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Abstract 

The applicability of the fracture envelope approach 

for fracture load predictions of adhesive joints was 

investigated by carrying out a series of quasi-static 

fracture tests on various adhesive specimens. The 

fracture envelopes of aluminum and steel adhesive 

systems were determined from the mixed-mode 

tests on double cantilever beam specimens (DCB). 

The results were then used to predict the ultimate 

strength of more practical adhesive joints such as 

cracked lap shear (CLS) and single lap shear (SLS) 

joints. Good agreement was observed between the 

predicted and experimental fracture loads of tested 

adhesive joints. 

Introduction 

For many years, lightweight materials for structural 

and functional applications have been of interest in 

various industries. Recent production of composite 

materials together with the advancement of light 

metal engineering motivated the development of 

new features for joining dissimilar materials. In 

such a situation, the traditional joining technologies 

such as welding, soldering, and mechanical 

fastening are either not applicable or increase the 

weight of the assemblies. The appropriate 

combination of the usage of lightweight materials 

such as aluminum or magnesium and light joining 

techniques such as adhesive bonding can optimize 

production cost, performance and energy 

consumption if the strength, durability and 

corrosion considerations are taken into account. In 

the transportation industries, aluminum has been 

widely used in non-structural assemblies. In recent 

years, the usage of high-strength aluminum alloys 

was extended to some structural parts, which 

causes 40% to 60% automobile mass reduction 

when replacing steel or cast iron components [1]. 

The joining of aluminum parts was a challenging 

subject for many years. The use of adhesive joints 

for structural design has been considered as an 

alternative to traditional joints in aerospace and 

construction industries since the 1940s [2]. 

Adhesive jointing improves the fatigue 

performance and vibration damping in 

components; diminishes corrosion problems for 

dissimilar materials regardless of size and shape; 

reduces the stress concentrations in complex 

geometries while providing structural integrity. 

Adhesive bonds give a smoother appearance to 

designs and enable a reduction in material 

thicknesses in lighter materials when required. 

However, care must be taken for the design of 

adhesive joints especially in the presence of 

environmental degradation. 

Analysis and formulation 

A generalized engineering approach to fracture 

load predictions for adhesive joints was presented 

in Refs. [3], [4] and [5]. The approach is based on 

the premise that the strength of any adhesive 

system can be characterized by an experimentally 

measured fracture envelope. The term refers to the 

variation of critical energy release rate, Gc, as a 

function of the loading mode (mode ratio or phase 

angle ψ). The concept of a cracked adhesive 

sandwich is used in the calculation of strain energy 

release rate G for the adhesive joint. The bonded 

overlap is isolated from the surrounding structure 

as a free-body as shown in Figure 1. The von-

Karman beam theory of large deformation was 

applied to determine the response of the joint as the 

reacting forces and moments on the boundary of 

the free body. The energy release rate, G, for the 

cracked adhesive sandwich was then calculated 



using a closed-form expression of J-integral 

assuming the materials undergoes the finite elastic 

deformations under the loading configuration. For 

planar adhesive joints, the mode ratio or phase 

angle ψ is analytically calculated from the ratio of 

the mode components GII and GI, which is related 

to joint geometry for any particular loading 

configuration. 
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Figure 1: The reacting forces and moments on the 

cracked adhesive sandwich element. 

The calculated energy release rate and the phase 

angle for any adhesive joint system then represent 

an energy point on the plane of a fracture envelope. 

In a typical quasi-static loading condition, a joint 

can be considered safe, transient or unsafe if the 

corresponding energy point lies within, coincides 

or is above the fracture envelope of the adhesive 

system, respectively. The concept of a cracked 

adhesive sandwich element makes the approach 

applicable to a variety of adhesive joints including 

the standard double-cantilever-beam (DCB) joints 

or the more practical ones such as the single-lap-

shear (SLS) and cracked-lap-shear (CLS) joints. 

The detailed energy release rate formulations for 

DCB, CLS, and SLS joints can be found in Refs 

[3] to [5]. 

Experiments and results 

In this work, the fracture envelopes of a heat-cured 

toughened epoxy adhesive system were measured 

by conducting a series of quasi-static fracture tests 

on aluminum and steel double cantilever beam 

(DCB) specimens. The results were then used to 

predict the quasi-static critical loads of CLS and 

SLS adhesive joints made of aluminum adherends. 

The sample sizes and materials were chosen 

carefully to ensure the adherends underwent only 

elastic deformation during the quasi-static tests. 

The DCB specimens used for the tests at lower 

mode ratios were fabricated from aluminum 6061-

T651 and steel AISI 1018. Due to the elevated load 

levels at higher mode ratios, the CLS, SLS and 

some of the DCB specimens were made of the 

aluminum 7075-T651 and the steel AISI 4140 flat 

bars. The aluminum parts were abraded, degreased 

and then surface pretreated by following the P2-

etch surface preparation technique, ASTM D2651-

01. The steel parts, however, were only abraded 

and degreased prior to bonding. The aluminum or 

steel flat bars were then bonded using a toughened 

epoxy adhesive and cured in the oven at 180°C. 

The bondline thickness of 0.4 mm was selected and 

controlled by placing two steel wires, one prior to 

precrack and another one close to the end of 

specimens. The bonded specimens were kept in the 

oven over night to be gradually cooled down to 

room temperature. The both sides of specimens 

were then milled using a four-blade carbide cutter 

to remove both the excess adhesive and the round 

edges of the flat bars. The typical final finished 

DCB and CLS specimens are shown in Figure 2. 

The schematic representations of different adhesive 

joints and the geometry of the tested DCB, CLS 

and SLS specimens can be found in Appendix A. 

 

Figure 2: The finished aluminum and steel DCB 

(left) and aluminum CLS specimens (right) tested. 

The DCB specimens were first tested using the 

load jig of Ref. [3] at different mode ratios to 

determine the fracture envelope of the adhesive 

systems. The cohesive fracture through the 

adhesive layer was observed for aluminum DCBs 

while some local interfacial failures occurred for 

steel specimens. During the test, the specimens 

were loaded with a constant crosshead speed of 1.5 

mm/min up to the point of crack propagation and 

were then unloaded. The critical energy release rate 

Gc corresponding to this point was calculated from 

the crack length, fracture load, specimen geometry, 

and the mechanical properties of the adhesive and 

adherends. The analytical method based on large 

deformation beam theory was used for the energy 

calculations. The procedure was then repeated for 

different crack lengths up to the end of the DCB 

specimen. The typical R-curves resulting from the 

quasi-static fracture tests on aluminum and steel 

DCBs under mode-I loading are compared in 

Figure 3. The average value of Gc in the plateau 

region of each curve represents an energy point on 

the plane of the fracture envelope of the adhesive 

system for the corresponding mode ratio. The 

fracture envelope of adhesive system is then 

obtained by repeating the fracture tests at different 

mode ratios. 
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Figure 3: R-curves for aluminum and steel DCBs. 

 In Figure 4, the fracture envelopes of steel and 

aluminum adhesive systems are compared. The 

differences in Gc of aluminum and steel systems 

decreased at higher phase angles. The testing 

parameters such as the loading rate also contribute 

to this difference, especially when more 

viscoelastic adhesives are used. Higher values of 

Gc were measured for the tests at higher loading 

rates. The typical results are shown in Figure 5 for 

the steel adhesive system. 
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Figure 4: Fracture envelopes of aluminum and steel 

adhesive systems. 

Figure 5: Strain-rate dependency of Gc measured 

with steel DCBs. 

A third-order polynomial curve was fitted on the 

data, giving Gc as a function of ψ (fracture 

envelope) as shown at the bottom of Figure 4. To 

verify the accuracy of the model for fracture load 

predictions, six CLS and eight SLS joints of 

different geometries were made from 1”×3/4” 

aluminum 7075-T651 flat bars. The specimens 

were then loaded to ultimate fracture on a servo-

hydraulic load frame under constant crosshead 

speed (CHS). A series of ANSYS™ finite elements 

analyses have been conducted in order to find the 

appropriate CHS for CLS and SLS tests to provide 

similar strain rates in the adhesive layers of CLS, 

SLS and DCB specimens at the same mode ratio. 

The CHS of 0.25 mm/min was typically selected 

for the CLS tests based on the results of FE models 

to give strain rates equal to those in the DCB 

specimens tested at 1.5 mm/min, as typically 

shown in Figure 6. 
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Figure 6: Strain-rate variation in adhesive layer of 

DCB and CLS specimens versus crack length. 
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The crack initiation and crack growth on both sides 

of the joint overlap were examined by using two 

CCD cameras. It was observed that the crack 

initiated at lower load levels, but the final 

catastrophic failure occurred after a subcritical 

crack of about 50 mm, which was almost equal to 

the length of the rising part of the DCB R-curve at 

a similar mode ratio as measured using the fracture 

envelope load jig. The CLS and SLS joint 

geometries were then modified by the length of the 

subcritical crack, which is 50 mm from the point of 

crack initiation. The initial and the ultimate 

fracture loads for the six CLS and eight SLS 

experiments are given in Table 1 and 2. Good 

agreement was observed between the predicted and 

experimental fracture loads.     

Table 1:  Predicted and experimental measurement 

of fracture loads for aluminum CLS specimens. 

Specimen 

PInitial 

(kN) 

PExp 

(kN) 

PPred 

(kN) 
Error % 

(PExp -PPred) / 

PExp 

CLS 12A 46.5 66.0 61.3 -7 

CLS 12B 41.0 65.0 61.1 -6 

CLS 12 C 47.8 65.9 74.5 13 

CLS 13A 42.0 64.2 63.8 -1 

CLS 13B 53.4 65.2 56.6 -13 

CLS 13C 40.7 71.3 68.9 -3 

Table 2:  Predicted and experimental measurement 

of fracture loads for aluminum SLS specimens. 

Specimen 

PInitial 

(kN) 

PExp 

(kN) 

PPred 

(kN) 
Error % 

(PExp -PPred) / 

PExp 

SLS 1A 34.0 38.4 41.0 -6.6 

SLS 1B --- 39.7 39.6 0.2 

SLS 2A 28.0 45.3 47.6 -5.8 

SLS 2B --- 43.8 44.6 -1.9 

SLS 3A --- 45.7 44.6 2.4 

SLS 3B --- 50.6 49.8 1.6 

SLS 4A 16.5 35.6 34.4 3.4 

SLS 4B 30.2 38.5 38.2 0.8 

Conclusions 

The accuracy of the fracture envelope approach for 

fracture load predictions of adhesive joints was 

evaluated for a heat-cured toughened adhesive 

system by performing a series of quasi-static 

fracture tests on DCB and CLS specimens made of 

aluminum and steel. The loading rate was found to 

be an important parameter in joint behavior when a 

tough and viscoelastic adhesive is used. Good 

agreement was observed between the predicted and 

experimental fracture loads of CLS joints made of 

aluminum when tested at similar loading rate 

conditions.  
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Appendix A 

The DCB specimens were made of aluminum and 

steel ½” × ¾” flat bars, while the 1” × ¾” flat bars 

were used for the fabrication of CLS specimens 

due to higher load levels.  The final finished 

geometry of tested DCB and CLS joints are given 

in Table A1 and A2. The schematic representations 

of the specimens are also shown in Figure A1 to 

A3. 

 



Table A1:  Geometry and initial condition of CLS 

specimens 

Specimen 
Initial 

Condition 
Material 

Width 

(mm) 

L1 

(mm) 

L2 

(mm) 

L3 

(mm) 

CLS 12A Lump, pre Alum. 17.9 125 101 - 

CLS 12B Lump “ 17.2 296 122 - 

CLS 12 C Fillet “ 17.4 288 160 - 

CLS 13A Fillet “ 17.5 180 120 - 

CLS 13B Fillet, pre “ 17.9 310 140 - 

CLS 13C Lump “ 17.6 300 100 - 

 

Table A2:  Geometry and initial condition of SLS 

specimens 

Specimen 
Initial 

Condition 
Material 

Width 

(mm) 

L1 

(mm) 

L2 

(mm) 

L3 

(mm) 

SLS 1A Fillet “ 16.8 197 99 120 

SLS 1B Fillet “ 16.7 159 108 82 

SLS 2A Precracked “ 17.4 172 121 143 

SLS 2B Lump “ 16.7 207 123 148 

SLS 3A Fillet “ 17.3 192 125 145 

SLS 3B Lump “ 17.5 158 153 122 

SLS 4A Fillet “ 17.7 217 87 93 

SLS 4B Lump “ 17.7 174 97 102 
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Figure A1:  The schematic representations of DCB adhesive specimen 
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Figure A2:  The schematic representations of CLS adhesive specimen 
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Figure A3:  The schematic representations of SLS adhesive specimen 

 

 


