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Lowering Thermal Residual Stresses in Composite
Patch Repairs in Metallic Aircraft Structure

J. Cho¤ and C. T. Sun†

Purdue University, West Lafayette, Indiana 47907-1282

Thermal residual stresses induced by the bondingof composite patch repairs cause adverse effects on the fatigue
performance of patch repairs. The reduction of residual stresses was attempted by modifying the cure cycle of
the adhesive, FM73M. An effective temperature drop D Teff was determined to quantify thermal residual stresses.
Various cure cycles for the adhesive were investigated empirically to determine the cure time and cure temperature
combination that can achieve a 100% degree of cure and the desired mechanical properties. An ef� cient two-step
cure cycle was developed for bondingcomposite patches to cracked aluminumplates. The effect of reduced residual
stress on the fatigue life of cracked aluminumplates repaired with symmetrical composite patches was investigated
experimentally and numerically.

I. Introduction

L IKE other load-bearing structures, aging aircraft may contain
damaged or cracked structural components resulting from fa-

tigue and corrosionduringservice,and the degradedstructuralcom-
ponents must be replaced or repaired to extend their service lives.
Because of the superiorpropertiesof advanced� ber compositesand
the maturing adhesive bonding technology, composite patch repair
is now recognizedas an ef� cientandeconomicalrepair technology.1

Because bonded repairs using high-performancecomposite materi-
als offer high ef� ciency and enhanced structural integrity, extensive
works of composite patching on metallic aircraft components have
been performed and reported. Examples include Hercules aircraft
wings, Mirage wing skins, an Orion fuselage skin, an F-111 wing
pivot � tting, a B-767 lower fuselage, and an MD-82 leading-edge
slat that were repaired with boron/epoxy patches.1;2 Because high-
performance adhesives used in bonding require elevated cure tem-
peratures, signi� cant thermal residual stresses in the repair result
from the mismatch of thermal expansion coef� cients between the
composite patch and the cracked aluminum structure. The induced
thermal residual stresses in the aluminum structure are tensile and
tend to open the crack, thus inducinga substantial level of stress in-
tensityat the crack tip. Evidently,the residualstressescan reduce the
effectivenessof the patch on the fatigue performanceof the patched
structure.3

In general, thermal residual stresses in the metallic structure re-
paired with adhesively bonded composite patches can be reduced
by lowering the bonding (curing) temperature. However, lowering
the cure temperature of the adhesive can yield adverse effects on
the degree of cure of the adhesive and, as a result, yield poorer me-
chanicalpropertiesof the repair.Moreover, lower cure temperatures
require longer cure time to achieve, if ever, the same degree of cure
with a high cure temperature. In this study, an experimental inves-
tigation of various cure cycles for the adhesive was performed to
� nd an ef� cient cure time and cure temperature combination that
can achieve a 100% cure and the desired mechanical properties.

A two-step bondingcycle was selected to reduce thermal residual
stressesand to study its effectivenesson the fatiguelife of composite
patch repairs. Fatigue lives of double-sidedpatch repairs fabricated
with the bonding cycle recommended by the manufacturer (Cytec
Industries, Inc.) of FM73M and by the two-step cycle, respectively,
were modeledand compared.The experimental result indicated that
lowering thermal residual stresses can be achieved by the two-step
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bonding cycle and can signi� cantly prolong the fatigue life of the
aluminum panel repaired with composite patches.

In actual applications of composite patch repairs, the cocuring
procedure that involves the use of prepreg composite tapes during
bondingis often followed. In this study,precuredcompositepatches
were used to avoid the potential complicationsthat could arise from
curing of the composite.

II. Reduction of Thermal Residual Stress
A. Effective Stress-Free Temperature

Thermal residual stresses in laminates after curing are usually
calculated by using the elastic laminated plate theory in conjunc-
tion with an assumed temperature drop 1T , which is de� ned
as the temperature difference between the stress-free temperature
and the service temperature. Because the physical and mechani-
cal properties of the composite and adhesive are not constant dur-
ing the bonding cycle, the stress-free temperature is not the same
as the curing temperature. Thus, an effective temperature drop
1Teff needs to be determined. In this study, two methods based
on curvature and strain measurements were employed to determine
1Teff.

1. Measurement of Curvature and Residual Strain
Two composite systems, carbon/epoxy (IM7/954-2A) and boron/

epoxy (boron/5521), and 1.6- and 0.8-mm-thick 2024-T3 alu-
minum panels were considered.For the case of double-sidedbond-
ing, only the 1.6-mm aluminum panel was used. The properties
of the selected materials are given in Table 1. Six-ply unidirec-
tional composite laminate panels were fabricated � rst and then
cut with a water jet to 127 £ 76:2 mm in size. To bond the com-
posite panel to the 2024-T3 of the same size, the surfaces of
both materials must be treated properly.4 Composite patches were
bonded to the host aluminum with adhesive FM73M. One-sided
and double-sided bondings were made with the selected bonding
cycle.

After bonding, curvatureoccurred in the panel bonded with com-
posite on one side. The curvature was obtained from the radius of
the specimen measured with a Mitutoyo three-dimensionalcoordi-
nate measuring machine. The measured curvature was then used to
estimate the 1Teff with the aid of laminated plate theory.

Parallel to the measurement of curvatures, the residual strain in
the composite of the aluminum/composite specimen after bonding
was also measuredby dissolvingthe aluminumplate.A straingauge
(Micro-MeasurementTypeEA-13-125AC-350)was mountedon the
composite patch, and initial output of the strain gauge was recorded
before the specimen was put into the sodium hydroxide (NaOH)
solution.In addition,the straingaugewas sealedwith silicon–rubber
to protect it from the caustic solution. This measured residual strain
in the composite was also used to determine 1Teff.
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Table 1 Properties of used materials

Property IM7/954-2A Boron/5521 Al 2024-T3 FM73M

E1.E ), GPa 174.7 206.9 72 2.28
E2 , GPa 10.1 18.6 —— ——
G12 , GPa 5.8 6.2 —— ——
º12.º/ 0.29 0.21 0.3 0.34
®1 .10 6=±C) 0.3 4.5 23 ——
®2 .10 6=±C) 30 23 23 ——

2. Determination of 1Teff

Measured curvatures and residual strains from the aluminum/
composite specimens were analyzed using the thermoelastic lami-
nated plate theory. The patched specimen is considered as a lami-
natedplate consistingof composite,aluminum,and adhesivelayers.
For free thermal expansion,the plate constituteequationsreduce to5
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For the symmetrically patched laminate, f·g D 0, and coupling
stiffnessesvanish, that is, Bi j D 0. Thus, from Eq. (1), 1Teff can be
calculated with measured "0

x from Eq. (2):
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For the one-sided patched laminate, Bi j 6D 0 and f·g 6D 0. After
some manipulation with Eq. (1), 1Teff is related to the measured
residual strain and curvature as follows:
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Table 2 lists the evaluated 1Teff for the recommended bonding
cycle (121±C for 1 h), which were determined from � ve speci-
mens for each case. Consistent results for 1Teff from the curvature
and residual strain measurements are evident for both one-sided
and double-sided bonding con� gurations and for both composite
systems. Hence, it is reasonable to conclude that 1Teff depends
mainly on the cure cycle of the adhesive. The curvature measure-
ment method and the IM7/954-2A carbon/epoxy composite were
henceforth chosen to determine 1Teff for modi� ed cure cycles. For
the recommended cure cycle of FM73M, the average value of 1Teff

was found to be 90±C.

B. Effect of Cure Temperature and Cure Time
on Properties of FM73M

The recommended cure cycle for FM73M is a one-step cure, as
shown in Fig. 1. Although cure temperature, cure time, cool-down
rate, heat-up rate, and pressure may affect curing of the adhesive,
cure temperature and cure time are regarded as the dominant pa-
rameters. Hence, the modi� cation of the cure cycle of FM73M was
undertaken by changing these two parameters.

Table 2 Comparison of D Teff for different bonding
con� gurations and composites

Single-sided bonding Double-sided
121±C cure Curvature, ±C Strain, ±C bonding strain, ±C

IM7/954-2A 89 88 94
Boron/5521 89 87 ——

Fig. 1 Autoclave cure cycle of FM73M adhesive.

Fig. 2 Development of Tg for various cure cycles.

1. Effect on Glass Transition Temperature Tg and Mechanical Properties
The degree of cure resulting from a cure cycle was investigated

with respect to the development of Tg , which is known as a useful
quantity characterizing the progression of cure in thermoplastics
and thermosets. The Tg can be determined readily by observing
the temperature region in which a signi� cant change in mechanical
properties takes place. In this study, the temperature region where
a drastic change in deformation under a constant load occurs was
determined and taken as the Tg .

FM73M panels 1.4 mm thick were cured in an autoclave accord-
ing to the chosencure cycles.The cured panelswere cut into coupon
specimens of 25:4 £ 203:2 mm. The glass transition temperature
was determinedfollowingthe standardmethod recommendedby the
American Society for Testing and Materials E1824 (Ref. 6). The Tg

of FM73M cured at the recommended cycle was used to determine
whether or not a specimen cured at a modi� ed cycle achieved the
complete degree of cure. Figure 2 shows the experimental results
for different combinationsof cure temperatures and times. For each
data point, two specimens were tested and the average value was
taken.

It has been reported that mechanical properties of a polymer de-
pend on its degree of cure.7 Thus, to investigate the change of me-
chanical properties with respect to the degree of cure, the elastic
modulus and ultimate tensile strength of 10-layer FM73M cured
in modi� ed cure cycles were measured. The cured FM73M was
cut with a water jet to 25:4 £ 203:2 mm. Longitudinal strains were
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Fig. 3 Development of tensile ultimate strength.

Fig. 4 Development of Young’s modulus.

measured. Tension tests were performed at room temperature with
a strain rate of 10 4/s. Load vs strain was monitored continuously
to failure. The ultimate tensile strengths and Young’s moduli for
specimens cured with variousmodi� ed cure cycles are presented in
Figs. 3 and 4, respectively.In Figs. 3 and 4, each data point denotes
the average of three specimens tested.

The effects of modi� ed cure parameters (cure temperature and
time) on the development of Tg and tensile mechanical proper-
ties can be observed in Figs. 2–4. Note that, as cure temperature
decreases, the development of Tg and tensile mechanical proper-
ties becomes slower, and the tensile mechanical properties increase
as Tg increases. However, no such clear relation between cure time
and Tg or tensilemechanicalpropertieswas found.Consideringcure
temperatures 93 and 82±C in Figs. 3 and 4, for instance, the fully
developed tensile strengths and elastic moduli were obtained at 2.5
and 4 h, respectively. However, the 100% degree of cure was not
achieved, as shown in Fig. 2. In view of this, we should recognize
that, even if the desired mechanical properties are obtained at room
temperature, it does not mean that a 100% degree of cure is also
achieved. To amplify this point, another adhesive acceptance test is
neededto determinewhethera modi� ed curecyclehasachievedboth
a 100% degree of cure and fully developed mechanical properties.

2. Lap-Shear Strength at Elevated Temperatures
The lap-shear test is known as a useful method for quantitatively

comparing the quality of various adhesives and is one of the stan-
dard adhesive tests. Single-lap specimens are the most widely used
specimens for comparative studies involving adhesives and bonded
products because they are economical, practical, and easy to fabri-
cate. Thus, single-laptests havebeen commonlyused for comparing
and selecting adhesives or bonding processes.8 The test should be
performedat room temperatureas well as at the highest service tem-
perature. The range of the service temperature of FM73M (Ref. 1)
is from 55 to 82±C. Additionally, for airworthinessrequirements,9

the highest temperature for aircraft structure is 110±C. Hence, 21,

Table 3 Lap-shear strengths (MPa) at various temperatures and Tg
for selected cure cycles

Cure temperature/duration Tg; ±C 21±C 82±C 110±C

121±C=1 h (recommended) 93 25.37 21.86 14.80
104±C=1 h 93 25.00 22.16 14.90
93±C=2.5 h 91 27.13 22.59 12.68
93±C=4 h 97 24.51 22.76 14.13
82±C=4 h 83 25.16 17.36 7.43
82±C=8 h 89 23.32 21.49 11.49
82±C=10 h —— 26.28 22.73 11.46
77±C=6 h 78 25.44 15.43 5.25
77±C=10 h 87 25.17 20.22 9.04
77±C=5 h C 104±C=1 h —— 26.60 23.23 14.63
82±C=4 h C 104±C=0.5 h —— 25.13 22.54 15.50

82, and 110±C were selected as the test temperatures in this study.
Strengths obtained from specimens cured with various modi� ed
cure cycles were compared with those of the specimen cured with
the recommended cure cycle. From this comparison, satisfactory
modi� ed cure cycles were found.

In the lap-shear test, aluminum alloy 6061-T6 was used as the
adherend. As recommended in the standard method,8 the thickness
and length of the adherend were chosen to be 1.6 and 101.6 mm,
respectively. Aluminum adherends were bonded after the proper
surface treatment with a 12.7-mm overlap length. The bonded spec-
imen was cut with a water jet to the width of 25.4 mm. Tests were
conducted at a cross-head speed of 1.27 mm/min.

The lap-shear strengths obtained from the lap-shear tests for var-
ious modi� ed bonding (cure) cycles are presented in Table 3. In
each case, three specimens were tested, and the average strength
was taken. The glass transition temperatures for cure cycles ob-
tained from Fig. 2 are also listed. Note that the fully developed
lap-shear strength at room temperature can be obtained before a
100% degree of cure is reached, as illustrated by the 82±C/4 h cure
cycle. All cases tested indicate that, once the Tg of 93±C is reached,
the lap-shear strength at 110±C also reaches its full strength. On the
other hand, if the lap-shear strength at 110±C of a specimen cured
at a modi� ed cure cycle is fully developed, this cure cycle will yield
a 100% degree of cure for the FM73M adhesive. The two-step cure
cycles listed in Table 3, thus, will yield a 100% degree of cure at the
end of the cycle.

One-step cycles require either a long cure time or a high cure
temperature to obtain the desired Tg and mechanical properties.
Long cure time is undesirableeconomically.On the other hand, high
cure temperatureswould give rise to high thermal residual stresses.

C. Two-Step Cure Cycle
White and Hahn,7 who investigated laminates of polymer com-

posites, observed that, after postcure, thermal residual stresses in-
creased slightly from those after the primary cure cycle. This in-
crease could be explained by the increase in mechanical properties.
This phenomenon led to the possibility of adding a cure cycle fol-
lowing the primary cycle to achieve the effect of postcure. White
and Hahn7 also reported that the development of thermal residual
stresses was dependent on the development of the degree of cure in
the primary cure cycle.

In thepresentstudy, the two-stepbonding(cure)cyclewas investi-
gated for the use for composite patch repairs. The present two-step
cure cycle involves a lower cure temperature preceding a higher
cure temperature.The two-step cure cycle is depicted in Fig. 5. Al-
though it is not necessary to achieve the 100% degree of cure in
the � rst step, 77±C was chosen as the minimum cure temperature
for the � rst-step cure because the development of Tg becomes ex-
ceedinglyslow as the cure temperature falls below 77±C. Moreover,
cure temperatures lower than 77±C would take a long time to attain
the desired mechanical properties, as indicated in Fig. 3. Thus, 77,
82, and 88±C were selected for the � rst-step cure temperature. For
the second-stepcure temperature, it is required that the temperature
be high enough to fully develop the mechanical properties within
a short time. For this reason, 104 and 93±C were selected. Second,
by taking the cure time into account, 104±C was selected for the
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Table 4 D Teff for two-step cure cycles

Two-step cure cycle 1Teff , ±C

77±C=5 h C 104±C=1 h 61
77±C=6 h C 104±C=1 h 51
82±C=3.5 h C 104±C=1 h 57
82±C=4 h C 104±C=0.5 h 53
82±C=5 h C 104±C=1 h 53
88±C=3.5 h C 104±C=1 h 62
88±C=4 h C 104±C=1 h 62

Table 5 Reduction of thermal residual stresses

Bonding cycle 1Teff, ±C

121±C=1 h 90
82±C=4 h C 104±C=0.5 h 53

Fig. 5 Two-step cure cycle.

second-step cure temperature. The applied pressure, heat-up rate,
and cool-down rate were kept the same as the one-step cure cycle
recommended by the manufacturer.

With the curvature measurement method described in Sec. II.A,
1Teff for a number of trial two-step cure cycles were determined
with the results listed in Table 4. Note that 1Teff decreases as de-
greeof cure increasesandcure temperaturedecreasesin the � rst-step
cure. When 1Teff and cure time are considered, the 82±C/4-h plus
104±C/0.5-h two-step cure cycle appeared to be an ef� cient combi-
nation. This two-step cure cycle, which yielded a 40% reduction of
thermal residual stresses, as summarized in Table 5, was selected
for further study of fatigue behavior of the composite repair.

III. Fatigue Life of Composite Patch Repair
A. Experimental Observation

The fatigue strength of composite patch repairs was studied.The
aluminum alloy and the composite used in this work were 2024-T3
andAS4/3501-6,respectively.PropertiesofAS4/3501-6are listedin
Table 6. First, a four-layer unidirectional laminate of AS4/3501-6
carbon/epoxy composite was fabricated. The composite laminate
was cut with a water jet to 63:5 £ 76:2 mm. The aluminum plate
was 88:9 £ 254 mm. Before bonding, a center crack was cracked
with the water jet and then sharpened with a jeweler’s saw. Sub-
sequently, a fatigue crack was initiated to a total crack length of
15 mm. The specimensurfaceswere then treatedfor bonding.Bond-
ing was done with the adhesive FM73M in an autoclave with the
manufacturer-recommended cure cycle and the selected modi� ed
cure cycle (82±C/4 h plus 104±C/0.5 h). A patched specimen is il-
lustrated in Fig. 6.

The fatigue test was performed with 6-Hz loading frequency. A
positiveloading ratio (Rload D 0:01) was selected to avoid buckling.
The peak loading stress was 120.5 MPa, which is 30% of the yield
stress of the host aluminum plate. The ultrasonic C-scan was con-
ducted to detect and record crack length. The through-transmission
technique was performed with 10-MHz transducers.

Table 6 Material properties of AS4/3501-6

Property, GPa AS4/3501-6

E1 142
E2 10.3
E3 10.3
G12 7.2
G13 7.2
G23 3.2
º12 0.27
º13 0.27
º23 0.49
®1 .10 6=±C) 0.9
®2 .10 6=±C) 27
®3 .10 6=±C) 27

Fig. 6 Specimen of the double-sided repair; millimeters.

Fig. 7 Experimental and numerical results for fatigue crack growth:
for recommended cure cycle (RC): , experiment; ° , prediction with
strain rate effect; and ¤, prediction with linear elasticity; for modi� ed
cycle (MC): N, experiment; M, prediction with strain rate effect; and
e , prediction with linear elasticity.

Fatigue lives for repairedand unrepairedspecimensare presented
in Fig. 7. Note that the modi� ed two-step cure cycle signi� cantly
prolongedthe fatigue life of the compositepatch repair as compared
with that of the recommended cure cycle. Note that the fatigue data
for the specimensof the modi� ed cure cycle exhibita greater scatter.
This could be the result of the use of the ultrasonic measurement
that does not give the precise location of the crack tip.

B. Finite Element Modeling
To predictthe fatiguecrackgrowth in thealuminumpanelrepaired

with composite patches, the stress intensity factor of the aluminum
crack must be calculated. The stress intensity factor was derived
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Fig. 8 Two-dimensional
� nite element model for
cracked aluminum plate.

from the strain energy release rate, which was calculated using the
modi� ed crack closure technique.10;11 Based on the modi� ed crack
closure technique, the total strain energy release rate for mode 1
over the total thickness of the aluminum plate is

NG I D .1=21a/
©
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where Fb
y and Mb

x are the nodal force and moment at node b, respec-
tively, and ua

y and Ã a
x are the opening displacement and rotation at

node a, respectively, as illustrated in Fig. 8. For the double-sided
symmetric repair, the contribution of the second term in Eq. (5) is
negligible.For double-sidedsymmetric patch repairs under mode 1
loading, the stress intensity factor can be derived from NG I as10

K I D
p

NG I Eal=tal

where tal and Eal are thickness and Young’s modulus of the alu-
minum plate, respectively, and K I is stress intensity factor.

To evaluate the stress intensity factor, this � nite element model
was established with the commercial � nite element package
ABAQUS.12 In this model, the cracked aluminum plate and com-
posite patches were represented by Mindlin plates. This technique
has been shown to provide an accurate and ef� cient analysis of
patch repairs.10 For the Mindlin plate, a four-node shell element
was used. For the adhesive,a layer of eight-node three-dimensional
brick elements was used. Two layers of three-dimensionalelements
were found to provide little improvement in the solution.13 For
compatibility along the interfaces, constraint equations were im-
posed to relate the displacements of the element nodes between
the patch–adhesive and the adhesive–aluminum interfaces accord-
ing to Mindlin plate theory (see Ref. 10). In addition, to ensure a
suf� ciently small 1a in Eq. (5), it is recommended to use the ratio
1a=a less than 0.05 (Ref.14). In the present model, the ratio 1a=a
less than 0.03 was made with uniform 1a size.

Because of symmetry, a quadrantof the repair area with one-half
of the thickness of the aluminum plate was modeled (see Fig. 6).
Initially, the effective temperature drop 1Teff was applied to model
the thermal residual stresses resulting from bonding. Subsquently,
thegripconditionwas appliedat theboundaryof thealuminumplate.
This was achieved by setting the rotations and the displacement in
the z direction to zero. In addition, the displacements in the x and
y directions at the grip edge were set equal using linear constraint
equations.

BecauseFM73M is highlynonlinearandstrainratedependent,15 a
rate-dependentnonlinearconstitutivemodel for the adhesiveshould
be employed. The strain rate in the adhesive must be known � rst
to select the appropriate stress–strain curve for the adhesive in the
analysis. Apparently, this required an iterative procedure.

First, the lower bound and the upper bound of the strain rate in
the adhesiveassociatedwith the fatigue loadingwere estimated.The
lower bound was obtained through the linear elastic analysis. For
the upper bound, the nonlinearstress–strain curve of the adhesive at
a very low strain rate was used. In this study, a quasi-staticstrain rate
of 10 4/s was adopted to estimate the upper bound. The adhesive
was modeled as an isotropic elastic–plastic material obeying the J2

� ow rule. In addition, thermal residual stresses resulting from the
recommended bonding cycle were considered in the elastic–plastic
analysis.

Maximum principal strains in the adhesive layer were calculated,
and an elliptical region surroundingthe aluminumcrack was identi-
� ed, in which the strains are much greater than the outside region. A

Fig. 9 Average strain rate in elliptic load transfer region vs crack
length.

Fig. 10 Strain-rate-dependent behavior of FM73M.

principal strain of 0.2% was considered to determine the boundary
of the region. For simplicity, the average strain rate in each element
was taken as

P" D ." Pmax "Pmin/=t (6)

where " Pmax and "Pmin are the principal strains correspondingto the
maximum and minimum of applied fatigue load, respectively,and t
is half of each fatigue loadingcycle time. An area-weightedaverage
stain rate for the whole elliptical region was then obtained.

The estimated upper and lower bounds of the average strain rate
in the ellitical region vs crack length are given in Fig. 9. The median
value of the upper and lower boundswas taken as the representative
strain rate for this region. To further simplify the analysis, the strain
rate of 0.15/s corresponding to the median crack length was used
for the analysis for the whole range of fatigue crack growth.

The nonlinear stress–strain curves for the fully cured FM73M
for two strain rates were obtained from simple tension tests. The
results are shown in Fig. 10. Because the representative strain rate
in the loaded adhesive region was found to be 0.15/s, the stress–

strain curve for FM73M at strain rate 0.2/s was used in the analysis.
Subsequently, the stress intensity factor in the cracked aluminum
was evaluated using the established � nite element model with the
stress–strain curve of FM73M.

For predicting fatigue crack growth with the calculated stress
intensity factor, Walker’s equation (see Ref. 16),

da

dN
D

C

.1 R/m.1 ° /
.1K /m (7)

was used. In Eq. (7), C and m are constants implying material prop-
erties, ° is a constant obtained by curve � t of experimental data,
and R is the ratio of the minimum to maximum stress intensity fac-
tor. All of the constants for aluminum alloy 2024-T3 in Eq. (7) are
listed in Table 7. Numerical integration of Eq. (7) was performed
with Simpson’s rule.
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Table 7 Constants for Walker’s equation
for aluminum alloy 2024-T3

Constant Value

C , MPa ¢ m0:5 1:42 £ 10 8

m 3.59
° 0.68

The model predictions and experimental results are shown in
Fig. 7. The prediction obtained based on linear elasticity of the
adhesive properties overestimates the fatigue life of the repair. This
error is the result of overestimating the load transfer capacity of
the adhesive. As shown in Fig. 7, the prediction is fairly good if
the nonlinear rate dependent behavior of the adhesive is included
in the model. On the other hand, although numerical results are not
shown, the use of the quasi-staticnonlinearstress–strain curve tends
to underestimate the fatigue life of the composite patch.

IV. Conclusions
From the results of the present study, the following conclusions

were obtained:
1) Thermal residual stresses can be reduced signi� cantly with

an ef� cient two-step bonding cycle by selecting cure parameters
judiciously.

2) The reduction of thermal residual stresses from the modi� ed
bonding cycle can substantiallyimprove the fatigue performanceof
the repair.

3) The strain rate effect on the nonlinearstress–strain behaviorof
the adhesive should be included in the model used in the analysisof
the aluminum stress intensity factor.
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