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Characterization of Fatigue Behavior
of Bonded Composite Repairs
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Purdue University, West Lafayette, Indiana 47907-1282

Composite patches are bonded to a cracked metallic surface either symmetrically (double sided) or unsymme-
trically (single sided) to extend service life. The stresses in the metallic panel are greatly affected by the repair
symmetry. Unsymmetric repairs present the greatest challenge because of the presence of out-of-plane bending.
Thermal residual stresses are present because of the thermal coef� cient mismatch of the patch and the aluminum
plate. Debonding along an adhesive–adherend interface can reduce the patch effectiveness. A simple analysis with
Mindlin plate theory is investigated to model the host and the repair plate. The two plates are connected by an
adhesive layer modeled by effective springs. Large de� ection theory is used in the case of unsymmetric repairs.
The springs are ineffective in the debond zone and are removed. Both the aluminum and the debond cracks are
characterized by fracture mechanics by use of the stress intensity factor and strain-energy release rate, respectively.
Experiments on aluminum 2024-T3 plate, AS4/3501-6 carbon/epoxy composite patch and FM73 adhesive include
determining the thermal residual stresses in the aluminum plate and observation of debond development by use
of an ultrasonic C-scan. Tests are conducted to examine the metallic and debond crack growth interaction on
unsymmetric repairs.

Introduction

T O extend the service life of an aging aircraft, the cracked com-
ponents must be replaced or repaired. If the number of cracks

is small and the crack size is small relative to the size of the compo-
nent, it is often most economical to use crack arrestmentmethods to
regain the load-carryingcapacityof thecomponent.A repairmethod
for which compositepatchesare used to reinforce the crackedstruc-
ture has been shown to be very promising,owing to the lightweight,
high stiffness, and high strength of the composite.1

One of the most challengingaspects of bonded repair technology
is stress analysis of the repaired structure.The dif� culty arises from
the fact that a plane stress metallic panel under in-plane loading
develops highly complicated three-dimensionalstresses if compos-
ite patches are bonded to its surfaces either symmetrically (dou-
ble sided) or unsymmetrically (single sided). Unsymmetric repairs
present the greatest challenge in modeling because of the presence
of out-of-planebending. The two side views, shown in Figs. 1a and
1b, show thebendinginducedfrom thermalresidualstressesbecause
of the thermal mismatch and from the off-axis loading. Although it
has been shown that double-sidedrepairs exhibit the most effective
reinforcement, single-sidedrepairs provide a clear advantage when
it is dif� cult or impossibleto gain access to both sidesof a structure.

Many analysis techniques have been proposed.1¡4 However, not
much combined analytic and experimental veri� cation has been
done at the present time. Perhaps the most extensive work has been
done by Baker5 for double-sided repairs. Predictions of fatigue life
are made, including debond effects for many loading conditions.
Debond size is destructively examined by removal of the repair at
high temperatureandexaminationof the oxidizedaluminumsurface
from the debond zone.

Bending can cause a large variation of the stress intensity factor
through the plate thickness. This can lead to curvature of the crack
front in thick aluminum plates and makes prediction of the crack
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growth dif� cult. Large de� ection6 is expected to play a role in the
behavior of the plate when mechanical loading is applied, causing
the bending shown in Fig. 1b. The most interesting case is when
the mechanical loading is applied after the effects of the thermal
residual stresses have been taken into account.

The use of a full three-dimensional� nite-element model to per-
form stress analysis is computationallycostly and can even cause ill
conditioning when high aspect ratio elements are used for the thin
patch and adhesive. In this paper, a simple analysis is investigated
by use of Mindlinplate theory to model the host and the repair plates
and springelementsto model theconnectingadhesivelayer.The alu-
minum crack is characterized by fracture mechanics by use of the
stress intensity factor. The distribution of the strain-energy release
rate for a debondcrack is calculated.A comparisonbetweendouble-
and single-sidedrepairs with both thick and thin patches is achieved
both numerically and experimentally. Fatigue crack growth data is
obtained with an ultrasonic C-scan to measure the debond crack
nondestructively.An optical microscope is used for the single-sided
repair aluminum crack growth. Quantitative comparisons between
analysis and experiments are made.

Model and Analysis Description
Figure 2 shows a typical single-sidedpatchcon� guration.A com-

plete derivation of the � nite-element model is given in Ref. 3. The
plate nodes are located on the midplanes of the aluminum plate
and patch. The adhesive nodes lie along the patch–adhesive and
adhesive–aluminum plate interfaces. Constraint equations are im-
posed on the patch–adhesive and the adhesive–aluminum interfaces
to enforce compatibility. The adhesive layer is modeled by three
springs: one in each of the x and the y directions for the transverse
shear stiffness in the xz and the yz planes and one in the z direction
for the axial stiffness in the z direction.

The modi� ed crack closure technique7 is used to calculate the
strain-energy release rate. It is assumed that the strain energy re-
leased during crack extension is equal to the work needed to close
the openedcrack surfaces.It is also assumed that the adhesivecracks
along the aluminum crack region. Generally, the nodal forces and
relative displacements from the geometric nonlinearity are nonlin-
ear; therefore the energy required for closing the crack front is the
summation of the work done for each increment. However, it has
been found that the relation between the nodal forces and relative
displacementsis linear at the crack tip. Thus, the work done for each
increment is linear, and a single-stepclosure approachcan be taken.
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Fig. 1 Curvature of single-sided repair that is due to a) thermal resid-
ual stresses and b) mechanical loading.

a) b)

Fig. 2 Con� guration of a) a repaired center crack with debond
and b) a � nite-element mesh with debond (quadrant of patch region
shown).

In this case, the strain-energyrelease rate is computed for mode I
fracture loading,but the same procedurecan also be used for mixed-
mode loading. Four-node Mindlin plate elements (S4R) are used
to model the aluminum plate and repair. Figure 3 shows a two-
dimensional � nite-element model for the aluminum plate near the
crack tip at point b. Assume that the crack front extends from b
to c. Since the extension 1a is very small, the crack opening dis-
placements at b are taken to be the same as those at a. Thus, the
strain-energyrelease rate can be calculated as the work done by the
nodalforceand the moments, Fb

y and M b
x , respectively,in closing the

crack opening displacement and rotations ua
y and Ãa

y , respectively.
The total strain-energy release rate is obtained as

NG total D NGu C NGÃ D .1=21a/ F b
y ua

y ¡ ua 0

y

C .1=21a/ Mb
x Ã a

y ¡ Ã a0

y (1)

where NGu , NGÃ , and NG total are the transitional, rotational, and to-
tal strain-energy release rates, respectively. Note that these strain-
energy release rates are the respective energies released (over the
total plate thickness) per crack tip.

The fracture parameter for the aluminum crack is often given
in terms of the stress intensity factor. Because we are looking at
a single-sided patch con� guration, the stress intensity factor is not
uniform through the thickness of the plate. The maximum stress
intensity factor is located on the tension side of the plate and is
composed of

K I D Ku C KÃ

2z

ts
D

NGu Es

ts
C

3 NGÃ Es

ts

2z

ts

(2)

Cracking along the bond line is a key mode of failure in patch
repair. The debond crack may propagate in either the adhesive–

aluminum or the adhesive–patch interface.To predict debond crack
growth behavior, the strain-energyrelease rate along the crack front
must be evaluated. The present double-plate model can be used to
perform this task.

The debondcrackalways initiatesfrom the locationof theoriginal
crack in the aluminum plate. From experimental results,we assume
that the debond crack lies in the adhesive–repair plate interface.
In fact, when the present plate model is used in conjunction with
linear springs to represent the adhesive, the strain-energy release
rates for the two possible debond cracks turn out to be identical.
The difference in fracture toughness of these two interfaces would
determine the actual location of the debond crack.

To illustrate the procedure for calculating the strain-energy re-
lease rate, we consider a small region in the neighborhood of the
debond crack front. Figure 4 shows part of the � nite-elementmodel
that includes four (four-noded) plate elements for the aluminum
plate and nine springnodes (a3

j ; b3
j , and c3

j ; j D 1; 2; 3). The debond
crack front is at the line b1b2b3 . The top nodes b3

j and c3
j , which

represent the lower edge of the adhesive, are tied by the constraint
equationsto the correspondingbottomnodesb4

j and c4
j , respectively,

which represent the top edge of the aluminum plate. The two sets
of nodes a3

j and a4
j are not constrained because the debond crack

has already propagated through this area. The constraints result in
reaction forces, Nx , Ny , and Nz and moments Mx and My , at these
nodes. Note that the spring nodes have only reaction forces. The
reaction forces and moments at a node are equal to the respective
sums of the nodal forces and moments of all of the elements sharing
this node.

The debond crack closure energy can be determined with the
assumption that the crack front extends from the current location
b3

j
–b4

j to c3
j
–c4

j . As with the previous example of crack closure, the
extension 1a is very small and the crack opening displacements
at b3

j
–b4

j are taken to be the same as those at a3
j and a4

j before the
assumed crack extension.Thus the crack closure energy associated
with a pair of nodes (say, b3

2 and b4
2 ) can be expressed in the form

2Ub2 D N 3
x 1u3

x C N 3
y 1u3

y C N 3
x 1u3

x

C N 4
x 1u4

x C N 4
y 1u4

y C N 4
z 1u4

z C M 4
x 1Ã 4

x C M4
y 1Ã 4

y (3)

where N 3
i , N 4

i , and M 4
i are nodal constraining forces and moments

before crack extension at nodes b3
2 and b4

2 , and u3
i , u4

i , and Ã 4
i are

Fig. 3 Aluminum plate
crack tip elements (top
view).

Fig. 4 Schematic of debond crack front.
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the nodal displacements and rotations at nodes a3
j and a4

j . In ad-
dition, 1u3

i denotes the difference of the nodal displacements be-
tween nodes a3

j and b3
j , and 1u4

i denotes the relative displacements
between nodes a4

j and b4
j .

The strain energy released over an area associated with the as-
sumed crack extension can be calculated with Eq. (3). The average
strain-energyrelease rate is obtained by dividing the total strain en-
ergy released by the local area. For example, the total strain-energy
release rate at b2 is calculated as

G D Ub2 A (4)

where

A D 1a
.l1 C l2/

2

where l1 and l2 are the width of the elements shown in Fig. 4.
However, the accuracy of such a calculation depends on the � nite-
element mesh, especially at the crack front.

The material properties for the graphite/epoxy repair (AS4/3501-
6) are shown in Table 1, and the material properties for aluminum
and FM73 adhesive are shown in Table 2. Two thicknesses of com-
posite repairs are chosen for comparison of both the single- and
the double-sided repairs. Both four-ply (0.508-mm) and eight-ply
(1.016-mm) repairs are used. The aluminum sheet thickness ts and
adhesive thickness are 3.1 and 0.10 mm, respectively.Note that the
thicknesses and geometry of the repair may not be typical for a de-
sign for the given aluminum thickness.Typically, the product of the
repair thickness and effectivemodulus is greater than the product of
the modulus and thicknessof the metallic structure.Also, the repair
edge is tapered and the corners are rounded to reduce the adhesive
stresses.1;8 For this study, it is assumed that the repair is long enough
for us to ignore debonding along the untapered boundary.

The � rst step in analysis is to determine the effect of the thermal
residual stresses.Conventionally,the value of the temperaturedrop,
1T , is taken as the difference in the ambient room temperature of
the component and the curing temperature. For a typical adhesive
like FM 73, the curing 1T temperature is 120±C and the ambient
room temperature is 20±C, making a 1T of ¡100±C. However, the
actual value of 1T is not well de� ned because of such things as
the adhesive’s not hardening at 120±C. Because of this uncertainty,
an effective temperature drop 1Teff is proposed and is de� ned as
the temperature drop that can be adopted in a model without using
temperature-dependent material properties.

Two methods of determining this effective temperaturedrop have
been proposed. The � rst method consists of curing an uncracked

Table 1 Composite material
properties

Property Graphite/epoxy

E1 (GPa) 138
E2 (GPa) 9.7
E3 (GPa) 9.7
G12 (GPa) 6.9
G13 (GPa) 6.9
G23 (GPa) 3.2
º12 0.3
º13 0.3
º23 0.49
®1.10¡6 ±C¡1/ ¡0:7
®2.10¡6 ±C¡1/ 27.0
®3.10¡6 ±C¡1/ 27.0

Table 2 Aluminum and adhesive
material properties

Aluminum Adhesive
Property 2024-T3 FM 73

E (GPa) 72.0 2.15
º 0.3 0.4
®.10¡6 ±C¡1/ 23.0 ——

panel of composite/adhesive/aluminum to create thermal residual
stress. After curing, a strain gauge is placed at the center of the
composite panel and an initial strain reading is measured. Subse-
quently, the aluminum is dissolved with caustic NaOH solution.
This method allows removal of the aluminum without the introduc-
tion of any additional stresses or temperature effects from grind-
ing. After removal of the aluminum, a strain measurement is again
taken. Since the composite plate is no longer constrained by the
aluminum plate, the difference in strain measurements is directly
related to the amount of residual stress present after patching. This
strain is matched to the strains from a � nite-elementmodel at vary-
ing 1T . This method can be used for both single- and double-sided
patch con� gurations.For single-sidedrepairs, there is an additional
method available. The residual stresses in a single-sided specimen
will cause curvature that can be measured by a three-dimensional
coordinate measuring machine. As with the strains, these curva-
tures can be matched with a � nite-element model to determine the
effective 1T . For this analysis 1Teff is taken to be ¡70±C.

Only one half of the single-sided and one quarter of the double-
sided repairs need to be modeled because of symmetry. Initially,
the boundary conditions for the repair and the aluminum plates are
free, and the temperature is decreased to model the thermal residual
stressesbecauseof cure.Next, the boundaryat y D L s (half the alu-
minum sheet length) is clamped to model the grip condition.Finally,
the load is increasedto the maximumstress¾max . The displacements
at the grip are also constrained to be equal during the loading.

Specimen Preparation
Figure 5 shows the geometryof the reinforcededge-crackedspec-

imen.The aluminumalloyand the compositerepairare 2024-T3and
AS4/3501-6 graphite/epoxy, respectively.Before bonding, the edge
crack is initiated with a jeweler’s saw (0.008-in. blade). A fatigue
crack is then propagated to a total crack length of approximately
13 mm. Note that the edges of the repair are not stepped and will
thus give high edge stresses. The specimen is next prepared for the
high-temperaturebonding.

One of the most critical steps in the bonding procedure is the
aluminumsurfacepreparation.Reference1 detailsthe requiredsteps
of the aluminumpreparationand are brie� y summarized as follows:

1) Surface degreasing: The aluminum surface of the repair area
is thoroughly cleaned with methyl ethyl ketone.

2) Abrasion: The repair area is abraded with aluminum oxide
abrasivepaper to remove the oxide layer and expose a reactivemetal
surface.

3) Primer: A 1% solution of silane primer (gamma-
glycidoxypropyltrimethoxy silane) is brushed onto the repair area
for 10 min. The specimen is then air dried. The surface of the com-
posite patch is only degreased and abraded.

Curing of the adhesive is done immediately following the alu-
minum surface treatment, at 120±C for 1 h. FM 73 (American
Cyanamid) adhesive � lm is used for bonding. Note that the com-
posite is cured before the adhesive bonding cycle.

Fatigue Results and Discussion
The results include numerical results from � nite-element analy-

sis and fatigue tests of both single- and double-sided repairs. Ultra-
sonic C-scans are taken of the repair area to show debonding with
varyingamounts of fatigue.A through-transmissiontechniquewith
an immersion tank is used to detect the debonding. Two 10-MHz

Fig. 5 Geometry of composite repair.
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transducers with a 38.1-in. focal length are used. Fatigue tests are
performed on a 250 KN MTS testing machine and crack length for
single-sided repairs is measured by an optical microscope.

It is well understood that the single-sided repair can affect the
global geometry of a cracked structure because of thermal residual
stresses that arise frombondingthe compositepatchat elevatedtem-
peratures and from a mechanical in-plane load, as shown in Fig. 1.
The effectsof this geometricalchangeon the aluminumcrack struc-
ture are not simple. In fact, large de� ection theory may be required
for solving the problem.6 Figure 6 shows the curvature of the mid-
plane of the aluminum plate along the y axis for the eight-ply repair
for both linear and nonlinear, or large de� ection theory, analyses
with 1T D ¡70±C. Initially, the plate is curved becauseof the ther-
mal residual stresses. As the in-plane mechanical load is increased,
the plate � attens. Further increase of the load causes the plate to
curve in the oppositedirection.The plot shows that for thisgeometry
there is littledifferencebetweenthenonlinearand the linearanalysis.

Figure 7 shows the normalized stress intensity factor at the alu-
minum plate midplane Km and free surface K f vs the applied stress
for both the nonlinearand the linear solutions.The aluminum crack
length is 12.7 mm. The stress intensity factor is normalized by the

Fig. 6 Curvature of aluminum plate midplane along y axis for eight-
ply composite repair.

a)

b)

Fig. 7 Normalized stress intensity factor with D T = ¡ 70±C for the
a) four-ply and b) eight-ply repairs.

plane strain critical value K I c for aluminum 2024-T3. The data are
shown for 1T D ¡70±C, and there is little difference between the
linear and the nonlinear solutions. Interestingly, the magnitude of
the stress intensity factor is approximately the same for the four-
and the eight-ply repairs.However, at high loads the stress intensity
factor for the four-ply is slightly higher than that for the eight-ply
repair. At zero load, the eight-ply repair stress intensity factor is
higher because of greater thermal residual stresses. Also note that
the stress intensity factor at zero load is larger at the midplane.This
is due to bending stresses in the aluminum plate that arise from the
thermal residualstresses.The maximum valueof the stress intensity
factor is at the aluminum–adhesive interface rather than at the free
surface of the aluminum plate. For instance, for a cyclic stress from
0 to 10 MPa, the maximum value of the stress intensity factor will
also shift from the aluminum–adhesive interface to the free surface
of the plate.

The double-sided repair results for both repair thicknesses are
shownin Fig. 8. The stress intensityfactor is higherfor the thickerre-
pair at zero load when thermal residual stresses are included.As the
applied load is increased, the thicker repair becomes more effective
than the thinner patch in reducing the stress intensity factor.

Fig. 8 Normalized stress intensity factor for double-sided repairs.

Fig. 9 Debond strain-energy release rate distributions for single-sided
repair.
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Fig. 10 Debond strain-energy release rate distributions for double-
sided repair.

a) N = 55 £ 103 , a = 26 mm

b) N = 95 £ 103 , a = 48 mm

c) N = 122£ 103 , a = 62 mm

Fig. 11 Ultrasonic C-scans of repair area for four-ply single-sided re-
pair with initial crack length of 12 mm and D ¾ = 68.95 MPa.

Strain-energy release rate distributions for the single- and the
double-sided repairs are shown in Figs. 9 and 10. For this speci-
men, the debond crack front and aluminum crack front are assumed
to coincide. An ellipse with aspect ratio b¤=a¤ D 0:2 is used to
make comparisons of the repair geometries. The strain-energy re-
lease rate is plotted from the x axis at the aluminum crack tip to the
y axis. Figure 9 shows that for two debond sizes, the distributionof
the strain-energy release rate is nearly equal for each of the thick
and the thin repairs. Also, the strain-energy release rate increases
near the freeedgeof theedge-crackedspecimen.Thusone wouldex-

a) N = 55 £ 103 , a = 25.4 mm

b) N = 110 £ 103, a = 51.6 mm

c) N = 132 £ 103 , a = 69.6 mm

Fig. 12 Ultrasonic C-scans of repair area for eight-ply single-sided
repair with initial crack length of 12 mm and D ¾ = 68:95 MPa.

pect the greatest debondgrowth near the free edge. Figure 10 shows
that for double-sided repair, the magnitude of the strain-energy re-
lease rate is higher for the thin patch. The strain-energyrelease rate
also increases near the free edge of the specimen. Consequently,
we see that the debondingcharacteristicsfor the single-sidedrepair
are similar for the thick and the thin patches, but are different for
the double-sided repair.

Images of the ultrasonic C-scan are shown in Figs. 11–14. The
images are of specimens subjected to fatigue loading, taken at var-
ious cycles during the testing. The fatigue stress ranges for the
single- and the double-sided repairs are 1¾ D 68:95 MPa, R D 0
and 1¾ D137:9 MPa, R D 0, respectively. Note that no initial ten-
sile load was applied to the specimen in order to minimize the ini-
tial transverse de� ection in the single-sided repair, as mentioned
by Belason8 and shown in Fig. 6. The number of cycles .103/
and crack position for the single-sided repair a f are indicated be-
low the images. The aluminum crack for the single-sided repair
is tracked on the reverse side of the repair by an optical micro-
scope. True aluminum crack positions for the double-sided repairs
are indicated by open symbols. It is believed that the aluminum
fatigue crack is too � ne and its crack tip position cannot be ac-
curately measured from the C-scan image. Thus the crack length is
indicatedby an open symbol to identify the lengthas an approximate
measure.

The images in Figs. 11 and 12 show that the debond growth
and the aluminum crack growth for the thin and the thick repairs
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a) N = 25 £ 103

b) N = 110 £ 103

c) N = 130 £ 103, a = 65 mm

Fig. 13 Ultrasonic C-scans of repair area for four-ply double-sided
repair with initial crack length of 13.5 mm and D ¾ = 137.9 MPa.

are similar. It seems that initially the debonding is very small, as
shown by the � rst image in each � gure. Also, the debond does not
seem to cover the length of the aluminum crack signi� cantly. As
the aluminum crack grows outside of the repair edge, as shown in
the next image, the debond area increases. However, there does not
seem to be signi� cant debonding. In fact, the debonding along the
repair edge seems to be as much as that along the aluminum crack.
The � nal image shows the debonding after the aluminum crack has
grown a little distance away from the repair edge.

The debondingfor the thin and the thick repairs shown in Figs. 13
and 14 appears to be different. The thin repair seems to have more
debonding along the aluminum crack over the entire fatigue life,
although the thick repair initially has more debonding. Also there
is some debonding along the repair edge.

Predictions of the fatigue life are made by numerical integration
of a Paris law:

N D
a f

ai

da

C .1K /m

where ai and a f are the initial and the � nal aluminumcrack lengths,
respectively. The material constants9 used for aluminum 2024-T3
are C D 4:086 £ 10¡10 and m D 2:318. Normally the materials con-
stants are dependent on the R ratio, which is de� ned as the ratio of
the minimum to the maximum applied stresses.

Fatigue life data and predictions for the single-sided repair are
shown in Fig. 15. The test data are labeled Test 1 and Test 2. Both

a) N = 100 £ 103

b) N = 200 £ 103

c) N = 307 £ 103 , a = 52 mm

Fig. 14 Ultrasonic C-scans of repair area for eight-ply single-sided
repair with initial crack length of 13 mm and D ¾ = 137.9 MPa.

repairs increase the fatigue life approximately 3.5 times over that
of the nonrepaired specimen. It is immediately apparent that the
thicker repair does not signi� cantly improve the fatigue life. Kmax

(the value of the stress intensity factor at peak applied load) is used
instead of 1K (Kmax ¡ Kmin ) for the predictions.Because there is a
Kmin (the minimum value of the stress intensity factor) at zero load
(for R D 0) becauseof the thermal residual stresses, this leads to an
effective R ratio. R-ratio-dependentmaterial constantsC and m are
not currently used for the analysis. The effect of debonding on the
stressintensityfactoris neglectedbecauseit was foundthat therewas
not a signi� cant increasein stress intensityuntil the aluminumcrack
penetrated the repair. At this point signi� cant debonding occurs as
the repair performs like a lap joint. Fatigue life cycle predictionsby
use of the stress intensity at the free edge N f , midplane Nm , and
root-mean-squarevalue Nrms are indicated.Callinan et al.10 showed
the root-mean-squarestress intensity factor as follows:

Krms D
1
ts

ts =2

¡ts =2

K 2.z/ dz

When Eq. (2) is substituted into K .z/, the following equation can
be derived:

K 2
rms D K 2

m C 1
3
K 2

f

The predictionwith the freeedge and themidplanestress intensity
factors span the test data. It seems that using Krms to compute the
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a)

b)

Fig. 15 Crack length a vs cycles n for single-sided repair with a) four-
ply graphite/epoxy and b) eight-ply graphite/epoxy composite.

Fig. 16 Crack length a vs cycles N for double-sided repair.

fatigue life gives a very good conservative prediction for both the
thick and the thin repairs.

Figure 16 shows the fatigue life data for the double-sidedrepairs.
The test data are shown only at the point where the fatigue crack
penetrates or travels completely through the repair. It is evident
that the thicker patch leads to a greater fatigue life. Analysis is
performed to predict the number of cycles for the fatigue crack to
penetrate the repair. Analysis without debonding can predict the
results for the thick, but not the thin, repair. Since the thin patch has
signi� cantly more debond growth over the entire aluminum crack
length, the effects of debonding on the stress intensity factor are
added. The debonding effects were achieved with the assumption
of an elliptic debond of approximately the same size as the actual

debond from the C-scan image. An ellipse is chosen to approximate
the debond front at the location near the crack tip. Note that the
debond is actually largernear the free edge.This approximationstill
leads to conservativepredictionsof the fatigue life, as shown in the
� gure.

Conclusions
In this study, bondedcomposite single- and double-sidedpatches

are investigated. Thermal residual stresses in the aluminum panel
induced during bonding can signi� cantly affect the effectivenessof
patchingand thereforemust be accuratelydetermined.Double-sided
repairsare much more effectivein increasingfatigue life,but may be
more dif� cult to put into practice. Increasing the thickness of a low
coef� cientof thermal expansioncomposite like graphite/epoxymay
not have a signi� cant effect on fatigue crack growth for single-sided
repairs. It seems that Kmax can be effectively used to estimate the
fatigue life. Debond growth must be taken into account in the stress
intensity factor and subsequentfatigue life when there is signi� cant
debonding along the aluminum crack. Because the stress intensity
factor varies through the thickness for single-sided repairs, the fa-
tigue life is computed with Krms , and this method seems to estimate
the fatigue life accurately.
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