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a b s t r a c t

One of the main disadvantages of using composite patches in repair of metallic panels is development of
thermal residual stresses due to the curing cycles of the bonded repairs. Fiber Metal Laminates (FMLs)
have the overall larger thermal expansion coefficients when compared with the fully composite patches.
In this study, the thermal residual stresses that occur due to the thermal expansion coefficient mismatch
between the FML patch and underlying cracked aluminum panel are investigated using both numerical
and experimental studies. The fatigue crack growth behaviors of centrally cracked aluminum panels in
mode-I condition with single-side repairs of FML patches that are made by alternating layers of alumi-
num and glass fiber-epoxy are carried out. Sensitivity of the curing temperature on fatigue crack-growth
life extension and crack-front shape of the repaired panels is also investigated. It is shown that imple-
menting of various curing temperatures do not significantly affect the thermal residual stresses, crack-
growth lives and crack-front shapes of the repaired panels by FML patches.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

A structurally efficient method for life extension of aging air-
craft is the use of adhesively bonded composite patches for repair
of damages such as fatigue cracks or corrosion and/or strengthen-
ing the aircraft structures. Comparing with the mechanically fas-
teners repairs, high performance adhesively bonded composite
patches such as graphite/epoxy and boron/epoxy are most advan-
tageous. This is due to the high directional stiffness, high failure
strain, good fatigue performance, and durability under cyclic load-
ing that improve the original function of damaged structure by
retardation of crack re-initiation and propagation in the parent me-
tal. Furthermore, bonded composite patches have low density and
excellent formability that conform more easily to complex geome-
tries [1]. Also adhesively bonded repairs do not create an additional
source of damages such as fasteners holes.

Adhesively bonded repairs using boron/epoxy and graphite/
epoxy patches have also some drawbacks. One of the main disad-
vantages of these patch materials results from their relatively
low thermal expansion coefficient compared to the metallic sub-
strate [2]. When the adhesives curing are employed at elevated
temperature for patch bonding and when the operating tempera-
tures are very low, residual tensile and/or compression stresses

are introduced into the metallic component that may affect the
opening of the cracks.

Numerical studies were performed by Hosseini-Toudeshky and
Mohammadi [3] to evaluate the thermal residual stress effects on
fatigue crack growth of single-side repaired panels bonded with
various composite materials in mode-I condition. It was shown
that low curing temperatures with long curing cycles have not a
considerable effect on fatigue crack-growth life of the aluminum
panels repaired with glass/epoxy patches and have minor effects
for repaired panels with graphite/epoxy and boron/epoxy compos-
ite patches. But, it is considerable when high curing temperatures
were employed. Albat [4] carried out analytical and experimental
studies to investigate thermal residual stresses effects in bonded
composite repairs on cracked metal structures. It was found that
high thermal residual strains (reaching 15% of the yield strain) pre-
sented in the bonded repair specimen at ambient temperature.
Modeling and measurement of residual stresses due to the com-
posite repair bonding process have been also performed by Djokic
et al. [5]. In this study, an experimental technique was presented
for monitoring of residual stresses occurred by the curing process.
It was found that it is possible to achieve significant (>20%) reduc-
tions in patch lay-up and at the same time, minimize the process-
ing time and obtaining a high final adhesive degree of curing. The
focus of a research performed by Crooks [6] was the use of a high
strength composite patch technique to repair a fatigue crack on an
aluminum aircraft structure. The research concluded that reducing
the curing cycle temperature could decrease the thermal residual
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strains by as much as 26.5% between the graphite/epoxy composite
patch and aluminum structure when FM-73M adhesive was used
to bond them together. The research also concluded that a lower
curing cycle temperature did not significantly affect the panels’ fa-
tigue crack growth rates. A numerical study carried out by Aminal-
lah et al. [7] to evaluate the distribution of the thermal residual
stresses due to the adhesive curing in bonded composite repair
by means of finite element method. The obtained results of their
work show that the normal thermal stresses in the plate and the
patch are important and the shear stresses are less significant.
The level of the adhesive thermal stresses is relatively high and
the presence of the thermal stresses increases the stress intensity
factor at the crack-tip, which reduces the repair performance.

Therefore, thermal expansion coefficient of patch material can
be an important parameter in determining the overall repair effi-
ciency. Although the CTE mismatch problems due to the curing
temperature are minimal in thick structures, thermal consider-
ations become paramount during the repair process of cracked
fuselage structures [8]. So it is expected that in cases with single-
side bonded repairs to cracked thin aluminum sheets, moderate-
modulus, relatively high-CTE patch materials such as fiber metal
laminate GLARE-2 are more effective than typical composite patch
materials such as boron/epoxy. The Fiber Metal Laminate (FML)
GLARE is a hybrid material of moderate modulus, combining alu-
minum with high strength s-glass/epoxy composite. It is known
for its excellent fatigue resistance due to the ‘‘crack bridging’’ effect
of the fibers and its high residual strength [8].

It has been shown by Fredell [9] that the relative effective coef-
ficients of thermal expansion of the patch and the fuselage play the
largest roles in determining the performance of the repair. The
GLARE 2 proved more effective than high modulus composites in
reducing the stress intensity factor of a crack in a fuselage. The
application of GLARE repairs to a USAF C-5A transport has been de-
scribed in [10]. It is indicated that the repair is a technically viable
solution for the Crown-Cracking problem of the C-5A. Daverschot
et al. [11] performed numerical, experimental and analytical stud-
ies to investigate thermal residual stresses in bonded repair. In this
work, two analytical models, i.e., the Wang–Rose model and the
Van Barneveld–Fredell model were used to determine residual
stresses. They also applied experiments based on two configura-
tions, i.e., test specimen (free expansion of the repaired skin) and
in-field specimen (restrained expansion of the repaired skin), to
measure thermal residual stresses in bonded repairs produced
with GLARE 2 and boron/epoxy patches. The obtained results were
compared with FEM results. It is indicated that a GLARE 2 repair
introduced detrimental tensile stress in the plate for a test speci-
men and favorable compressive stress in the plate of an in-field
specimen. A study carried out by Vlot et al. [12] to evaluate several
in-service effects such as variable amplitude fatigue loading and
realistic operating temperature, for bonded GLARE and boron/
epoxy repairs. Bonded repair specimens were tested under fatigue
loading at �40 �C and smaller crack growth rate were observed for
the GLARE repairs than the boron/epoxy repairs. Also, finite ele-
ment analyses revealed that the higher crack growth rates for bor-
on/epoxy repairs are caused by the larger thermal stresses induced
by the curing of adhesive.

It should be noted that out-of-plate bending occurs in single-
side repaired panels, results from the shift in the neutral axis of
the panel under tension loading. This causes stress intensity factor
variations over the thickness of the cracked panel at crack-front.
Therefore, a curved crack-front shape is produced due to the
non-uniform crack-propagation along the panel’s thickness
[3,13–16].

This study investigates the effects of thermal residual stresses
that occur as a result of thermal expansion coefficient mismatch
between the patch, adhesive and metallic parent material.

Numerical (FEM) and experimental studies are performed to inves-
tigate the effects of curing temperature on fatigue crack-growth
behavior of centrally cracked aluminum panels in mode-I condi-
tion repaired with FML patches that are manufactured using alter-
nating layers of aluminum and glass fiber-epoxy. The obtained life
extension, crack-front shape and fatigue crack-growth behavior of
the single-side repaired panels are discussed for the cracked panels
repaired with two categories of FML patches, at various curing
temperatures. The obtained numerical fatigue lives are compared
with experimental fatigue tests results.

2. Finite element modeling and analysis

3-D finite element analyses based on the modified crack closure
method or single step Virtual Crack Closure Technique (VCCT) are
carried out in this study for crack growth behavior analysis of sin-
gle-side repaired panels considering thermal residual stresses ef-
fects. These analyses are performed considering the real crack-
front shape (non-uniform crack growth along the thickness) due
to the stress variations along the panel thickness.

Fig. 1 shows typical geometry and loading of the cracked alumi-
num panels repaired with two classes of FML composite patch. The
panels with centrally crack in mode-I condition were made of
2024-T3 aluminum alloy and the patch materials were FML com-
posites that consisting of a laminate of one (or two) thin 2024-T3
aluminum alloy layer(s) bonded with layers of glass fiber-epoxy
composite (Fig. 1). Dimensions and material properties of the alu-
minum cracked panel, adhesive and FML patch are given in Tables
1 and 2, respectively. The lay-up configurations in glass fiber-
epoxy layers of FML patches were unidirectional perpendicular to
the crack length for all models. The applied remote stress of
116 MPa with a load ratio of R = 0.05 are considered for all models.
Five different curing temperatures of room temperature, 50 �C,
80 �C, 100 �C and 120 �C are considered for thermal residual stress
analysis of the repaired panels.

ANSYS finite element code is used to investigate fatigue behav-
ior of cracked aluminum panels repaired with FML patches. In
these 3-D elastic analyses, isotropic 8-node solid elements are used
to model the aluminum layers and adhesive. Furthermore a layered
8-node solid element is used to model the glass/epoxy layers in
FML patches. Ten elements in the thickness of plate, one element
in the thickness of each material in FML patch and one element
in the adhesive thickness are used and a fine mesh is generated
for the region close to the crack-front at each increment. A typical
finite element mesh of the repaired panels has been shown in
Fig. 2.

Performed numerical analysis of the thermal residual stresses is
based on the experimental facts that during the heat-up phase of
curing process, both parts of panel and patch are allowed to ex-
pand or contract freely because the adhesive has not yet cured
and locked to the structure. When the adhesive is sufficiently
cured, structural constraints are introduced between the repair
and parent structure. Therefore, when the repair has been cooled
to the ambient temperature, thermal residual stresses occurred
due to the thermal expansion coefficient mismatch between the
panel and patch material.

In this finite element modeling it is assumed that the structural
constraints are exerted in the interface of aluminum panel and FML
patch at evaluated temperature. Then the temperature cools down
to the ambient temperature of 20 �C. Following that the residual
stress and strain fields are obtained from a linear solution. The ob-
tained residual stresses in this stage accumulate with the stress
values obtained from linear elastic solution considering the applied
external tension loads and constraints at each crack propagation
increment. It is also noted that after curing process the initial crack
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