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Chapter 4 

 

CRACK PATH SELECTION IN ADHESIVELY BONDED JOINTS: THE ROLES 

OF EXTERNAL LOADS AND SPECIMEN GEOMETRY 

 

(Paper prepared for submission to the International Journal of Fracture Mechanics) 

 

ABSTRACT 

This paper investigates the roles of external loads and specimen geometry on crack path 

selection in adhesively bonded joints.  First, the effect of mixed mode fracture on crack path 

selection is studied.  Using epoxy as an adhesive and aluminum as the adherends, double 

cantilever beam (DCB) specimens with various T-stress levels are prepared and tested under 

mixed mode fracture loading.  Post-failure analyses on the failure surfaces using x-ray 

photoelectron spectroscopy (XPS) suggest that the failure tends to be more interfacial as the mode 

II fracture component in the loading increases.  This fracture mode dependence of the locus of 

failure demonstrates that the locus of failure is closely related to the direction of crack propagation 

in adhesive bonds.  Through analyzing the crack trajectories in failed specimens, the effect of 

mixed mode fracture on the directional stability of cracks is also investigated.  The results indicate 

that the direction of the crack propagation is mostly stabilized when more than 3% of mode II 

fracture component is present at the crack tip regardless of the T-stress levels in the specimens for 

the material system studied.  Second, using a high-speed camera to monitor the fracture sequence 

in both quasi-static and low-speed impact tests, the effect of debond rate on the locus of failure 

and directional stability of cracks is investigated.  Post-failure analyses including XPS, Auger 

electron spectroscopic depth profile, and scanning electron microscopy indicate that as the crack 

propagation rate increases, the failure tends to be more cohesive and the cracks tend to be more 

directionally unstable.  Last, as indicated by the finite element analyses results, the T-stresses, and 

therefore the directional stability of cracks in adhesive bonds, are closely related to the thickness 

of the adhesive layer and also the thickness of adherend.  This specimen geometry dependence of 

crack path selection is studied analytically and is verified experimentally. 
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INTRODUCTION 

Cracks and flaws are inevitable in manufacture and service life of adhesively bonded joints.  The 

propagation of cracks will greatly reduce the life of the joints and may cause unexpected failure.  

Therefore, understanding crack propagation behavior is an important aspect in evaluating the performance 

of adhesively bonded joints as well as in interpreting failures in adhesive test specimens.  According to 

conventional theories of fracture mechanics, the onset of fracture for a crack is characterized by a single 

parameter.  When linear elastic conditions prevail, this parameter is the stress intensity factor K or strain 

energy release rate G.  On the other hand, this parameter is either the J-integral or the crack opening 

displacement (COD) under conditions where yielding is more widespread [1].  However, to understand 

further details of the crack propagation such as the direction of the crack propagation and the directional 

stability of cracks, more information about the stress state at the crack tip than the single parameter is 

needed [2 - 4].   

For a crack in homogeneous isotropic elastic materials, the stress state in the vicinity of the crack 

tip is characterized by William’s asymptotic stress expansion [5], which, if a Cartesian coordinate is set at 

the crack tip with the x-axis pointing along the crack plane, is given by 
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  Equation 1 

where r and θ are the polar coordinates, and KI and KII are the mode I and mode II stress intensity factors at 

the crack tip, respectively.  The third term in Equation 1 is non-singular and acts parallel to the crack plane.  

By convention, this term is referred to as the “T-stress”. 

The direction of cracking in homogeneous materials depends on the stress state or energy state at 

the crack tip and over the years, this topic has been extensively investigated [2, 3, 6-9].  Several criteria for 

the direction of crack propagation have been developed and for linear elastic materials, and they all yield 

very similar results [3, 6].  Referenced here are three primary criteria that have been widely discussed in the 

literature:  
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1. Maximum opening stress criterion (by Ergodan and Sih, (1963) [7]).  This criterion 

dictates that the direction of cracking is perpendicular to the direction of maximum 

opening stress at the crack tip.   

2. Maximum energy release rate criterion (by Palaniswamy and Knauss (1978) [8]).  By 

applying this criterion, the direction of crack propagation can be obtained by maximizing 

the energy release rate as a function of the angle of crack kinking. 

3. Mode I fracture criterion (by Goldstein and Salganik (1974) [9] and Cotterell, and Rice 

(1980) [2]).  According to this criterion, a crack will propagate along a path such that 

pure mode I fracture is maintained at the crack tip, i.e. KII = 0 at the crack tip. 

These criteria, although developed primarily for cracks in homogeneous materials, can be readily 

extended into bi-materials systems such as adhesively bonded joints [3].  However, care should be used 

when applying these criteria to determine the direction of cracking for cracks located at a bi-material 

interface due to differences in fracture toughness in the vicinity of an interface.  Chen and Dillard [10] 

provided an example showing how to use these criteria to determine the direction of cracking when the 

crack is located at the interface. 

Since all three criteria yield similar results and no experimentally distinguishable differences have 

been observed, the mode I fracture criterion is used primarily in the following discussion.  According to the 

criterion, the direction of cracking depends on the ratio of mode II versus mode I fracture components at 

the crack tip.  A straight crack will continue to propagate along the straight path if the stress state at the 

crack tip is pure mode I; otherwise, the crack will deviate away from the straight path if the specimen is 

under mixed mode loading.  

Applying the criterion to adhesively bonded joints, the locus of failure is predicted to be strongly 

dependent on the global mode mixity of the fracture.  If failure occurs in the middle of the adhesive layer 

under predominantly mode I loading, the crack is predicted to propagate toward the interface when the 

specimen is tested under mixed mode loading.  However, since the substrates often are much tougher than 

the adhesive, failure will not occur within the adherends.  Consequently, interface failure is predicted for 

specimens under sufficient mixed mode loading.   

The directional stability of crack propagation was first discussed by Cotterell and Rice [2].  In 

investigating slightly curved or kinked cracks in homogeneous materials, Cotterell and Rice showed that 

the T-stress plays an important role in the directional stability of crack propagation.  When the loading is 

predominately mode I, curved or kinked cracks will converge back to the original path resulting in a 

directionally stable crack trajectory if the T-stress is negative (compressive).  On the other hand, the crack 

will deviate further away from the original path and the resultant crack path is directionally unstable if the 
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T-stress is positive (tensile).  Through considering higher order terms in the William’s asymptotic stress 

expansion for a crack in homogeneous materials [5], Chao et al. [11, 12] further investigated the effect of 

the T-stress on the crack propagation manner.  The results indicated that the direction of the maximum 

opening stress at a crack tip varies with the T-stress level and consequently, so does the direction of crack 

propagation according criterion 1.  The study of Chao et al. [11, 12] provided important insights into 

understanding the directional stability of cracks in homogeneous materials and the fundamental physics of 

the T-stress effect. 

The discussion of directional stability of cracks in adhesively bonded joints was first emphasized 

by Chai [13 - 15], who described a unique crack trajectory in the mode I delamination failure of graphite 

reinforced epoxy composite laminates and aluminum/epoxy bonds.  Overall, the crack periodically 

alternated between the two interfaces with a characteristic length of 3-4 times the thickness of the adhesive 

layer.  More specifically, as the crack advanced, the crack propagated along one interface and then 

gradually deviated away with an increasing slope until the other interface was approached.  An abrupt kink 

then occurred when the crack approached the opposite interface and the crack stayed at the interface for a 

distance about 2-3 times the thickness of the adhesive layer before deviating from the interface again.  This 

trajectory obviously reflects very directionally unstable crack propagation.  Daghyani, Ye, and Mai [16] 

later showed that the directional stability of cracks is closely related to the residual stress state in adhesive 

bonds.  Fleck, Hutchinson, and Suo [4] and Akisanya and Fleck [17, 18] investigated this directional 

stability issue analytically and indicated that as with homogeneous materials, the directional stability of 

cracks in adhesively bonded joints also depends on the T-stress level.  Cracks in adhesive bonds tend to be 

directionally stable if the T-stress is negative and tend to be directionally unstable if the T-stress is positive.   

Chen and Dillard [19] experimentally verified the prediction and demonstrated the T-stress 

dependence of the directional stability of cracks in adhesive bonds through mechanically altering the T-

stress levels in DCB specimens.  Details of the T-stress calculation and alteration procedure for DCB 

specimens can be found in reference 19.  Fleck et al. [4] and Chen and Dillard [19] also showed that the T-

stress is closely related to the specimen geometry i.e. the thickness of the adhesive layer and the thickness 

of adherends for DCB specimens.  The T-stress increases with the thickness of the adhesive but decreases 

with the thickness of the adherend for this bonding geometry.  This specimen geometry dependence of the 

T-stress level suggested a variation of the directional stability of cracks as the specimen geometry changes 

and the experimental results in reference 19 on DCB specimens with different adherend thicknesses 

verified the prediction.   

In this paper, a more thorough investigation of the effect of the external loads and specimen 

geometry on the crack path selection in adhesively bonded joints is reported.  First, the effect of fracture 

mode mixity on the crack path selection in adhesive bonds was investigated.  Various levels of global 
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fracture mode mixity were achieved through altering the testing scheme and the specimen geometry.  When 

a symmetric DCB specimen is tested under an opening mode, pure mode I fracture occurs; when an 

asymmetric DCB specimen is tested under an opening mode, the fracture is mixed mode and the mode 

mixity varies with the adherend thickness ratio.  When the symmetric DCB specimen is not tested under 

opening mode, but is loaded in three point bending, mode II fracture is dominant, and this test is called the 

end notch flex (ENF) test.  Specimens tested in this study contained various levels of the T-stress, which 

were achieved through mechanically stretching the specimens as in reference 19.  Post-failure analyses 

including x-ray photoelectron spectroscopy (XPS), scanning electronic microscopy, and Auger electron 

spectroscopy were conducted to identify the locus of failure and to investigate the crack propagation 

manner.  Second, the effect of the rate of crack propagation on the crack path selection was studied.  A 

high-speed camera was used to monitor the fracture sequence and from the information recorded, the rate 

of crack propagation was obtained.  Different debond rates were achieved using two different testing 

schemes; an Instron loaded quasi-static DCB test and a drop tower loaded low-speed impact DCB test.  The 

effect of debond rate on the locus of failure and directional stability of cracks was then investigated through 

post-failure analyses of the specimens.  Last, the effect of adhesive thickness on the directional stability of 

cracks in adhesive bonds was studied.  DCB specimens with different adhesive thicknesses were made and 

stretched to achieve various levels of the T-stress.  Then the specimens were tested under mode I loading 

and the crack trajectories were carefully examined to determine the effect of adhesive thickness on the 

directional stability of cracks.   

EXPERIMENTAL SECTION 

Specimen Fabrication 

Both symmetric (h = H) and asymmetric (h ≠ H) double cantilever beam (DCB) specimens with 

various adhesive and adherend thickness were prepared and tested in this study.  The geometry of the DCB 

specimens is schematically shown in Fig. 1.  The width of the specimens was 25.4 mm and the length was 

200 mm.  The adherends were aluminum 6061-T6 alloy which were cleaned with acetone.  The resin used 

was Dow Chemical Company epoxy resin D.E.R. 331, a low molecular weight, liquid bisphenol A-type 

resin.  The curing agent was dicyandiamide (“dicy”).  A tertiary amine accelerator, 3-phenyl-1, 1 dimethyl 

urea (PDMU) was used.  M-5 silica, a hydrophilic fumed silica manufactured by the Cabot Corporation, 

was used as a filler.  The toughener was Kelpoxy G272-100, a concentrate of an epoxy-terminated 

elastomeric copolymer designed by Reichhold Chemicals as an additive or modifier to toughen epoxies, 

epoxy novalacs, and PVC plastisols.  The details of the adhesive formulation procedure can be found in 

Vrana et al. [20].  The final product contains about 69.3% D.E.R. 331, 4.1% DICY, 1.6% PDMU, 4.7% 

Silica, and 20.3% Kelpoxy in weight.  The final rubber concentration in this model system was 
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approximately 8.1%.  The specimens were cured at 170oC for 90 minutes, cooled to room temperature, then 

stored in a desiccator prior to testing.   

The material properties of the cured adhesive were characterized using differential scanning 

calorimetry (DSC), thermal mechanical analysis (TMA), and dogbone tensile tests.  The results showed that 

the adhesive has a glass transition temperature, Tg = 112 oC; coefficient of thermal expansion (CTE), 

C1062 o6
2

−×=α ; and Young’s modulus, E2 = 2.97 GPa at room temperature.  The Poisson’s ratio of the 

adhesive is estimated as ν2 = 0.33 at room temperature.  The material properties for aluminum 6061-T6 

substrate are Young’s modulus E1 = 70 GPa, Poisson’s ratio ν1 = 0.33, and CTE C1026 o6
1

−×=α  [21]. 

Due to the mismatch in the coefficients of thermal expansion, an equal bi-axial residual stress σ0 is 

induced throughout the adhesive layer from the specimen fabrication.  If the adherends are assumed to be 

relatively thick and rigid as compared to the adhesive, the residual stress is then given by 
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In Equation 2, Tsft is the stress free temperature (108 oC) for this materials system as measured using a 

curvature measurement technique developed by Dillard et al. [22], and Tt is the testing temperature (room 

temperature).  The residual stress estimated using Equation 2 is about 13 MPa.   

To alter the T-stress levels in the specimens, the DCB specimens were mechanically stretched 

uniaxially in a universal testing frame until the adherends were plastically deformed.  An extensometer was 

attached to the specimens to monitor the strain.  Details of the stretching procedure can be found in 

reference 19.  Due to the plastic deformation εp in the adherends, the residual stress in the specimen was 

increased as given by 
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Equation 3 is consistent with the results obtained by Dillard et al. [23] in studying the stress state in 

polymer coatings subjected to similar loading situations.  According to reference 19, the T-stress is closely 

related to the residual stress and their relationship is given by  

xx0TT σ+=      Equation 4 

where T0 is the T-stress under zero residual stress state and can be calculated using the finite element 

method.  Consequently, the T-stress was also increased due to the plastic deformation in the adherends. 
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Testing and Post-Failure Analysis Methods 

Quasi-static DCB test (Symmetric and Asymmetric) 

Quasi-static DCB tests (both symmetric and asymmetric) were conducted in a screw-driven 

Instron 4505 machine according to the ASTM standard D3433.  The crosshead rate was controlled so that 

the onset of crack extension occurred in about 1 minute from the time that the loading began.  The load-

displacement and load-time curves were recorded continuously during the test and a 10-power magnifying 

glass was used to measure the crack length from time to time as the crack came to a point of arrest.  From 

the load-displacement curve and the crack length information, the relation between the compliance of the 

specimen and the crack length could be obtained, from which, the effective stiffness of the DCB specimens 

could be calculated.  The applied fracture energy or the strain energy release rate is given by 

( )
( )eff

22

EIB

xaP
G

+=      Equation 5 

where, EIeff is the effective stiffness of the DCB specimens, B is the width of the specimen, P is the external 

load, a is the crack length, and x is the apparent crack length offset which is obtained also from the 

compliance-crack length relation.  Details of the DCB analysis and testing procedure can be found in 

Blackman et al. [24] and Parvatareddy et al. [25].   

To obtain the rate of crack propagation, a Kodak EktaPro high-speed camera with a speed of up to 

6000 frames per second was used to monitor the fracture sequence, and an electric trigger was attached 

right in front of the crack tip on one side of the specimen.  Once the crack starts to propagate, the electric 

trigger is switched on and the crack propagation was recorded.  From the information recorded, the rate of 

crack propagation was calculated.  However, due to the resolution limit of the camera, the visibility of the 

crack tip from the monitor was also limited.  As a result, the error of the rate of crack propagation 

calculated might be more than 5%.  Therefore, only the magnitude of the debond rate is reported in this 

paper. 

Low-speed impact DCB test 

Low-speed impact DCB tests were conducted on a drop tower frame as shown in the Fig. 2.  The 

specimen with a precrack was set at the bottom of the testing frame and two sets of bearings were mounted 

at the end the specimens as shown schematically in Fig. 2.  Two parallel wedges were mounted on the 

dropping weight, which rested on a mechanical trigger attached to a crosshead of the frame.  Upon 

releasing the weight, the wedges penetrate between the two sets of bearings and separate the specimen in an 

impact fashion.  The impact speed can be adjusted through altering the position of the crosshead.  In this 

study, the position of the crosshead was adjusted so that the distance between the tip of the wedge and the 

specimen was 300 mm in order to provide enough energy to separate the adhesive bond.  The electric 
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trigger associated with the Kodak EktaPro high-speed camera was connected to the dropping weight so that 

once the weight was released, the electric trigger was switched on and the fracture sequence was recorded.  

From the information recorded by the camera, the rate of crack propagation was calculated and the relation 

between the specimen’s opening displacement, ∆, and the crack length a was obtained.  The fracture 

toughness of the adhesive bond was obtained using Equation 5, in which, the effective stiffness of the 

specimens EIeff and the apparent crack length offset x in the equation were obtained experimentally in the 

quasi-static DCB test.  Although Equation 5 was derived primary for quasi-static fracture, according to 

Blackman et al. [26-28] the error induced by applying the equation for the dynamic DCB test is small.  

Compared to the quasi-static DCB test, where the rate of crack propagation varies over a fairly large range, 

the rate of crack propagation in the low-speed impact test is relatively constant as indicted by the 

information recorded by the high-speed camera.   

End notch flex (ENF) test 

The end notch flex (ENF) test induces mode II fracture in the same type specimens used for DCB 

tests and measures the mode II fracture toughness of the adhesive bonds.  This test was conducted in the 

screw-driven Instron 4505 machine by loading the specimens in a standard three-point bending fixture.  

After precracking the specimens, each specimen was loaded at a crosshead speed of 1mm/min in the elastic 

range, sliding the specimen in the fixture between loadings to vary the crack length (measured from the 

supporting point of the fixture).  Load-displacement curves were plotted for crack lengths of 0, 15, 20, 25, 

30, 35, and 40 mm, and a compliance versus crack length curve was obtained for each specimen.  From the 

compliance-crack length curve, the effective stiffness EIeff of each specimen was evaluated.  Following 

determination of the compliance-crack length curve, the ENF test was performed by loading the specimen 

in the fixture until the onset of crack extension occurred.  The crosshead was then held until the crack 

arrested.  A 10-power magnifying glass was used to measure the crack length, and the fracture toughness 

was calculated using Equation 6 as 

eff

22

BEI64

aP3
G =      Equation 6 

where B is the width of the specimen, a is the crack length, EIeff is the effective stiffness, and P is the 

external load measured by the load cell in the Instron.  By providing a large overhang at the uncracked end, 

the specimen is shifted over and reloaded to obtain multiple fracture toughness values in a single specimen. 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was used to analyze the failure surfaces.  The surface 

analyses studies were carried out using a Perkin-Elmer PHI Model 5400 x-ray photoelectron spectrometer. 

Photoelectrons were generated by bombarding the specimens with Mg x-rays (hυ = 1253.6 eV). The 
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electron kinetic energy (KE) was determined in a hemispherical analyzer and the binding energy (BE) for 

the ejected electrons was evaluated from the equation hυ = BE + KE.  The spectrometer energy scale was 

calibrated using the Au 4f7/2 photopeak whose binding energy is 83.7 eV.  The energy scale for the test 

specimens was based on setting the binding energy for the C 1s photopeak for hydrocarbon carbon at 285.0 

eV.  The initial photoelectron spectra were obtained over an energy range 0 - 1100 eV to determine the 

principal elements on the sample surface.  After identifying the dominant elements, spectra over a narrow 

range, usually 20 eV, were acquired to determine the chemical nature of the element.  The photopeaks from 

these narrow scans were used to evaluate the percent composition.  The atomic percent composition was 

determined by measuring the area of the respective photopeaks and converting the values to atomic percent 

using a predetermined sensitivity factor.  The results are presented in atomic percent.  The representative 

area analyzed was a 1×3mm rectangle for most of the specimens.  In some cases, a smaller area with the 

size of 1×1mm was analyzed to obtain a more precise analysis of the designated area.  

Scanning electron microscopy (SEM) 

In addition to the chemical composition analysis on the failure surfaces using XPS, scanning 

electron photomicrographs were also obtained using an ISI Model SX-40 scanning electron microscope to 

characterize the failure surface morphology and to identify the locus of failure.  As with the XPS analyses, 

the study was also limited to small representative areas of typical specimens, which were carefully selected 

based on visual observation.  The specimens were sputter-coated in a vacuum chamber with a thin gold 

film about 20 nm in thickness to reduce charging before placing into the microscope.  Micrographs were 

taken for each specimen when the desired magnification and the best quality images were obtained. 

Auger electron spectroscopic depth profile 

The Auger electron spectroscopic depth profile measurements were carried out using a PHI 

Perkin-Elmer 610 Scanning Auger Electron Spectrometer.  The electron energy was 3 KV and the beam 

current was 0.05 µA.  The samples were sputtered using a 4 KV Ar ion beam at a current of 5 µA.  

Sputtering was carried out on a spot size of 2X2 mm.  The sputter rate, 2.5 nm/min, was determined by 

sputtering tantalum oxide under equivalent experimental conditions. 

FRACTURE ANALYSIS 

The Analysis of Fracture Mode Mixity in Asymmetric DCB Tests 

In DCB tests, the global fracture mode mixity is defined as the fracture mode mixity in the 

homogeneous base specimen neglecting the presence of the adhesive layer [3, 18].  The global fracture 

mode mixity in an asymmetric DCB specimen varies with the adherend thickness ratio h/H.  In this study, 

finite element analyses using ABAQUS [29] were conducted to characterize the global fracture mode 

mixity in asymmetric DCB specimens.  The model analyzed was a homogeneous DCB geometry as shown 
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in Fig. 3.  The total length of the geometry is 200 mm and a straight crack of length a0 = 100 mm was 

present in the geometry.  At the right end of the model, the displacements were totally constrained and at 

the left end, two concentrated loads were applied to simulate the external loading.  The finite element mesh 

around the crack tip is also shown in Fig. 3 as an insert; eight-node, plane-strain elements were used with 

reduced integration.  Quarter point singular elements were constructed around the crack tip.  The material 

was linear elastic with Young’s modulus E = 70 GPa and Poisson’s ratio ν  = 0.33 to simulate the material 

properties of aluminum 6061-T6 alloy in the elastic range at room temperature.  

According to fracture mechanics, the stresses ahead of the crack tip (θ = 0) are dominated by the 

singular stresses 

21I
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=σ      Equation 7 
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From the finite element analysis, the stress distributions ahead of the crack tip were obtained and the stress 

intensity factors, KI and KII, were calculated through curve fitting the stresses.   

The phase angle Ψ, which describes the fracture mode mixity, is defined as  






 Κ=Ψ −

I

II1

K
tan      Equation 9 

For convenience in material testing, the global fracture mode mixity can also be defined based on the strain 

energy release rate ratio, as 

G

GII=η     Equation 10 

where G is the total strain energy release rate available and GII is the strain energy release rate available for 

mode II crack propagation.  G and GII can also be obtained using the finite element analysis.  Along the 

crack faces emanating from the crack tip (θ = 0) as shown in Fig. 3, the displacements in both x and y 

directions can be expressed in a general form as 

y,xi,rCU ii ==     Equation 11 

where Ci (i = x, y) are the displacement coefficients and were obtained from the finite element analysis 

results.  If +
iC  and −

iC  are used to characterize the displacements for the upper and the lower crack faces, 
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respectively, the strain energy release rate available for mode I crack propagation GI and for mode II crack 

propagation GII were obtained respectively using equations [30] 

( )( )2yy2I CC
132

E
G −+ −

ν−
π=    Equation 12 

( )( )2xx2II CC
132

E
G −+ −

ν−
π=    Equation 13 

The total strain energy release rate G is the sum of GI and GII.  

Analysis Results 

Shown in Fig. 4 are the finite element analyses results.  The primary ordinate is the phase angle Ψ, 

the secondary ordinate is the strain energy release rate ratio η, and the abscissa is the adherend thickness 

ratio h/H.  The figure indicates a linear relationship between the phase angle and the adherends thickness 

ratio in the range analyzed.  As predicted by the figure, for asymmetric DCB specimens, the fracture is 

mixed mode due to the asymmetric geometry, and the mode mixity decreases as the adherend thickness 

ratio h/H increases.  When h/H = 1, the specimen is symmetric; the global fracture is pure mode I. 

Besides the specimen geometry, the fracture mode mixity in a DCB specimen will also vary if the 

materials of the adherends are dissimilar.  Sundararaman and Davidson [31] and Xiao et al. [32] 

investigated the fracture mode mixity in a DCB specimen with dissimilar adherends and the results were 

tabulated for different bi-material pairs. 

TEST RESULTS AND DISCUSSION 

Fracture Mode Mixity and the Locus of Failure 

To investigate the effect of fracture mode mixity on the locus of failure in adhesive bonds, quasi-

static DCB and ENF tests were conducted.  Specimens tested were all as-produced and the T-stresses were 

negative [19].  For the ENF tests, specimens were symmetric and for the DCB tests, both symmetric and 

asymmetric specimens were used with three different adherend thickness ratios, i.e. h/H = 0.5, 0.75, and 1, 

which correspond to fracture mode mixity of ψ = 22o, 10o, and 0o or η = 14%, 3%, and 0%.  After failure, 

the failure surfaces were first visually examined.  The failure surfaces of the specimens tested in ENF and 

of the specimens with h/H = 0.5 all appeared to be interfacial.  On the other hand, a visible layer of epoxy 

film was found on the failure surfaces of the specimens with h/H = 0.75 and 1, which indicates that the 

failures were cohesive.   

To identify the locus of failure quantitatively, one typical specimen from each test was selected, 

based on the visual examination, for XPS and Auger depth profile analyses.  The analyses were carried out 
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on two representative areas on the failure surfaces of each specimen selected and the average values are 

reported.  Table 1 shows the XPS analysis results for all the tests.  Five elements were detected on the 

failure surfaces and their concentrations varied for each test.  Especially, the carbon concentration 

decreases as the fracture mode mixity increases and whereas the aluminum and oxygen concentrations 

increase.  Since carbon is mainly from the epoxy adhesive and aluminum is from the aluminum adherend, 

Table 1 indicates that failure tends to be more interfacial as the mode mixity increases.  This indication is 

further verified by the Auger depth profile data, which precisely quantifies the locus of failure as shown in 

Table 2.  In the mode I tests, the adhesive layer left on the failure surfaces was approximately 250 µm 

thick, which indicated that failure occurred in the middle of the adhesive layer since the total thickness of 

the adhesive in the specimens was 500 µm.  As the mode mixity increases, Table 2 shows that the locus of 

failure shifts toward the interface as indicated by the Auger surface analysis data.  In the asymmetric DCB 

test with h/H = 0.75, which contains 3% of mode II fracture component, a 50 µm thick polymer film was 

detected on the failure surfaces.  As the mode mixity increased to 14% (h/H = 0.5), the polymer film 

thickness was 4 nm.  In the ENF tests, the polymer film thickness was 3.5 nm, which indicated that the 

failure is very close to the interface.   

The results of XPS analyses and Auger depth profile clearly identify the locus of failure and 

demonstrate the effect of fracture mode mixity.  The results also showed that the locus of failure in 

asymmetric DCB tests with fracture mode mixity of 14% is very close to the locus of failure in the mode II 

ENF tests.  These results indicate that the asymmetric DCB test with adherend thickness ratio of 0.5 or 

higher can be used rather than the ENF test if the interface fracture properties are of interest.  Since the 

asymmetric DCB test is conducted under predominantly opening mode, the onset of fracture and the crack 

propagation sequence are much easier to observe.  Consequently, this substitution can greatly simplify the 

testing procedure.  Other details of asymmetric DCB analysis and testing can be found in references 31 and 

32, where the fracture behavior of asymmetric DCB specimens prepared using adherends of dissimilar 

materials were particularly discussed.  

Shown in Fig. 5 are the critical strain energy release rates measured in each test.  The fracture 

toughness measured decreases as the mode II fracture component increased in the tests for this particular 

material system.  This mode mixity dependence of the fracture toughness of adhesively bonded joints 

apparently is in contrast with the observations of other researchers for other material systems [33-36].  As 

discussed in reference 33, a toughening mechanism is associated with mixed-mode interfacial fracture and 

consequently, the fracture toughness increases with the mode II components in the fracture.  Although 

direct explanations for these contrary observations are unavailable, important insights can still be gained 

through analysis of the fracture surfaces.  As the XPS and Auger depth profile analyses indicated, the 

failure was cohesive in the mode I tests and became more interfacial as the mode II component in the 
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fracture increased.  Atomic force microscopy (AFM) was conducted on the adhesive side of the failure 

surfaces of the typical specimens tested under pure mode I and pure mode II, respectively, and digital 

images were obtained using a Nanoscope IIIa controller as shown in Fig. 6.  In image a), which was taken 

from the typical specimen tested under pure mode I, evenly distributed rubber toughener particles are 

visible, and the surface morphology indicates a ductile failure.  On the other hand, in image b), which was 

taken from the typical specimen tested under pure mode II, the failure surface reflects the shape of the 

aluminum substrate surfaces and no rubber toughener particles are evident.  These AFM images suggest 

that compared to interfacial failures, the fracture toughness of the bond would be higher when the failure 

was cohesive due to the presence of the rubber toughners.  This result explains that for this particular 

material system, the fracture toughness of the specimen decreased as the mode II fracture component 

increased.  On the other hand, the crack trajectories were very tortuous locally in the mode I tests, which 

can be observed under a microscope, whereas were much more straight in the mixed mode tests because the 

failure occurred at or near the interface and the adherends provided rigid constraints.  Consequently, more 

energy was consumed when cracks propagate within the adhesive than along the interface.  Therefore, the 

apparent critical strain energy release rate measured in mode I tests is higher than that measured in mixed-

mode tests.  Other supportive information can also be found in reference 37. 

Fracture Mode Mixity and the Directional Stability of Cracks 

As experimentally demonstrated by Chen and Dillard [19], under globally mode I loading, the 

directional stability of cracks in adhesive bonds depends on the T-stress level.  On the other hand, the XPS 

and Auger depth profile analyses results reveal that the locus of failure in adhesive bonds is greatly 

controlled by the fracture mode mixity.  However, concerns have been raised about the effect of mode 

mixity on the directional stability of cracks.  To investigate the mode mixity effect on the directional 

stability of cracks, low-speed impact tests on DCB specimens with adherend thickness ratios of h/H = 0.5, 

0.75, and 1 were conducted.  All the specimens were subjected to mechanical stretching until the adherends 

were plastically deformed before the tests to achieve positive T-stress states in the specimens [19].  After 

debonding, failure surfaces were carefully examined to determine the crack propagation behavior.   

Shown in Fig. 7 are the failure surfaces of three typical specimens selected from each specimen 

group of different adherend thickness ratios.  To alter the T-stress, all three specimens were mechanically 

stretched before testing and 1.3% of plastic deformation was introduced in the adherends.  As a result, the 

T-stresses in all three specimens are positive.  Due to the high T-stress level, the crack trajectory in 

specimen a), in which the fracture is mode I since the specimen is symmetric (h/H = 1), is alternating, 

highly directionally unstable.  This observation is consistent with the prediction made by Fleck, Hutchinson 

and Suo [4] and Chen and Dillard [19].  In specimen b), where the T-stress is also 35 MPa, a low-level 

fracture mode mixity with GII/G = 3% was introduced due to the asymmetric adherends (h/H = 0.75).  The 
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crack trajectory is predominantly directionally stable except in limited locations where alternating cracks 

were observed.  This effect of mixed mode fracture on the directionally stability of cracks becomes more 

pronounced in specimen c), which has a lower adherend thickness ratio (h/H = 0.5) and a higher fracture 

mode mixity (GII/G = 14%) than specimen a) and b).  The crack trajectory in specimen c) is very 

directionally stable with a locus of failure occurring at the interface between the adhesive and the thin 

adherend.   

The test results suggest that the fracture mode mixity not only influences the locus of failure in 

adhesive bonds but also the directional stability of cracks.  The crack propagation is stabilized very rapidly 

as the mode mixity increases, which also indicates that directionally unstable cracks can only be observed 

in predominantly mode I fracture tests with mode mixity GII/G < 3% for this particular material system.   

Rate of Debonding and the Locus of Failure 

To investigate the effect of the rate of crack propagation on the locus of failure in adhesively 

bonded joints under mode I fracture loading, both quasi-static and low-speed impact tests on DCB 

specimens were conducted.  The specimens tested were symmetric with various levels of T-stress.  For this 

particular material system, the rate of crack propagation in the low-speed impact DCB tests was relatively 

constant throughout the whole specimen and the magnitude was estimated to be 1 m/s.  However, in quasi-

static tests, the debond rate varied rather drastically.  During the test, as a loading cycle started, the crack 

first propagated slowly at a rate with a magnitude of 10-5m/s until the maximum load value was reached, at 

which time the crack jumped ahead for a certain distance at a rate with magnitude of 1 m/s, and then the 

crack arrested.  After failure, the failure surfaces were first visually examined carefully to determine the 

crack propagation behavior in each specimen and the specimens with typical failure surfaces were selected 

to illustrate the failure processes.   

The failure surfaces from specimen a) and b) in Fig. 8 were two typical as-produced specimens 

and the T-stress in both specimens was negative.  Specimen a) was tested under quasi-static loading and 

specimen b) was tested under low-speed impact.  The magnitude of the rate of crack propagation for each 

region in the specimens is marked schematically in the figure.  Since the T-stress was negative and the 

cracks were directionally stable, the failures in both specimens appeared to be within the adhesive layer 

(except for a few limited locations along the edge in specimen a) regardless of the rate of crack 

propagation.  This observation suggests that the effect of debond rate on the locus of failure is not 

significant under the negative T-stress state.  As the T-stress increased, the cracks became more 

directionally unstable and the effect of debond rate on the locus of failure became more pronounced.   

Shown in Fig. 9 are two typical specimens selected from the DCB tests where the T-stress in both 

specimens was 35 MPa.  Specimen a) was tested under quasi-static loading and specimen b) was tested 

under low-speed impact.  The magnitude of the rate of crack propagation for each region in the specimens 
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is also marked in the figure according to the information recorded using the high-speed camera.  In 

specimen a), the locus of failure visually appeared to be interfacial when the crack propagated slowly, and 

appeared to be cohesive in the region of fast crack propagation.  In specimen b), since the rata of crack 

propagation is relatively constant and is comparable to the fast region in the quasi-static test, the failure was 

cohesive and the crack propagation behavior was relatively uniform throughout the specimen.  The 

association of the failure mode with the rate of crack propagation in Fig. 9 indicated that in the DCB 

specimens with high T-stress levels, the locus of failure varied with the rate of crack propagation.   

To further identify the locus of failure and to correlate the effect of debond rate, both X-ray 

photoelectron spectroscopy and scanning electron microscopy were conducted on both the fast region and 

the slow region of specimen a) shown in Fig. 9.  The surface analyses were conducted on two 

representative areas (analysis area 1×3 mm on the slow region and 1×1 mm on the fast region due to the 

alternating feature of the crack) of each region and the average values were reported.   

The XPS results are shown in Table 3 and the SEM micrographs are shown in Fig. 10.  Table 3 

shows that in the region with fast crack propagation, the carbon concentration on the failure surface 

(76.4%) was almost equal to the carbon concentration in the bulk epoxy adhesive, which is 76.6%, while 

the aluminum concentration was 0.4%.  On the other hand, in the region with slow crack propagation, 

aluminum was detected (2.1%) and the oxygen concentration was higher than that in the fast region.  The 

trend in the variation of the elemental concentrations on the failure surfaces verified that failure was more 

interfacial when the rate of crack propagation was low (high aluminum and oxygen concentrations).  

Scanning electron microscopy (SEM) was conducted on the adhesive side of the failure surface and the 

failure surface morphology was noted for each region.  In the fast region as shown in Fig. 10 a), the failure 

surface was relatively rough with visible evidence for evenly distributed rubber toughener particles.  In the 

slow region, on the other hand, the failure surface is relatively smooth reflecting the shape of the aluminum 

substrate surfaces and no rubber toughener is evident.  These SEM photomicrographs support the results 

obtained in the XPS analysis and further demonstrate the effect of the rate of crack propagation on the 

locus of failure in specimens with high T-stress levels.    

Rate of Debonding and the Directional Stability of Cracks  

As discussed in the previous section, the locus of failure is affected by the rate of crack 

propagation when the T-stress level in the specimens is positive.  Concerns have been raised about the 

effect of the rate of crack propagation on the directional stability of cracks.  To investigate this issue, 

symmetric DCB specimens with various T-stress levels achieved through mechanical stretching were tested 

under both quasi-static and low-speed impact conditions.  The high-speed camera was used to obtain the 

rate of crack propagation.  After failure, failure surfaces were examined carefully to determine the crack 

propagation behavior and one typical specimen from each test was selected as shown in Fig. 11, from 

which, the conclusions of the study may be drawn.   
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Specimen a) in Fig. 11 had a T-stress of 26 MPa and was tested under quasi-static condition.  The 

rate of crack propagation during the test was obtained using the high-speed camera and the magnitude is 

indicated along the specimen.  Specimen b) had a lower T-stress of 8 MPa and was tested under low-speed 

impact, in which the debond rate is higher by five orders of magnitude than the slow cracking region in 

specimen a).  Although the T-stress in specimen a) was higher as than that in specimen b), the oscillatory 

feature of the crack trajectory in the slow cracking region indicated that the crack was much more 

directionally stable than the crack in specimen b), where the crack trajectory was alternating.  This 

difference in the crack trajectory for these two specimens indicates an effect of debond rate on the 

directional stability of cracks in adhesive bonds: cracks tend to be more directionally unstable when the 

debond rate increases. 

Adhesive Thickness and the Directional Stability of Cracks 

As discussed in reference 19 and earlier in this paper, the specimen geometry has a significant 

effect on the crack path selection behavior in adhesive bonds.  Changing the adherend thickness or 

adherend thickness ratio of the DCB specimens will alter the locus the failure as well as the directional 

stability of cracks.  In this section, the effect of the adhesive thickness on the directional stability of cracks 

in adhesively bonded joints was investigated.  Shown in Fig. 12 are the analytical result obtained by Fleck 

et al. [4] and the finite element analysis results obtained by Chen and Dillard [19] for the effect of 

specimen geometry on the T-stress in DCB specimens.  In the analysis of Fleck et al. [4], the adherends 

were assumed to be semi-finite whereas in reference 19, the analysis was based on the finite adherends 

geometry.  Plane strain condition was assumed in the 2-D numerical model in reference 19, and both 

adherends and adhesive were assumed to be linear elastic with a modulus of 70 GPa for the adherends and 

2.97 GPa for the adhesive.  The Poisson’s ratios for both materials were estimated to be 0.33 and the 

thermal residual stress in the adhesive layer was measured as 13 MPa using a curvature measurement 

technique [22].  Since the fracture toughness was independent of the manner of crack propagation [19], in 

the model, the adhesive bond was assumed to have an iso-fracture toughness value of 310 J/m2.  In the 

figure, the solid line represents the theoretical prediction by Fleck, Suo and Hutchinson [4] for the T-stress 

in a bi-materials sandwich specimen with semi-infinite adherends and other curves are the T-stresses for the 

DCB specimens with different adherend thicknesses obtained in the finite element analyses.  Due to the 

effect of adherend bending, Fig. 12 shows that the T-stress increases as the adherend thickness decreases, 

which indicates that directionally unstable cracks are more likely to occur in specimens with thinner 

adherends.  This adherend thickness effect on the directional stability of cracks was experimentally 

demonstrated in reference 19.   

Fig. 12 also shows that the adhesive thickness has a significant effect on the T-stress in DCB 

specimens.  As the adhesive thickness decreases, the T-stress decreases, which indicates that directionally 

unstable cracks are more unlikely to occur in the specimen with thinner adhesive.  To verify the prediction, 
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two groups of symmetric DCB specimens with adhesive thickness of 0.5 and 0.25 mm, respectively, were 

tested quasi-statically.  The specimens were subjected to mechanical stretching before testing to increase 

the residual stress and consequently the T-stress.  Shown in Fig. 13 are two representative specimens 

selected from each group based on visual examination after failure.  From the failure surfaces shown, the 

effect of adhesive thickness on the directional stability of cracks can be inferred.  The adhesive thickness 

was 0.5 mm for specimen a) and was 0.25 mm for specimen b).  Both specimens were stretched until 1.3% 

plastic deformation was introduced in the adherends before the test and the consequent residual stress was 

38.6 MPa.  As indicated in Fig. 13, in specimen a), the crack trajectory was alternating drastically between 

the interfaces whereas in specimen b), an oscillatory crack trajectory with small amplitude of oscillation 

was observed.  These results suggest that the crack in specimen a) was much more directionally unstable 

than the crack in specimen b).  Since the T-stress in specimen b) (26 MPa) was lower than that in specimen 

a) (35 MPa) due to the difference in the adhesive thickness, this observation of the directional stability of 

cracks is consistent with the prediction made using the finite element analysis results.  Although not 

reported here, similar phenomena about the adhesive thickness effect on the directional stability of cracks 

had also been observed in low-speed impact tests, which also supported the prediction. 

CONCLUSIONS AND COMMENTS 

This paper investigated the effect of external loads and specimen geometry on the crack path 

selection in adhesively bonded joints.  Through the study, the following conclusions are made:  

1. The locus of failure in adhesive bonds is dependent on the fracture mode mixity at the crack 

tip.  The failure tends to be more interfacial as the mode II fracture component increases.   

2. Post-failure surface analysis results indicated that for this particular material system, the 

asymmetric DCB test with an adherend thickness ratio lower than 0.5 can be used instead of 

the ENF pure mode II test to measure the interface fracture properties of adhesive bonds since 

the locus of failure in both tests are very close.  This substitution can greatly simplify the 

testing procedure.  

3. The directional stability of cracks is significantly influenced by the fracture mode mixity.  

When the mode mixity is higher than 3% for this particular material system, the cracks 

observed in the tests were directionally stable at a single interface regardless of the T-stress 

level.   

4. When the loading is predominantly mode I, the effect of debond rate on the locus of failure in 

specimens with negative T-stress is not significant.  However, if the T-stress in the specimens 

is positive, the failure is more interfacial when the rate of crack propagation is low and 

cohesive when the rate of crack propagation is high. 



 

 93

5. Besides the effect of the rate of crack propagation on the locus of failure, the directional 

stability of cracks is dependent on the rate of crack propagation.  Directionally unstable cracks 

are more likely to occur when the debond rate is high. 

6. Using the T-stress argument, the directional stability of cracks has been demonstrated to be 

closely related to the geometry of the adhesive bond.  The T-stress increases as the adherend 

thickness decreases and decreases as the adhesive thickness decreases.  Therefore, the cracks 

tend to be more directionally unstable as the adherend thickness decreases and tend to be 

more directionally stable as the adhesive thickness decreases. 
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Table 1. The XPS elemental analysis results for the typical specimens selected from each test. 

Test Method 

Analysis Results 
Symmetric DCB 

(h/H = 1) 
Asymmetric DCB 

(h/H = 0.75) 
Asymmetric DCB 

(h/H = 0.5) ENF 

Phase Angle 
Ψ – [degree] 

0 10 22 90 

SERR Ratio 
η% 

0 3 14 100 

C% 76.4 76.3 53.0 44.5 

Al% 0.2 0.3 9.3 14.8 

O% 18.7 18.8 31.8 36.7 

N% 2.6 2.5 2.6 2.0 

Si% 2.1 2.1 3.6 2.0 
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Table 2. Auger depth profile results for the typical specimens selected from each test. 

Test Method 
Analysis Results 

Symmetric DCB 
(h/H = 1) 

Asymmetric DCB 
(h/H = 0.75) 

Asymmetric DCB 
(h/H = 0.5) ENF 

Phase Angle 
Ψ – [degree] 

0 10 22  

SERR Ratio 
η% 0 3 14  

Adhesive Thickness 
250 µm 50 µm 4 nm  3.5 nm 
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Table 3. The XPS elemental analysis results on both fast and slow regions of a typical DCB 

specimen tested quasi-statically. 

XPS Atomic Percentage 
Region Analyzed 

%C %Al %N %Si %O 

Fast Crack Region 76.1 0.4 2.5 4.3 16.8 

Slow Crack Region 72.3 2.1 2.6 2.1 20.9 

 


