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Introduction 
 

Our previous work [1] on a nano rubber modified epoxy 
adhesive suggested that the observed bond thickness effect 
was due to the level of constraint (σhyd/σeq), a measure of 
the stress triaxiality, in the adhesive layer. In that study 
tapered double cantilever beam (TDCB) specimens were 
tested under quasi-static conditions for a range of bond gap 
thicknesses. The void diameters on the resulting fracture 
surfaces were measured from which the fracture strain was 
estimated in each case. The ratio of fracture strains corre-
sponding to different constraint levels was found to agree 
with the predictions of the Rice and Tracey model. 
 The current work attempts to further investigate the 
effects of constraint on adhesive joint fracture. Three ex-
perimental test methods are employed (i) the standardised 
LEFM tapered double cantilever beam (TDCB) test, in 
which the substrates experiences small elastic deforma-
tions, (ii) the fixed arm peel test where the substrate peel 
arm undergoes extensive plastic deformation and (iii) a 
recently developed circumferentially deep notched tensile 
(CDNT) test. Finite Volume simulations of the TDCB and 
CDNT tests were utilised to examine the role of constraint 
on the adhesive joint fracture.  
  
 

Materials and Experimental Procedure 
 

Introduction 
 Three experimental test methods were employed to 
examine the fracture behaviour of an experimental grade 
nano-toughened epoxy adhesive. All tests were conducted 
under low loading rates at room temperature.  
 
Adhesive 
 A custom adhesive was developed in collaboration 
with Henkel. The formulation is a single-part Epoxy adhe-
sive containing two grades of core shell rubber (CSR) 
nano-particles with nominal diameters of 50nm and 
200nm. The particles are evenly dispersed throughout the 
epoxy matrix and constitute a mass fraction of 38wt%. 
Curing of the adhesive is achieved by heating to 180 de-
grees for 30 minutes.  Standard uniaxial tensile tests were 
performed on samples machined from a cured sheet of the 
adhesive, according to BS-527:1996 [2]. The mechanical 
properties obtained and those of the substrate materials 
used are shown in Table 1. 

 
TDCB tests 
 TDCB tests were conducted according to the standard 
[3] to measure the mode I fracture toughness, GIC, of the 
nano-toughened epoxy adhesive as a function of bond 
thickness. A high yield strength aluminium alloy, AL 2014 
was chosen as the substrate material to prevent plastic de-
formation of the beams during testing.  The surfaces to be 
bonded were grit-blasted with an alumina grit followed by 
a chromic acid etch treatment to ensure cohesive failure.  
 TDCB specimens with bond gap thicknesses ranging 
from 0.2 mm to 2.5 mm were produced. Side grooves were 
machined into specimens with a bond gap thickness 
greater than 0.4mm to ensure mode I fracture. Testing was 
carried out with a standard tensile testing machine with the 
load, crack length, and displacement of the crosshead re-
corded until joint failure. 
 
CDNT Test 
 A new test method, the CDNT test, has been devel-
oped to measure the maximum cohesive strength of an 
adhesive for a range of constraint levels. This is especially 
useful to experimentally calibrate numerical cohesive zone 
models. The test involves bonding two cylindrical sub-
strates at a given bond thickness, a notch is machined cir-
cumferentially into the adhesive layer. Appropriate selec-
tion of the bond gap thickness and notch geometry pro-
duces the desired level of constraint across the remaining 
adhesive ligament. A typical specimen is shown schemati-
cally in Figure 1. Samples with bond gap thicknesses of 
1.0mm and 1.6mm were manufactured with ligament to 
bulk area ratios of 25% and 50%, thus four specimen geo-
metries each with a notch root radius of 0.3mm. The 
specimens were loaded in tension and the displacement 
and load were recorded. 

 
Figure 1. Schematic of the CDNT test geometry 



 
 

 
Table 1. Mechanical properties of materials used 

 E [GPa] σyield [Mpa] UTS [MPa] 

Adhesive  1.76 31.4 45 
AL 2014 72.4 425 475 
CR4 mild steel 200 165 - 

 
Peel Tests 
 Mild steel strips in the CR4 condition, of thickness 
1.2mm were subjected to a range of surface treatments 
listed in table 2. These strips were then bonded to stiff sub-
strates over a bond thickness of 1mm to produce peel 
specimens with a bonded region of length of 100mm and 
width 15mm. Fixed arm peel tests were carried out accord-
ing to the ESIS draft protocol [4] with a 90 degree peel 
angle. For each test the peel load was recorded while the 
local radius of curvature of the peel arm at the crack front 
was measured using an image analysis technique for se-
lected specimens. 
 
Table 2. Surface treatments applied to peel substrates 
Surface treatment  
Acetone Degrease A 
Acetone Degrease and Atmospheric Plasma activation  A-PL 
Gritblast and Acetone degrease GB-A 
Gritblast and Phosphoric acid etch GB-PAE 
Gritblast, Acetone degrease and Atmospheric Plasma activa-
tion 

GB-A-PL 

Gritblast, Acetone degrease and AlkoxySilane primer GB-A-SL 

 
Experimental Results 

 
Steady state cohesive crack growth occurred for all TDCB 
tests. The mode I fracture toughness was determined using 
a corrected beam theory solution given in [3]. It was found 
that the fracture energy steadily increased from 3400 J/m2 
at 0.2mm bond gap thickness up to 5600 J/m2 at 1.6mm 
beyond which GIC remained relatively constant as shown 
in Figure 2. 
 
 

 
Figure 2.  TDCB fracture energy measurements, GIC (J/m2) for the range 
of bond gap thicknesses tested.  
 
The fixed arm peel tests were analysed using two methods 
to determine the adhesive fracture energy Ga (i) an analyti-

cal solution based on the experimentally measured local 
maximum radius of curvature [6] and (ii) implementation 
of IC PEEL [4] according to the ESIS protocol [4].  Frac-
ture energy values were calculated between 400 J/m2 and 
1900 J/m2 with excellent agreement between the two 
analysis methods. Failure occurred at the interface of the 
adhesive and peel arm for all tests. Atmospheric plasma 
activation of the substrate provided an increase in tough-
ness compared to the standard gritblast and acetone de-
grease surface preparation. Also, the peel specimens failed 
at a substantially lower fracture energy compared with the 
TDCB results for a bond thickness of 1mm. This can be 
attributed to the contrasting failure modes i.e. cohesive 
versus interfacial.   
 

 
Figure 3. Fixed arm peel adhesive fracture toughness measurements for 
the range of surface treatments applied 
 
 The CDNT tests resulted in cohesive failure across the 
adhesive ligament for all test geometries. It was found that 
all specimens failed at a ligament stress of 52Mpa ± 2%.  
A typical load displacement trace can be seen in Figure 4. 
 

Numerical Modelling 
 
Numerical simulations of the CDNT and TDCB tests were 
performed with the OpenFoam Finite Volume software 
package (version 1.4). A non-linear elastic plastic material 
model including conventional J2 plasticity governed adhe-
sive behaviour while all substrates were treated as being 
linear elastic. The fracture process was incorporated via a 
Dugdale cohesive zone model (CZM) specified by the co-
hesive strength, σmax and the fracture energy, G0. A cohe-
sive strength of 52 MPa, based on the experimental CDNT 
tests, was selected for all simulations. 
 Analysis of the CDNT tests illustrated that the average 
level of constraint across the adhesive ligament prior to 
fracture was quite insensitive to the value of G0 specified. 
Variations in G0 only affected the extension to failure once 
the maximum stress was reached. A G0 value of 2800 J/m2 
was used to obtain reasonable agreement with the experi-
mental data (Figure 4). The average constraint, H, across 
the adhesive ligament prior to fracture was between 1.5 
and 2.0 for the different test geometries. These values 
correspond to the range of constraints experienced during 
TDCB fracture for a comparable adhesive [1].  



 
 

 

 
Figure 4.  Comparison of numerical CDNT test with experimental.  
 
Simulations of the TDCB tests, including the experimen-
tally derived cohesive zone model, were completed for 
bond thicknesses of 0.2mm and 0.4mm. To reproduce the 
experimental results it was necessary that G0 was set to 
approximately 95% of the experimental fracture toughness. 
The replicated load displacement traces and crack length 
histories can be seen in Figure 5. The remaining fracture 
energy was dissipated through a small plastic zone ahead 
of the crack tip at the free surface of the adhesive layer. 
 

 
Figure 5.  Comparison of numerical TDCB tests with experimental for 
0.4mm and 0.2mm bond thicknesses 
 

Conclusions & Future Work 
 
A specially formulated nano-toughened structural adhesive 
was developed with Henkel.  Three experimental test 
methods were used to examine the adhesive’s fracture be-
havior. The fixed arm peel test resulted in interfacial fail-
ure throughout. Good agreement was found between the 
two analysis methods suggesting that the IC Peel program 
is a robust method for the determination of toughness in 
the peel test. Also, it was found that a significant im-
provement in interfacial fracture toughness, for this adhe-
sive, could be achieved by atmospheric plasma activation 
of the substrate surface prior to bonding.  
 Under TDCB testing the adhesive demonstrated the 
classical bond gap thickness dependency with fracture 
toughness values ranging from 3400 J/m2 to 5600 J/m2. A 
CDNT test was developed which found the cohesive 

strength of the adhesive in terms of constraint. This al-
lowed a physically realistic definition of a cohesive zone 
model for use in numerical modelling.  
 Finite Volume simulations of the CDNT and TDCB 
tests incorporated a cohesive zone model calibrated from 
experimental testing. This resulted in an accurate predic-
tion of the experimental data. In the TDCB simulations the 
effects of the selected cohesive parameters became clear. 
The defined ratio of cohesive strength to yield strength of 
1.65 prevented a significant plastic zone from developing 
before crack advance.  Therefore almost all of the fracture 
energy was dissipated in a small region ahead of the crack 
tip.  This suggests that the mechanisms of material separa-
tion (void debonding, void growth and shear banding) in 
the fracture process zone are responsible for the observed 
fracture toughness.  
 Future work will include numerical modelling of the 
range of TDCB and Peel tests implementing an experimen-
tally based cohesive zone model. In addition extensive 
microscopy is underway to identify the characteristics of 
the fracture process zone to validate the predictions of the 
numerical model. Furthermore, plasma coatings are being 
trialled to encourage cohesive peel failure. If successful 
this will allow an assessment of constraint as a transfer-
ability parameter between the peel and TDCB test meth-
ods.  
 

Acknowledgements 
The authors wish to acknowledge the support provided by 
Henkel Ireland and the Irish Research Council for Science 
Engineering and Technology (IRCSET). 

 
References 

 
1. V. Cooper, A. Ivanković, A. Karać, D. McAuliffe, N. 

Murphy and Z. Tukovic. Proceedings of the 34th 
Annual Meeting of the Adhesion Society, Daytona 
Beach, FL 2010 

2. BS EN ISO 527-2:1996–  Plastics – Determination of 
tensile properties – Part 2: Test conditions for mould-
ing and extruding plastics . British Standards Institu-
tion 1996. 

3. BS 7991 :2001 –  Determination of the mode I adhe-
sive fracture energy, GIC, of structural adhesives using 
the DCB and TDCB spécimens. British Standards In-
stitution 2001 

4. ICPeel 2006 Spreadsheet, 
www3.imperial.ac.uk/meadhesion/testprotocols/peel 

5. L. F. Kawashita, D. R. Moore, J. G. Williams. Proto-
cols for the Measurement of Adhesive Fracture  
Toughness by Peel Tests. The Journal of Adhesion, 
82:973–995, 2006 

6. L. F. Kawashita, D. R. Moore, J. G. Williams. Analy-
sis of peel arm curvature for the determination of 
fracture toughness in metal-polymer laminate, Journal 
of materials science 40:4541-4548, 2005 


