastic waves from the bondline into the adjacent adherends.  This will give an 

over-estimate of the energy absorbed during epoxy fracture. 

(ii)  A ‘lower-estimate’ whereby the traction drops discontinuously after peak traction is 

attained.  This is response neglects the radiation of elastic waves from the bondline associated 

with adhesive fracture.   

For both the traction versus displacement laws, a traction-based damage criterion is used, 

as follows.  Damage is initiated when a critical traction T0 is reached. The normal traction 

exerted by each cohesive element is  

 𝑇 = {

                𝑠𝛿                  𝛿 ≤ 𝑇0/ 𝑠

  [1 − 𝐷(𝛿)]𝑠𝛿          𝛿 > 𝑇0/𝑠
  (3) 

where the initial stiffness s and critical traction T0 are measured values for the tensile butt joint 

of identical interface geometry, see Table 1.  The damage variable D is directly related to the 

secant modulus:  D evolves from zero to a final value of unity, indicating failure of a cohesive 

element, as the normal displacement δ increases such that the numerically-constructed curve 

matches the experimental response.  The damage variable D is defined as follows:   

(i) damage does not initiate (D = 0) under compressive traction (T ˂ 0);  

(ii) damage does not initiate (D = 0) for a tensile traction less than or equal to the critical 

traction (T ≤ T0); and  

(iii) for tensile traction T ˃ T0, D(δ) evolves in accordance with Eqn. (3) to replicate the 

traction versus separation response of a tensile butt joint specimen.  In practice,  D(δ) 
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was tabulated in the finite element simulations, and the finite element solver made use of 

linear interpolation to determine the value of the damage variable D as a function of δ.  

 

 Predictions 

The load versus displacement responses of the finite element model for the DCB 

specimens are compared to the measured responses in Figure 13, for λ/l = 4 and 8, and l = 2mm 

and 10mm.  In general, the observed DCB responses lay slightly above the predictions of the 

finite element simulations with the lower-estimate cohesive zone law.  We further note that the 

finite element model assumes a smeared-out traction versus displacement response, and 

thereby fails to predict the small and discrete load drops.  However, the lower-bound cohesive 

zone model does capture the major load drop associated with cracking of the epoxy layer.  The 

finite element model is most accurate for the choice λ/l = 4, l = 2 mm, consistent with the fact 

that the dimensions of the mesh-reinforced layer in this specimen are smallest, and are thereby 

adequately modelled by a smooth cohesive zone response.   

 

 Concluding Remarks 

The introduction of either stop holes or a metallic mesh within an adhesive joint can 

significantly increase its macroscopic mode I toughness.  Attempts have been made in this 

paper to determine the degree of toughening as a function of joint topology.  For example, stop 

holes in an adhesive layer that is much thicker than the plastic zone size (t/rp = 10) give greater 

toughening than stop holes in an adhesive layer of thickness comparable to the plastic zone 

(t/rp = 2.5).  The toughening due to a woven metal mesh within the adhesive layer is largely by 

crack-bridging; the degree of bridging can be controlled by the judicious placement of 

alternating layers of PTFE tape across the bondline.  A cohesive zone model, calibrated by butt 

joint specimens, captures the general behaviour of mesh-reinforced specimens.  Our study 

suggests that hybrid joints can be made with a controllable macroscopic toughness, with the 

dominant mechanism of toughening as a result of crack bridging.  The judicious placement of 

an array of alternating delamination zones promoted the crack bridging mechanism by the wire 

mesh.  Additionally, the use of wire meshes gives multifunctionality, for example the detection 

of flaws by an increase in electrical resistance upon fracture of the mesh, or the possibility of 

electrical resistance heating within the joint for a de-icing application.   
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 Table Captions 

Table 1:  Cohesive zone parameters as extracted from butt joint tests.  

 

 Figure Captions 

Figure 1: Geometry of (a) an adhesive joint in a double-cantilever beam configuration, (b) an 

adhesive layer with stop holes and (c) an adhesive layer containing a woven wire mesh and 

PTFE strips (thick black lines).  Substrates are indicated by “S”, “A” indicates adhesive and 

“M” indicates the layer consisting of adhesive, mesh reinforcement and PTFE strips.  
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Figure 2: Uniaxial tension response (nominal stress versus nominal strain) of epoxy adhesive 

and woven copper mesh measured from dogbone specimens with dimensions and geometry as 

shown. 

Figure 3: (a) Two load versus tensile displacement responses of DCB specimens with stop hole 

patterns of constant wavelength λ = 32 mm, compared to the response of a DCB specimen with 

no stop holes.  (b) Crack growth resistance curves corresponding to the above responses. Thin 

lines indicate instances of dynamic crack growth.   

Figure 4: Diagram of the mechanism of crack blunting by a stop hole in an interface with stop 

hole diameter D equal to the thickness t of the adhesive layer, D = t.   

Figure 5: Load versus tensile displacement responses of DCB specimens with stop hole patterns 

of constant wavelengths λ = 16, 32 and 48 mm for (a) t = D = 4.0 mm and (b) t = D = 1.0 mm.  

Crack growth resistance curves corresponding to the above curves for (c) t = D = 4.0 mm and 

(d) t = D = 1.0 mm.  

Figure 6: (a) Tensile load versus displacement responses and (b) crack growth resistance curves 

of DCB specimens with stop holes of diameters D = 1.0 and 4.0 mm. Adhesive layer thickness 

and wavelength are fixed at t = 4.0 mm and λ = 32 mm, respectively.  

Figure 7: (a) Load versus displacement responses of two repeat double-cantilever beam 

specimens with embedded mesh are compared to the response of a specimen with no mesh.  (b) 

The evolution of the stress intensity factor K∞ with crack growth Δa is shown for each 

specimen.   

Figure 8: Load versus displacement responses of copper mesh-reinforced DCB specimens for 

(a) λ/l = 8 and (a) λ/l = 4. The response of a specimen with no mesh and no PTFE strips is also 

shown. Crack growth resistance curves are also shown for (c) λ/l = 8 and (d) λ/l = 4.  The 

thickness t of the adhesive layer for all specimens is equal to t = 1.3 ± 0.1 mm.  

Figure 9: Photos of wire mesh-reinforced DCB specimens (a, b) during the test, showing the 

formation of bridging ligaments and (c, d) after specimen failure, demonstrating extensive 

damage to the wire mesh in each case.   

Figure 10:  (a, b) Traction versus displacement responses of three repeat butt joint specimens 

of wavelength λ = 16 mm and de-bond length l = 2 mm.  (c) Images of the bondline are 

presented at the instances shown in (a) and (b).   
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Figure 11: (a) Traction versus separation responses of butt joints characterised by λ/l = 4 and 8 

and l = 2 and 10 mm.  (b) The same curves as in (a), re-plotted such that the latter portions of 

the curve can be seen.   

Figure 12: The traction versus separation response of cohesive elements is defined by a normal 

stiffness s, a critical traction T0 and a damage variable D which evolves with normal 

displacement δ.  Upper and lower estimates are shown.   

Figure 13: The experimental response of a mesh-reinforced DCB specimen is compared to the 

response of the cohesive zone model for two values of normalised wavelength (a, c) λ/l = 8 and 

(b, d) λ/l = 4 for values of l = 2 and 10 mm.  Three repeat experimental curves are presented in 

(a) to demonstrate the degree of scatter in experimental results.   

 

 Tables 

Table 1:  Cohesive zone parameters as extracted from butt joint tests.  

 λ/l = 4 λ/l = 8 

 l = 2 mm l = 10 mm l = 2 mm l = 10 mm 

s  (GPa/m) 756 629 1670 823 

T0  (MPa) 7.56 6.29 16.7 8.23 

Γo (kJ/m2) 2.53, 3.48 1.65, 2.21 1.94, 3.86 1.39, 2.04 

 

 Figures 
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Figure 1: Geometry of (a) an adhesive joint in a double-cantilever beam configuration, (b) an adhesive layer 

with stop holes and (c) an adhesive layer containing a woven wire mesh and PTFE strips (thick black lines).  

Substrates are indicated by “S”, “A” indicates adhesive and “M” indicates the layer consisting of adhesive, 

mesh reinforcement and PTFE strips.  

 

 

Figure 2: Uniaxial tension response (nominal stress versus nominal strain) of epoxy adhesive and woven 

copper mesh measured from dogbone specimens with dimensions and geometry as shown. 
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Figure 3: (a) Two load versus tensile displacement responses of DCB specimens with stop hole patterns of 

constant wavelength λ = 32 mm, compared to the response of a DCB specimen with no stop holes.  (b) Crack 

growth resistance curves corresponding to the above responses. Thin lines indicate instances of dynamic 

crack growth.   
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Figure 4: Diagram of the mechanism of crack blunting by a stop hole in an interface with stop hole diameter 

D equal to the thickness t of the adhesive layer, D = t.   
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Figure 5: Load versus tensile displacement responses of DCB specimens with stop hole patterns of constant 

wavelengths λ = 16, 32 and 48 mm for (a) t = D = 4.0 mm and (b) t = D = 1.0 mm.  Crack growth resistance 

curves corresponding to the above curves for (c) t = D = 4.0 mm and (d) t = D = 1.0 mm.  
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Figure 6: (a) Tensile load versus displacement responses and (b) crack growth resistance curves of DCB 

specimens with stop holes of diameters D = 1.0 and 4.0 mm. Adhesive layer thickness and wavelength are 

fixed at t = 4.0 mm and λ = 32 mm, respectively.  

 

 



23 

 

Figure 7: (a) Load versus displacement responses of two repeat double-cantilever beam specimens with 

embedded mesh are compared to the response of a specimen with no mesh.  (b) The evolution of the stress 

intensity factor K∞ with crack growth Δa is shown for each specimen.   
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Figure 8: Load versus displacement responses of copper mesh-reinforced DCB specimens for (a) λ/l = 8 and 

(a) λ/l = 4. The response of a specimen with no mesh and no PTFE strips is also shown. Crack growth 

resistance curves are also shown for (c) λ/l = 8 and (d) λ/l = 4.  The thickness t of the adhesive layer for all 

specimens is equal to t = 1.3 ± 0.1 mm.  
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Figure 9: Photos of wire mesh-reinforced DCB specimens (a, b) during the test, showing the formation of 

bridging ligaments and (c, d) after specimen failure, demonstrating extensive damage to the wire mesh in 

each case.   
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Figure 10:  (a, b) Traction versus displacement responses of three repeat butt joint specimens of wavelength 

λ = 16 mm and de-bond length l = 2 mm.  (c) Images of the bondline are presented at the instances shown 

in (a) and (b).   
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Figure 11: (a) Traction versus separation responses of butt joints characterised by λ/l = 4 and 8 and l = 2 

and 10 mm.  (b) The same curves as in (a), re-plotted such that the latter portions of the curve can be seen.   
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Figure 12: The traction versus separation response of cohesive elements is defined by a normal stiffness s, 

a critical traction T0 and a damage variable D which evolves with normal displacement δ.  Upper and lower 

estimates are shown.   
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Figure 13: The experimental response of a mesh-reinforced DCB specimen is compared to the response of 

the cohesive zone model for two values of normalised wavelength (a, c) λ/l = 8 and (b, d) λ/l = 4 for values 

of l = 2 and 10 mm.  Three repeat experimental curves are presented in (a) to demonstrate the degree of 

scatter in experimental results.   

 


