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1 | INTRODUCTION

Abstract

To realize robust structural design, the effects of the adhesive fillet, overlap
length and unbonded area in adhesive-bonded joints need to be fully under-
stood and incorporated into a fatigue life estimation method. In the present
work, both static and fatigue experiments are performed on six types of
adhesive-bonded joints to illuminate these effects systematically. A straightfor-
ward total fatigue life evaluation method is proposed to address these effects.
A statistical crack initiation model is established based on the fatigue data of
bulk adhesive specimens. Growth life is calculated using the interfacial crack
model and mixed mode crack growth method. Good correlation is observed
between the calculated and experimental fatigue lives. Furthermore, the effects
of the adhesive fillet, overlap length and unbonded area are analysed based on
both calculated and experimental results. Results indicate that adhesive fillet
postpones crack initiation by reducing local strain level, both overlap length
and unbonded area change the growth life by length. Besides, overlap length
promotes the fraction of mode II strain energy release rate in total, reducing
crack growth rates and extending growth life.

KEYWORDS

adhesive fillet, crack initiation, local strain-stress approach, mixed mode crack growth, overlap
length, unbonded area

design tools that can provide physical insight and charac-
terize the effects of design variables.

The outstanding mechanical properties of adhesive-
bonded joints, for example, lightweight, uniform stress
distribution, watertight, excellent corrosion protection,1
enhanced noise, vibration and harshness (NVH)
performance,”> and the ability to join different
materials,>* lead to increasing use in joining complex
auto body structures.” From the durability design's
perspective,® there is a specific need for analysis and

Regarding the adhesive-bonded joints, the adhesive fil-
let, overlap length and unbonded area are the most widely
used design variables which could significantly change the
joint's durability performance.”® Among the whole fatigue
failure process, adhesive fillets have been identified as
most contributing to extend crack initiation by reducing
stress concentration at the interface corner between sub-
strate and adhesive. By recording the back-face strain
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during tests and measuring the damage in different loca-
tions of adhesive-bonded joints, Solana and Crocombe’
found that the damage in adhesive-bonded joints appeared
first in the fillet. Removing the adhesive fillet will elimi-
nate the initiation phase and consequently reduce the
fatigue life.'® Furthermore, the proportion of crack initia-
tion life in total life has been found to vary in different
types of specimens.''"'* To establish crack initiation model,
the intensity of the singular stress field'>'* has been con-
sidered and transformed into the fatigue parameter'>'> to
correlate the test data. However, it is not widely used,
especially for a cohesive failure crack. One of the possible
reasons is that the stress singularity will be significantly
changed by the round radius, which is created during the
substrate cutting process.

Generally, the total fatigue failure of an adhesive-
bonded joint consists of crack initiation'®'” and subse-
quent crack growth.”® ' It has been reported that
the proportion of crack growth life will increase with
increasing load levels.>*>* At the same external load
level, the fatigue life of joints with larger overlap length
is longer than those with smaller ones, which can be
attributed to longer crack growth length.*® Jen and Ko*®
studied the effect of overlap length on the fatigue
strength of epoxy adhesive-bonded aluminium single lap
joints. Results indicate that fatigue resistance decreases
with the decreasing overlap length. The unbonded area
is expected to have a similar effect of overlap length.
By comparing the fatigue behaviour of weld-bonded
and adhesive-bonded joints,””*® Xu et al.*® found that at
the same external load level, the fatigue life of weld-
bonded joints is smaller than that of adhesive-bonded
joints, especially at higher load levels. They found the
adhesive was not bonded at the weld nugget area due
to the burning of adhesive during nugget formation.
However, these effects have not been characterized by
existing fatigue models.

Fracture mechanism-based methods are commonly
used to predict crack growth life. The crack growth laws
in mode I and mode II are widely determined by
using double cantilever beam (DCB) specimens'®
and 3-points end-notched flexure (3ENF) specimens,"’
respectively. Crack growth life was calculated by integrat-
ing Paris law from an assumed initial crack to final fail-
ure. But the estimated results are not promising. One of
the reasons is the complexity of loading conditions in
adhesive-bonded joints. Most adhesives are under multi-
axial stress conditions®' in practice, for example, peel,
shear and axial stresses in the adhesive layer, even for
the simplest single lap joint,”® which bring challenges
to growth life estimation. Furthermore, the crack
initiation phase was omitted in these research studies,
which would lead to conservative predicted results.*® By
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assuming the crack growth of the adhesive as a result
of progressive material deterioration in the cohesive
zone and the interaction thereof with the surrounding
continuum,***' the cohesive damage model (CDM) was
developed to simulate the entire failure process of
adhesive-bonded joints. The location of crack initiation
and growth is usually determined by utilizing a promis-
ing phenomenological criterion®**** based on the pure
mode I and mode II values, which can be determined
directly or inversely. Mesh sensitivity can also be
avoided given an appropriate mesh refinement. But time-
consuming computation is still inevitable due to the
mesh refinement and sensitivity examination induced by
stress singularity at the substrate edge.

In the present work, the effects of the adhesive fillet,
overlap length and unbonded area are systematically illus-
trated in aluminium adhesive-bonded lap-shear joints. A
total fatigue estimation method is proposed for the perfor-
mance characterization by straightforwardly dividing the
failure into crack initiation and growth. Crack initiation is
modelled using the fatigue test data of bulk adhesive speci-
mens fitted by the Manson-Coffin-Basquin equation. Local
strain data obtained from detailed 3D finite element
(FE) models are used for the crack initiation site and life
predictions. Crack growth life is calculated through the
integration of crack growth rates as a function of strain
energy release rates. The interfacial crack model is coupled
with mixed mode crack growth model to capture the effect
of mixed mode ratio. Finally, calculated results are com-
pared and analysed together with experimental results,
well characterizing the effects of the adhesive fillet, over-
lap length and unbonded area.

2 | EXPERIMENTS

Both bulk adhesive specimens and adhesive-bonded
joints are tested in this study. Fatigue test results of bulk
adhesive specimens are used for crack initiation model-
ling. Quasi-static and fatigue tests on adhesive-bonded
joints are used to illustrate the effects of adhesive fillet,
overlap length and unbonded area on crack initiation
and growth.

2.1 | Specimen preparation and test setup

The static and fatigue tests follow ISO 527-2*° and ASTM
D-3166-99°° for bulk adhesive specimens and adhesive-
bonded lap-shear joints, respectively. Figure 1 shows the
specimen configurations and dimensions for both speci-
mens, where L is the overlap length and D is the diame-
ter of the embedded polytetrafluoroethylene (PTFE) tape
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FIGURE 1
figure can be viewed at wileyonlinelibrary.com]

(round shaded area) for the lap-shear joints. In order to
study the effects of different geometric features, six types
of lap-shear joints were produced with two types of adhe-
sive fillets, three overlap lengths and two tape diameters.
Details of the joints are listed in Table 1. Figure 2 shows
the geometries of the arc and full triangular fillets. The
detailed dimensions will be shown later in Section 2.2.
The mechanical properties of the substrate and the cured
adhesive are listed in Table 2. Alcoa 951™ pretreatment
was adopted for AA6111-T4 to promote long-term corro-
sion resistance of the adhesive bond. The thickness of the
adhesive layer in the joints was controlled by embedding
0.275-mm diameter glass beads. As suggested by the sup-
plier, the adhesive curing process was performed in an
oven at 180°C for 30 min.

All tests were conducted on an MTS servo-hydraulic
testing machine under ambient laboratory conditions
(room temperature and atmospheric pressure), as shown
in Figure 3. A clear plastic cover was used around
the testing machine for protection. To eliminate the influ-
ence of mean stress, bulk adhesive specimens were tested

TABLE 1 Adhesive-bonded lap-shear joint types

Joints Type A Type B
Bond line length, L (mm) 5.0 12.7
Tape diameter, D (mm) 0 0
Fillet Arc Arc

(A) Bulk adhesive specimen and (B) adhesive-bonded lap-shear joint configurations and dimensions (unit: mm) [Colour

under sinusoidal strain-controlled condition at a strain
rate of 0.02/s and strain ratio R = —1. The extensometer
gauge length is 12 mm. The glue was applied at the knife
edges of the extensometer to prevent slipping. As for the
lap-shear joints, both tensile shear strength and fatigue
performance were evaluated. A displacement rate of
3 mm/min was adopted for the tensile tests. Fatigue tests
were performed under load-controlled conditions at
R = 0.1. Constant sinusoidal waveforms at a frequency of
20 Hz were employed for all joints. The specimens were
tested to failure or a maximum life of 15 000 000 cycles.
The fatigue cycles were determined until the complete
separation of joints.

2.2 | Lap-shear joints test results

To illuminate the effects of the adhesive fillet, overlap
length and unbonded area, test data are presented
against both applied load and tensile shear stress®
(i.e., maximum tensile load divided by the overlap

Type C Type D Type E Type F
25.4 254 254 12.7
0 8.0 20.0 0
Arc Arc Arc Full triangular
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FIGURE 2 Schematics of (A) arc and (B) full triangular fillets

[Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Mechanical properties of substrate and adhesive

Young's Yield
Modulus Poisson’s  strength

Materials (MPa) ratio (MPa)

AA6111-T4 70 000 0.33 224

(substrate)

BETAMATE 2 860 0.35 45

4601™

(adhesive)

area). The comparison of the tensile shear strengths
and critical tensile shear stresses between all six types
of joints is shown in Figure 4. The influences of the
adhesive fillet, overlap length and unbonded area on
fatigue failure life are illustrated in Figure 5. In terms
of applied load, both the fillet and the overlap length
have a positive influence on tensile shear strength and
fatigue failure life of adhesive-bonded joints although
the mechanisms differ. Furthermore, even with a simi-
lar bonded area, for example, a 322.6 mm?* for Type B
and 331.0 mm?® for Type E, the average tensile shear
strength of Type B joint is still much lower than that
of Type E joint, which indicates that the actual bonded
area is not a quantifying indicator for the strength
evaluation of adhesive-bonded joints under lap-shear
loading condition. As for tensile shear stress, the
effects of the unbonded area and adhesive fillet can be
found similar to those for applied load, but the overlap
length works oppositely. One of the possible reasons is
that although the tensile shear strength of the joints
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(B)

FIGURE 3
and (B) adhesive-bonded lap-shear joint [Colour figure can be

Setup of the tests on (A) bulk adhesive specimen

viewed at wileyonlinelibrary.com]

increases, the actual load-bearing area does not
increase proportionally with the overlap area increas-
ing, leading to the decrease of its proportion in the
overlap area, and thus the critical tensile shear stress
is lowered, and fatigue failure life shortened.

Figure 6 shows the typical fatigue crack path around
the adhesive fillets and the dimensions of the local
structure. As for an arc fillet, the crack initiation is at the
outer edge of the fillet (red arrow shown in Figure 6A),
consistent with the observation of Quaresimin and
Ricotta.>” For a full triangular fillet, the corner of the
substrate (red arrow shown in Figure 6B) is considered as
the crack initiation site based on the simulation results of
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FIGURE 4 Comparison of (A) tensile
shear strength and (B) critical tensile shear
stress between lap-shear joints [Colour figure
can be viewed at wileyonlinelibrary.com]
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O'Mahoney et al.*® and the experimental results of
Shenoy et al.*

3 | TOTAL FATIGUE LIFE
EVALUATION

The total fatigue life of adhesive-bonded joint is calcu-
lated by adding the crack initiation life and crack growth
life. Initiation life is calculated through a Manson-Coffin-
Basquin equation which is fitted by using fatigue test
data of bulk adhesive specimens. Detailed FE models of
adhesive fillets are adopted to obtain the local strain in
order to use this equation for initiation life calculation.
Crack growth life is calculated by the integration of
loading cycles on the crack growth path. Different crack
growth paths are identified for different types of joints.

3.1 | Crack initiation

The local strain-stress approach is adopted to estimate
the fatigue failure location and crack initiation lives

based on the widely used assumption®® that life spent on
crack nucleation of a notched component is identical to
that of a smooth laboratory specimen under the same
cyclic deformation.

3.1.1 | Manson-Coffin-Basquin equation

To correlate the local strain to crack initiation, the
strain-life curve of bulk adhesive specimens is described
by the classic Manson-Coffin-Basquin equation, as listed
in Equation 1, shown in Figure 7 together with the
test results.

/

o
o= Ef(zNi)b +é (2N,

(1)

where ¢, is the strain amplitude, ¢’; and €/, respectively,
refer to the fatigue strength coefficient and fatigue ductile
coefficient and superscripts b and c¢ are the fatigue
strength exponent and the fatigue ductile exponent. All
the parameters shown in Equation 1 were obtained
through curve fitting and are listed in Table 3.
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FIGURE 5 Comparison of fatigue failure lives between lap-shear joints on the effects of (A) overlap length, (B) unbonded area,
(C) adhesive fillet against applied load and the effects of (D) overlap length, (E) unbonded area, (F) adhesive fillet against tensile shear stress

[Colour figure can be viewed at wileyonlinelibrary.com]

3.1.2 | FE models

Full 3D FE models are established by using ABAQUS™/
standard to calculate the local maximum principal strain.
Figure 8A,B shows the overviews of typical FE models

of adhesive-bonded lap-shear joints with arc and full
triangular fillets, respectively. An example of the
unbonded area in the models is shown in Figure 8C.
Models were constructed with 20-node hex elements
(C3D20) and refined at adhesive fillets with the element
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size of 5 pm, as shown in Figure 8D,E. Figure 9 shows
the uniaxial stress-strain curves of the substrate and
adhesive used in the FE models.

Figure 10 shows the typical distributions of the
maximum principal plastic strain on a symmetric plane
in adhesive fillets at an external load of 4000 N. As can
be seen from the figures, the crack initiation occurs on
the outward side of the fillet in an arc adhesive fillet and
at the corner of the substrate for a full triangular adhesive
fillet, consistent with experimental results shown in
Figure 6. The maximum local principal strain at the crack
initiation site will be used to calculate the initiation life
through Equation 1 and the calculated results will be
presented in Section 4.

Arc Adhesive Fillet

Substrate

Substrate

Full Triangular
Adhesive Fillet

Substrate

Fillet

Substrate

B)

FIGURE 6 Fatigue crack path and local structure dimensions
in (A) arc and (B) full triangular adhesive fillets (unit: mm; red
arrows indicate the fatigue crack initiation sites) [Colour figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 7 Strain-life curve of bulk adhesive specimens

[Colour figure can be viewed at wileyonlinelibrary.com]

3.2 | Mixed mode crack growth

Crack growth life is calculated by integrating crack
growth rate equation in the form of strain energy release
rates from initial crack length to final failure. To account
for the mixed mode ratio effect, the interfacial crack
model is incorporated into mixed mode crack growth to
calculate the strain energy release rate for each mode.

3.2.1 | Strain energy release rates

For simplification, the adhesive layer thickness is
neglected due to the small ratio (6%) of bond line thickness
to total stack-up thickness. Considering the significant
effect of the mixed mode ratio on crack growth rates in an
adhesive-bonded system, the interfacial crack model*>**
is employed to calculate the strain energy release rates for
each mode. The schematic of the interfacial crack model is
shown in Figure 11. The x-axis is defined to be along the
direction from the centre of the adhesive element perpen-
dicularly to the edge of the adhesive layer, the y-axis fol-
lows the right-hand rule in z X x, and z is the direction
from the thicker substrate to the thinner one. t; is the
thickness of the substrates. F; and M; are the line force and
line moment applied on the Ith layer substrate in FE
models (Figure 8), calculated through the structural load
method.? [ = 1, 2 for the upper and lower debonded sub-
strates, respectively, and [ = 3 for the joined side. Assume
t; < t,, without loss of generality.

TABLE 3 Fatigue parameters in the Manson-Coffin-Basquin
equation
o"f (MPa) s’f (MPa) b c E (MPa)
63.807 0.25819 —0.07118 —0.48082 2860
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FIGURE 8 (A) Overview of finite
element (FE) model with arc adhesive
fillet, (B) overview of FE model with full
triangular adhesive fillet, (C) unbonded

Unbonded area

area in FE model, (D) local mesh in arc
adhesive fillet and (E) local mesh in full
triangular adhesive fillet [Colour figure
can be viewed at wileyonlinelibrary.com]
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figure can be viewed at wileyonlinelibrary.com]
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PE, Max. Principal

(Avg: 75%)
+8.104e-03
+7.428e-03
+6.753e-03
+6.078e-03
+5.402e-03

+1.351e-03
+6.753e-04
+0.000e+00

(A)

PE, Max. Principal
(Avg: 75%)
+9.569e-04

+7.974e-05
+0.000e+00

(B)

FIGURE 10 Distribution of maximum principal plastic strain
around adhesive fillets on the symmetric plane in (A) Type B and
(B) Type F joints [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 11 Schematic of interfacial crack [Colour figure can
be viewed at wileyonlinelibrary.com]

where
n=ti/t, (6)
a=52.1°-3%, (7)
V3 (1+7)

siny = .
V@ +dn+6n2+303)(1+13)

Correspondingly, the strain energy release rates for each
mode can be obtained, as follows:

Gi= Iz—l/z 9)
E = 85 B2 . (10)
Ey(ki+1)(v1+1) +E1(ka+1)(22+1)
3—4y, for plane strain
K= : (11)

—y
, for plane stress
v

where K; (i = I, II) is the ith mode SIF, G; (i = I, II) is
the mode i strain energy release rate calculated using K;,
y; and E; are the Poisson's ratio and Young's modulus at
the Ith layer, respectively, and E is the equivalent
Young's modulus of the adhesive-bonded structure,
substituted by that of the substrate listed in Table 2 for
engineering purposes.

3.2.2 | Mixed mode crack growth model

To characterize the mixed mode ratio, the shear mode
ratio factor®® g is calculated as follows and shown in
Figure 12 for all kinds of joints.

G
=1-—, 12
p=1- 12)
Gr=G1+ Gy, (13)

where G; and Gy are the mode I and mode II strain
energy release rates (N/m) in a loading cycle, respec-
tively. Gr is the corresponding total strain energy
release rate.

As can be seen from Figure 12, for the studied lap-
shear joints, the mode I strain energy release rate takes
about half of the total, and the shear mode ratio factor is
uniquely controlled by overlap length. As the overlap
length increases from Type A to Type C, the stiffness in
overlap area increases and reduces the local bending,
leading to a decrease in mode I and an increase in mode
IT strain energy release rates, which will lower the crack
growth rate.® On the other hand, the shear mode ratio
factor barely changes from Type C to Type E, which may
be induced by the unique stress profile in adhesive-
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FIGURE 12
different joints [Colour figure can be viewed at

Shear mode ratio factor in 0.7
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bonded lap-shear joints. Based on the stress analysis in
Wu et al,*! serious stress concentration occurs at the ends
of the overlap area in lap-shear joints, and the stress in
the central region can be negligible. Most of the applied
load in adhesive bonding is carried at the end of the
bonded area. The presence of defects in the centre may
alter the stress profile in lap-shear joints, but not remark-
ably, and the load transfer path can hardly be changed,
leading to the insignificant variation of structural loads
and shear mode ratio factor.

Based on our previous research,* the fatigue perfor-
mance of adhesive-bonded systems is dependent on load-
ing mode mixity. To capture its effect, the mixed mode
crack growth rate is expressed by a generalized Paris rela-
tion formula®":

STC\II =c(p)- (pGr* + anz)mTW, (mm/cycle), (14)
c(B)=(1=p)er + fea, (15)
m(f) = (1-p)mi + pms, (16)

TABLE 4 Material constants® for fatigue crack growth in
BETAMATE 4601™

p q €1 C2 ny m;

0.1816 0.0583 8.32e-12 1.43e-12 4.14 4.44

TABLE 5 Final crack lengths for different types of joints

Type A Type B
ay(mm) 2.5 6.35

Final crack length

where c¢(ff) and m(p) are the generalized coefficient and
exponent, respectively. p, g, c¢;, ¢;, m; and m, are the
material constants, which were obtained by fitting the
crack growth rate data in our previous work,*® and listed
in Table 4.

The crack growth life can be calculated by integrat-
ing the life cycles during crack growth. Based on the
simulation results in Chen et al,>*® under shear-
dominated loading, the SIFs increase as the crack grow-
ing, but not significantly. Thus, the initial strain energy
release rates are adopted in the crack growth life calcula-
tion of lap-shear joints considering its insignificant varia-
tion during the crack evolution. The crack growth life
can be derived as

__4r
P~ da/dN

(cycle) (17)

where af is the final crack lengths used for different
types of joints. Due to the symmetry, the cracks are
treated equally at both loading sides of the studied lap-
shear joints. Thus, the final crack lengths are calculated
as half of the overlap length for fully bonded joints. For
Types D and E joints, the final crack length has to
exclude the influence of the unbonded area. Hence, the
final crack lengths are counted from the edge of adhe-
sive to the nearest boundary of unbonded area. Table 5
lists the calculated final crack lengths for different types
of joints.

Type F
6.35

Type C Type D Type E
12.7 8.7 2.7
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FIGURE 13 Comparison between calculation results and
experiments [Colour figure can be viewed at wileyonlinelibrary.com]

4 | RESULTS AND DISCUSSION

Total fatigue failure life is calculated by adding initiation
life (in Equation 1) and growth life (in Equation 17).
Figure 13 compares the calculated total life with the
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Maximum load (N)
=)
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experimental results. Good correlation between calcula-
tion and experimental results is achieved, and most of the
data lie within five times of error band.

Figure 14 compares the experimental and calculated
results for all types of studied joints by separating the
total fatigue life into crack initiation life and growth life.
By comparing Figure 14A-C, the crack initiation life is
dominant only for the overlap length of 5.0 mm (Type
A). As for the overlap length of 12.7 mm (Type B) and
254 mm (Type C), the crack growth life is dominant.
With the overlap length increasing, the shear mode ratio
factor (Figure 12) increases and the fraction of mode II
strain energy release rate range (Equation 12) increases,
slowing down the crack growth. The increased overlap
length also prolongs the growth life by growing length.
Figure 14C-E compares the results from Type C to Type
E joints. It shows that the unbonded area within the
adhesive layer has a similar effect as overlap length.
Increasing the unbonded area decreases the crack growth
life due to the shorter crack growth length, which
explains why fatigue failure life of weld-bonded joints is
smaller than that of similar adhesive-bonded joints.'®
However, the initiation life remains similar in three
kinds of joints, indicating the insignificant effect of
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FIGURE 14 Comparison between test results and calculated initiation life, growth life, and the total life in (A) Type A, (B) Type B,
(C) Type C, (D) Type D, (E) Type E, and (F) Type F joints [Colour figure can be viewed at wileyonlinelibrary.com]
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unbonded area on crack nucleation. Figure 14B,F com-
pares the results of Type B and Type F joints. It shows
that with the same crack growth length and growth life,
the full triangular adhesive fillet significantly enhances
the crack initiation life, leading to the increasing fatigue
failure life of the joints.

5 | CONCLUSIONS

In this work, the effects of the adhesive fillet, overlap
length and unbonded area of adhesive-bonded lap-shear
joints are experimentally and numerically evaluated. A
straightforward total fatigue life calculation method is
proposed based on the local strain-stress approach and
mixed mode crack growth method. The following conclu-
sions can be drawn:

1. Both the adhesive fillet and the overlap length have a
positive influence on the tensile shear strength of
adhesive-bonded joints, whereas the unbonded area
has a negative impact.

2. By characterizing the initiation life with the local
strain-stress approach, the crack initiation life and site
are calculated based on detailed FE models. Crack ini-
tiation occurs at the outer edge of the arc adhesive fil-
let and the corner of the substrate edge in a full
triangular adhesive fillet.

3. Crack growth life is calculated using the mixed mode
crack growth method. An interfacial crack model and
a generalized Paris relation formula are utilized to
consider the effect of loading mode mixity. Final crack
growth length is taken as half of the overlap length
for fully bonded joints minus the radius of unbonded
area to account for its influence.

4. The entire fatigue failure life of adhesive-bonded
joints is calculated by adding up crack initiation and

growth lives. A good correlation between the calcu-
lated and the experimental results is obtained.

5. Although both larger adhesive fillet and overlap length
enhance the fatigue failure life of adhesive-bonded
joints, the mechanisms are completely different. A full
triangular adhesive fillet significantly postpones the
crack initiation through a lower local strain level. The
overlap length increases the crack growth life by
enhancing the crack growth length and the fraction of
mode II strain energy release rate, which leads to lower
crack growth rate.

6. The unbonded area also decreases the crack growth
length. Nevertheless, due to the relatively large
fraction of the crack initiation life, the effect of the
unbonded area on fatigue performance is relatively
insignificant.
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NOMENCLATURE

E., E, Young's moduli of upper and lower
substrates

F, F,, F3 line forces applied on upper, lower and

joined side substrate
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G1, Gy, Gt mode I, mode II and total strain energy
release rates

K, Ky mode I and mode II stress intensity
factors

My, M,, M3 line moments applied on upper, lower
and joined side substrate

N; crack initiation life

N, crack growth life

ap final crack length

da crack growth rate

t, b, b3 upper, lower and joined side substrate
thicknesses

&g strain amplitude

€y fatigue ductile coefficient

Vy, Uy Poisson's ratios of the upper and lower
substrate

o's fatigue strength coefficient

b fatigue strength exponent

c fatigue ductile exponent

D unbonded area diameter

L overlap length

E Young's modulus of the adhesive

E Young's modulus of the adhesive-bonded
structure

F structural force that governs the crack tip
singularity

M structural moment that governs the crack
tip singularity

c(B) generalized coefficient

m(p) generalized exponent

D, D, €1, C;, material constants in generalized Paris

my, m, relation formula

a,y correction angles of stress intensity
factors for interfacial crack

i shear mode ratio factor

n thickness ratio
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