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Abstract

The aluminium alloy is used for fabricating structural components in aeroplanes. The development of cracks and their
propagation is a cause of concern because it may lead to failure of the structure if the crack undergoes an uncontrolled
growth. The composite patching has been successfully used for repairing cracks in secondary load carrying structures of
aeroplanes. A composite patch when bonded to the cracked region increases the strength of the structure and prevents the
growth of the crack front. But the adhered patch separates at the bonding surface because of external loads. Mechanism
by which this separation occurs is still not well understood and an investigation of the same is carried out in this research.
The experiments were performed by subjecting the patched specimen to external tensile loads. But the experiments only
give the load at which the specimen fails. For understanding the separation process, numerical simulation was performed
in Ansys program by employing finite element method (FEM) and cohesive zone model (CZM). Instantaneous values of
the loads, separation distance and the separation areas were obtained at different stages of loading and they were compared
with their critical values. The composite patch begins to separate at low loads because of simultaneously acting normal
(peel) and perpendicular (shear) stresses. Speed at which separation occurs increases once the yield stress is exceeded and
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at high values of external loads, the patch separates completely from the substrate.

Crack repair, Composite patch, Patch separation, Finite element method, Cohesive zone model.

1.Introduction

Thin aluminium sheets find usage in several industries
that include construction, automobile and aircraft
companies. These structures may be exposed to
damages and defects in their service lives because of
the structural loads acting on them. Due to these loads,
the panels are subjected to stresses that elevate at high
magnitudes of external load. These elevated stresses
result in damage, mostly in the form of cracks. If these
cracks go unnoticed, they have a tendency to grow
rapidly beyond the threshold limit. Early detection of
cracks through proper inspection can help in
implementing appropriate measures for preventing
crack growth and the resultant failure. Ratwani in 2000
[1] elaborated on the repair options for damaged
aircraft structures and discussed various structural life
enhancement methods. Marazani et al. in 2017 [2]
carried out a comprehensive review of the methods of
crack repair in metals and proved that the composite
patching is a better alternative than the traditional
methods for repairing cracks in thin metal sheets.
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The traditionally employed measures for repairing
cracks include the use of mechanical fasteners and
welding of a metal patch. Though advantageous in
terms of execution, these traditional methods pose
inherent disadvantages in the form of stress
concentration in fastening and thermal stress is the
case of welding which reduces the effectiveness of the
repair. A simple and effective measure is repairing by
composite patching method, which offers advantages
over the traditional techniques in terms of material
availability, ease of operation and strength to weight
ratio. Originally developed for military aircraft
maintenance, this method was later extended to civil
aircraft as well. The composite patching technique has
been employed in several researches, the prominent
among them being Baker in 1988 [3], Baker et al. in
2003 [4] and Duong and Wang in 2010 [5]. With
substantially less stress concentration than mechanical
fastening, the patch with high strength and high
modulus is able to transfer the stresses uniformly and
effectively between the aluminium panel and
composite patch. Because of its inherent nature of
offering flexibility; the patch made of composite
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material containing fiber and resin as its constituents
can be applied even to a structure with surface
irregularities. The researchers Sun et al. in 1996 [6]
and Rastogi et al. in 1998 [7] found the composite
patching as an effective technique for repairing cracks
in thin sheets. Colombi et al. in 2003 [8] applied the
composite patching technique for the repair of a
cracked steel plate used in the riveted steel bridges and
found that patch stiffness does not affect the release of
energy during debonding. Okafor et al. in 2005 [9]
reported that the patch considerably reduces peak
stress in thin cracked sheets by undertaking durability
study.

Davis et al. in 2006 [10] carried out an in-depth study
of adhesively bonded technology and relevant
standards for composite repair of old aircrafts and
emphasized that surface preparation is important for
an effective repair. Liu et al. in 2007 [11] through
comparisons with the experimental results proposed a
theoretical model that proved effective in providing an
accurate estimation of the crack growth. Thus, crack
repair using composite patch has been proved effective
in avoiding the failure of the structural sheets. The
composite patch can be applied on both sides of the
cracked region in a two-sided method, preventing
further crack propagation. Practically, availability of
one of the two sides of metal panel makes the usage of
one-sided patch imperative. The asymmetry of the
patch results in stresses at the interface that are
developed due to induced bending moment. Once the
separation of the patch is initiated, it continues at a
rapid rate with the increasing external load.
Ultimately, the patch separates completely from the
substrate and exposes the crack beneath to the external
loads. The crack front then grows exponentially,
leading to breakage of the structure into distinct
pieces. The geometrical parameters i.e. patch length,
width and thickness plays a significant role in failure
of patch. It is thus important to know the mechanism
by which the patch gets debonded from the surface so
that appropriate measures can be incorporated to avoid
the separation of the patch and prevent the failure of
the structure.

1.1Challenges

The debonding at the contact surface is responsible for
failure of the patch and ultimately breakage of the
panel. This separation occurs through a complex
mechanism involving nonlinear effects of geometry
and materials. Kwon and Lee in 2013 [12] performed
the analysis of the crack repair using a composite patch
with the help of an analytical model. The model could
predict the linear behaviour of the patched system at
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low loads but could not predict its behaviour when the
complexities were increased at high loads. Khan and
Essaheb in 2017 [13] experimentally investigated the
behaviour of a growing crack for an aluminium sheet
with a notch adhered with a composite patch. The
experiments only give stress to failure and its location
and the mechanism of patch failure cannot be known
only by performing experiments. The use of advanced
computational tools involving capabilities of
modelling non-linear effects and complex contact
analysis become imperative. Ramji and Srilakshmi in
2012 [14] carried out an investigation of the
performance of crack repair by determining stress
intensity factor (SIF) using finite element method
(FEM). Through this method, linear behaviour of
patch repair could be understood but it is not effective
when complexities involving nonlinearities are to be
considered. Thus, the approaches employed in the
earlier studies could not help to understand the failure
mechanism of the composite patch. Advanced
computational tools such as contact analysis help in
analysing complex behaviour during interface
separation but it is a time-consuming process which
involves monitoring of stresses, displacements and
energy values at various instances. This kind of
analysis is performed for a number of different
combinations by varying the geometrical parameters
of the patch. Further post-processing is required for
determining the separated area in which the nodes
were separated as per the failure criterion.

1.2Motivation

The composite patching can be used for applications
using thin metal panels as the materials required for
the repair are easily available and the method of repair
can be easily executed. The understanding of failure
mechanisms in composite repair can help in
redesigning the patch geometry with an appropriate
combination of length, width and thickness. This
would enhance the life of the structure and result in
fail-safe working conditions during its service.

1.30Dbjectives

To comprehend the complex failure process occurring
at aluminium-composite interface in repair of center
crack in thin aluminium alloy sheet using carbon fiber
composite patch.

The detailed stress analysis has been carried out using
advanced techniques such as FEM and cohesive zone
material (CZM) model at the contacting surfaces. The
study being fundamental in nature has helped in
understanding the complex behaviour of metal-
composite interface and also in determining an



International Journal of Advanced Technology and Engineering Exploration, Vol 11(117)

appropriate geometry of the patch for an improved
performance.

The remaining part of the manuscript is organized as
follows: the research carried out on crack repair using
composite patch by earlier researchers is reviewed in
Section 2. Section 3 describes experimental and
numerical methods employed for the study of patch
failure. A comprehensive discussion on results
obtained in experiments and through simulations
along with the outcomes is carried out in Section 4.
The conclusions of the study are presented in Section
5.

2.Literature review

The failure of the metal-patch interface has been
investigated in the literature through experiments
along with finite element simulations. Many
researchers appropriately used FEM to simulate the
interface separation; the noteworthy contributions
being from Chau and Lee in 1998 [15], Tsamasphyros
et al. in 2001 [16], Achour et al. in 2003 [17],
Belhouari et al. in 2004 [18], Sekine et al. in 2005 [19],
Haftchenari et al. in 2007 [20], Beukers et al. in 2007
[21], Ricci et al. in 2011 [22]. Bouiadjra et al. [23]
carried out experiments on the repair of aluminium
specimens having semi-circular notch, first with
carbon/epoxy composite patch and then with fastened
metal patch. The numerical simulations under the
static and fatigue conditions were also performed. The
composite patch was found to be superior in
comparison to the metallic patch in terms of stiffness,
weight,  fabrication  procedure,  formability,
mechanical properties and the cost. The study covered
several aspects affecting the performance of the
composite patching. Though the results were validated
through experiments and simulations, the debonding
mechanism was not addressed in this study. Shinde et
al. [24] carried out a detailed experimental
investigation of the crack repair using composite patch
in aluminium specimens under tensile load. The
monitoring factor considered was J-integral at the
crack tip. The fiber reinforced patch was adept in
arresting the growth of the crack till the load was
below the yield stress of the parent metal. Beyond this
point, the patch was rapidly separated resulting in a
sudden failure. It was observed that full-width patches
are not necessary as patches adequately covering the
crack are equally effective. This study stated important
aspects related to the failure process of the patch by
incorporating J integral near the crack tip. But the
study was limited as it only monitored parameters in a
region near the crack tip. Grave and Echtermeyer [25]
experimentally investigated non-linear behaviour of

1081

an adhesive joint of unidirectional carbon-epoxy
composite patch through a strain field study; validated
by FEM. The strain concentration near the crack tip
increased due to non-linear effects. The design of the
patch and prediction of the joint strength becomes
challenging due to these non-linearities. The study
included the non-linear effects during the patch failure
process but it was based only on the strain field
analysis. Benyahia et al. [26] compared the older and
newer composite repairs. For a period of 120 days, the
bonded composite patch specimen was dipped in water
for accelerated aging and then its performance was
evaluated in terms of change in the SIF. Through
experiments on newer specimens, the structure’s life
was found improved when patch was used. There is a
tendency of humidity absorption in case of the aged
specimen which increases the SIF at the crack tip.
Though the study provided important insights on
accelerated aging conditions, the analysis was based
on the SIF which accounts only for the crack tip
behaviour. Beloufa et al. [27] used a three-dimensional
FEM with contour integral to determine the SIF for
mode | as well as combined mode | and mode Il
conditions in composite repair of cracks in aluminium
panels. The patch strength was observed in direct
proportion to the location of beginning of crack
growth. The failure of the structure was found to be
governed by distribution of stresses in adhesive. The
arrangement of stacking of fiber layers in the patch
decides the regions of critical stresses developed in
adhered joint, patch and the metal panels. This study
provided important conclusions on different factors
but its limitation lies in the use of SIF as a basis of
performance. Reburn [28] studied the behaviour of
shear stress in a single lap joint between aluminium
and glass fiber composite on the basis of fabrication
parameters such as preparation of surface, process of
bonding and the thickness of adherents. The maximum
tangential stresses and normal stresses get developed
in overlapping regions because of bending, caused by
tensile load. A highly efficient co-curing process helps
in controlling various factors during patch fabrication.
The study elaborated on important patch fabrication
parameters and also on the acting stresses during the
loading. But it did not explain the exact process of
interface separation. Ribeiro et al. [29] used
computational techniques for analysing the single and
double lap joints formed at the interface of metal and
carbon-epoxy composite patch. It was concluded that
a thicker adhesive leads to reduction in the stresses
developed at the edge of the adhesive leading to an
increase in the joint strength. A flexible adhesive helps
in reducing the peak stress at the edge of the adhesive
layer but its strength is low. As a shorter overlap length
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leads to increased stress at the adhesive edge, a longer
overlap is desirable but it can result in increased
weight. An appropriate balance among various factors
was recommended. The study was important from the
selection point of view of the patch overlap length but
it focussed on the stress analysis at the patch edges
only. Vishnuvardhan et al. [30] employed FEM based
algorithms for analysing the composite repaired
aluminium plate having an edge crack in terms SIF.
The major factors affecting the change in SIF were
found to be the thickness of patch, its shape and the
thermal loading conditions. Among the circular,
rectangular and octagonal patch shapes, the
rectangular patch was found effective in reducing the
SIF. Though SIF decreased with increase in patch
thickness, the reduction in SIF was small beyond a
certain thickness of the patch. Since only SIF was
considered as a factor in this study, it provided limited
insights on the relation of repair performance with
patch geometry. Ungureanu et al. [31] reviewed the
theories of adhesion for polymer composite materials.
The mechanical theory emphasizes on porosity and
roughness of the contacting materials for a better
adhesion as well as rheological characteristics of the
adhesive. According to electrostatic theory, the
electric discharge between adhesive and the parent
material produces the adhesion effect. The surface
forces between the contacting materials are
responsible for causing adhesion as per the
thermodynamic theory whereas the chemical bonding
theory is based on adhesion due to chemical
interactions. In actual practice, adhesive bonding is
due to simultaneous effects of different theories. The
study elaborated on the technical aspects of the
adhesion, helping to understand appropriate
conditions for composite patching but some of the
practical aspects were not covered. Turan and Orgen
[32] investigated the failure behaviour for different
shapes of the notch (U-shape, V-shape, square-shape)
for composite adhered plates through finite element
simulation. The load to failure for a double-patch
repair was greater than the failure load of the single-
patch repair. The patch stacking sequence did not
significantly affect the failure loads. The failure loads
changed with the type of notch for a single sided repair
but not for two-sided repair. The study seemed
inadequate as the analyses of the substrate, adhesive
and the patch were carried out separately.
Ramakrishna et al. [33] compared the performance of
carbon fiber composite patch repair for symmetric and
asymmetric patches using FEM on the basis of stresses
developed at the crack tip. The symmetric patches
were found to be more effective than the asymmetric
one in reducing the SIF. A better strength of the patch
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was observed in symmetric patches as compared to
asymmetric patches. The study elaborated on the
benefits of wusing symmetric patches but the
complexities involved in the asymmetric repair were
not addressed. Shinde et al. [34] investigated
behaviour of aluminium specimens patched with
carbon fiber composite on one side and subjected to
uniaxial tension load. The number of layers of the
patch were varied from one to three. It was found that
the patch is separated from the surface when
developed stress exceeds yield stress of parent metal,
wherein the shear stress at the contact interface
increases rapidly after exceeding the yield stress. The
computational study was also carried out by
employing the FEM using Ansys program. The study
concluded that the repaired sheet should be bonded
with an appropriately designed patch so that the
adherent metal is loaded up to its yield stress. This
study helped to understand various aspects of
asymmetric patch repair but the exact process by
which the failure of the patch occurs was not studied.
A detailed review by Budhe et al. [35] on different
aspects of adhesive bonding of composite patch to the
metal revealed the importance of removal of surface
contaminants during surface preparation so as to
improve its wettability. The important parameters
affecting the repair process were identified as
thickness & width of adherent materials, thickness of
adhesive and size of the patch. These parameters
should be optimized for providing maximum strength
to the joint. The analytical techniques fail to include
material non-linearity, geometrical factors & contact
interface. Also, experimentation is a costly & time-
consuming affair. Therefore, it becomes imperative to
employ computational tools such as FEM for studying
the composite patching process. Echer et al. [36]
employed  computational ~ tools  for  better
understanding of effects of rectangular and elliptical
patch shapes on composite repair process. The study
was carried out for different stacking sequences of the
patch layers. The results of the optimization study
showed that rectangular and elliptical shapes are quite
effective in arresting the crack growth despite their
simple geometry. Aityala et al. [37] carried out
numerical simulations of the composite repair process
and identified the important parameters affecting the
repair performance as elastic modulus of patch, shear
modulus of adhesive and thicknesses of the patch &
adhesive materials. The study was based on
determination of SIF. The minimum value of SIF was
obtained when adhesive shear modulus was high,
elastic modulus of patch was high, patch thickness was
small and adhesive thickness was high. The factor that
largely affects the repair performance was identified
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as adhesive shear modulus, whereas the other factors
had a relatively small effect in the decreasing order of
adhesive thickness, elastic modulus of patch and its
thickness. The study provided an insight into
important parameters affecting repair performance
based solely on SIF near crack. The behaviour of
contacting surfaces in areas other than crack tip was
not studied. Ozer [38] studied the basic properties of
the adhesively bonded joint between similar and
dissimilar materials. The advantages of using adhesive
bonding in crack repair were notified as uniform stress
distribution, decreased stress concentration, low cost,
low weight, elimination of holes etc. The major
parameters of performance were specified as type of
joint, overlap length of the joint, material properties &
thickness. A major challenge involved in adopting this
method is to decrease concentration of stresses and
maximizing the load to failure. In a single lap joint
subjected to axial loads, a bending moment is
developed due to load eccentricity which further
develops interfacial stresses that become maximum at
the ends of the overlap length. The study helped to
understand the important consideration of maximizing
the failure load for an effective performance of the
composite patch. Fernandes and Campilho [39]
emphasized the importance of using a CZM model in
analysing the bonded joints in comparison to the other
methods. The simple stress/strain approach is based on
simplified assumptions, in which the obtained results
may deviate from the actual results. The analytical
methods do not address the inherent non-linearities
present in the adhesive bonding process. The CZM
model works on principles of fracture mechanics,
which makes it relatively easy to model the initiation
and growth of the crack. The authors performed
numerical studies of adhesive bonding using bilinear,
trapezoidal and exponential cohesive laws and found
that the bilinear law is the most effective in studying
the failure of adhesive bonds. The study covered the
comparison of various models for analysing the
adhesive bonding process. It accentuated merits of
CZM and an appropriateness of cohesive law for an
effective analysis of the composite patch repair
process. Aabid et al. [40] carried out FEM in mode |
condition to scrutinize the consequence of change in
thickness of adhesive and patch along with length of
the patch. The SIF was used as a criterion of evaluation
which restricts the investigation in the vicinity of crack
only. The SIF reduced when the adhesive thickness
was reduced. Li et al. [41] carried out tensile tests on
the adhesively bonded oblique square patched
specimen and then the numerical simulation for
understanding performance of the patch. The damage
was caused majorly by fracture of fibers as revealed in
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X-ray tests. The study could not provide insights on
the failure mechanism. El-sagheer et al. [42] studied
the effect of bonding of glass fiber composite patch on
an inclined crack in aluminium sheet with the help of
three-dimensional FEM using different stacking
sequences. The authors observed that the effectiveness
of the patch depends on orientation of fibers with
respect to the loading direction. A high stiffness of the
patch is observed in parallel direction and the patch is
more effective for mode-I condition. Bonding the
patch on both sides of the crack is more effective but
practically only one side of the crack is available for
bonding in the majority of the applications. The study
focussed on symmetrical patch repair under mode-I
loading conditions but the detailed process of patch
failure was not understood. Garg et al. [43] employed
scaled boundary FEM for two-dimensional
delamination analysis of composite laminates using
bilinear CZM. The authors studied the behaviour of
the patch under the conditions of mode I, mode Il and
combined loading. The results obtained in simulation
studies were weighted against those available in
literature for experimental work and the usefulness of
scaled boundary FEM was underlined. Garg et al. [44]
used the CZM technique to simulate two-dimensional
composite laminates for delamination analysis under
mode I, mode Il and combined mode conditions. The
interfacial cohesive elements were used at the contact
surface under bilinear traction-separation law. The
cohesive elements were assumed to be of zero
thickness. The simulations were performed for
different test conditions such as combined mode
bending, flexure with end notch, double cantilever
beam and combined mode with fixed ratio. A CZM
model was found more effective than virtual crack
closure technique and extended FEM. The comparison
of various approaches to patch failure analysis was
carried out in this study under different test conditions
but the study of actual separation under working
conditions was not made. Yousefi et al. [45] concluded
through simulation study on SIF that stiffness and
thickness of patch along with thickness of adhesive
influences SIF. With the increase in volume fraction,
there is an increase in various moduli such as in plane
shear, out-of-plane shear, transitive and longitudinal
moduli.

De and Donadon [46] presented a discussion on CZM
behaviour to correlate energy dissipated, strength of
patch and deterioration at the interface in terms of
softening function which depends on the selection of
loading and unloading curves. Appropriately selected
curves result in residual strength in proportion with
dissipated energy. A linear curve during loading and
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unloading demands a similar nature of softening
function. Wcislik and Pata [47] studied various aspects
of the CZM model when used in the investigation of
initiation and propagation of failure. The stresses,
displacements and energy needed for creating a new
surface are integrated in the cohesive model. The
cohesive surfaces are placed in the plane in which the
crack is expected to grow. The CZM model provides a
versatile technique for solving a number of
engineering problems for a variety of materials. The
parameters required in CZM can be easily determined
through experiments and numerical simulations. The
issues of concern for CZM are its response to mixed
mode loading, triaxial stress state and cyclical loading.
The study was important from the point of view of
understanding the importance of the CZM model.
Echer et al. [48] conducted a comparative study on
better shapes out of rectangular and elliptical patches
in one-sided composite repair using FEM. These two
shapes proved efficient in appropriately patching the
cracked region despite their simple shapes wherein
only two variables need consideration during design.
The laying sequence of fibers layers also has an
influence in determining the optimum shape of patch.
The fibers are required to be perpendicular to the
length of crack for improved repair efficiency. The
study focussed on an important aspect of shape of the
patch for an effective crack repair. Amari and
Berrahou [49] probed into the influence of patch shape
on the crack repair process through simulations using
SIF and also through laboratory experiments. It was
found that the maximum stresses occur at the tip of the
crack and they grow as the crack propagates further.
The total patch was found effective in arresting the
crack as compared to U-shape of the patch. The
limitation of the study was in determining the ultimate
strength of the patched specimen rather than
determining the failure stress. Benkheira et al. [50]
carried out experimental and numerical work to probe
into different factors influencing composite patching
such as length of patch, width of patch, properties of
adhesive, single-side / two-side repair and method of
repair. The derived conclusion suggested that
efficiency of patch relies on adhesive properties, patch
length and zone of deboning in the adhesive layer.
Though the experimental and numerical results
matched with a convergence ratio of 5 to 10%, the
number of elements in the numerical analysis were
limited. For improving simulation results, element
sizes can be reduced to further finer limits. Berrahou
and Amari [51] conducted FEM of the repair in three
dimensions made by using  boron/epoxy,
graphite/epoxy and glass/epoxy composite materials
with different shapes. The investigation was based on
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SIF and stress distribution. The results showed that the
boron/epoxy material was the most efficient in
arresting the growth of the damage. The optimum
performance was obtained when the shape of the patch
covered the total damage area. As the study was based
on the SIF, it focussed mainly on the stresses at tip of
the crack and ignored stresses in other regions such as
ends of the patch. Tamboli et al. [52] carried out the
study of composite patch repair with carbon fiber
composite for an inclined crack in aluminium sheet
through experiments under fatigue loading. The ply
drop technique was employed in which the successive
plies are reduced in length for multilayered patches.
The ply-drop was found effective for reinstating the
original strength of structure. This study accentuated
the role of interfacial shear stress rather than fracture
toughness parameters. The combined effect of
different stresses was not considered in this study.
Aabid et al. [53] carried out a numerical study to find
a two-sided optimum patch on the basis of mode-I SIF
in the repair of center crack in an aluminium sheet.
Taguchi method was incorporated for optimising the
defined parameters using a L9 orthogonal array. The
parameters considered for optimization study included
thickness of patch, adhesive thickness and cross-
sectional patch area. Optimum parameters were
obtained by employing design of experiments and
analysis of variance. The study of optimisation of
important parameters in composite repair can help in
designing an appropriate patch. Shinde et al. [54]
made an investigation into fatigue life prediction of a
thin pre-cracked aluminium sheet adhered with a
composite patch on one side of the specimen using
numerical technique with the help of CZM and SIF.
The study concluded that the SIF reduces with the
increased patch length, thus leading to increased
fatigue life. The limitation of the study lies in the study
being concentrated at crack-tip SIF. Khode and Nimje
[55] performed FEM in three dimensions of composite
patch repair adhered with a central circular patch. The
stress concentration at critical regions of the
adhesively bonded joint was reduced by using
functionally graded adhesive material. Higher
modulus ratio is desirable as it causes uniform stress
distribution in the bond region. This study was based
on the out of plane stresses assuming that only these
stresses are responsible for debonding of the patch.
But in practice it is the combined effect of different
types of stresses which causes the debonding.
Abdelfattah et al. [56] carried out the experimental and
numerical studies of three-point bend analysis of the
patch repair with square shaped single-sided carbon
polymer patch. The efficiency of the patch repair was
studied on the basis of various parameters i.e. bondline
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shear and normal stresses, flexural moduli, and load at
ultimate point. Though this investigation could predict
optimum conditions for one-side patch, the major
emphasis was weighted on flexural conditions. Luo
and Liang [57] performed a study with the help of
experiments and also using computer simulations on
repair of aluminium alloys sheet using carbon fiber
reinforced patches. The extended finite element
analysis and traction-separation law were employed
for this study. The study confirmed enhanced
efficiency of composite patching in crack repairing;
tensile strength being the criterion of evaluation. An
emphasis on usage of traction-separation law in
simulation of patch failure was stated.

Thus, the study of the composite patch repair has been
carried out by different researchers as noted in the
available literature using experimental methods,
analytical techniques and also through computational
techniques. It was found that the experiments provide
only the values of loads at different instances. On the
other hand, there are simplified assumptions in
analytical techniques which exclude nonlinearities.
The FEM has proved as an effective technique for
understanding the performance of the patch repair.
The CZM has also been incorporated in the modern
commercial FEM software which helps in simulating
the failure process. Though composite repair
techniques have been used extensively in industry, the
exact mechanism by which the patch separates from
its substrate is still not fully known. As a number of
factors are involved in the separation analysis, it
increases the complexity of the analysis. An attempt is
made in this research to understand the patch
separation process using a combination of the
experiments and numerical method.

3.Methods

The study was carried out by using experimental and
numerical methods. The patched specimens were
subjected to loading in the experiments to determine
the failure stresses. The simulations of experiments
were conducted through FEM. Results obtained in
both methods were compared and reliability of finite
element simulation was confirmed. The process of
failure of patch was then studied by analysing nodal
stresses, displacements, energies and separated areas
obtained through FEM.

3.1Experimental method

The experimental method included the preparation of
a specimen having a center crack and then repairing
the crack by adhering fiber reinforced composite patch
on the cracked region using vacuum bagging
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technique. The length of the specimen was 400 mm,
width was 60 mm and thickness was 1 mm. The
specimen was cut from an aluminium sheet having
rolling direction along its length and a 25 mm long
crack was cut in it. Glass-fiber-reinforced-polymer
(GFRP) layer of composite patch was prepared by
impregnating glass-fiber reinforcement into epoxy-
resin.  Similarly, carbon-fiber-reinforced-polymer
(CFRP) layer of composite patch was prepared by
impregnating carbon-fiber reinforcement into epoxy-
resin. At the cracked location, the two layers of the
patch were adhered; a separating first layer of 76 gsm
of unidirectional glass-fiber (modulus of elasticity =
85.5 GPa) of 70 mm length (L) and a load bearing
second layer of 160 gsm of unidirectional carbon-fiber
(modulus of elasticity = 230 GPa) of 50 mm length.
Both GFRP and CFRP layers were made of equal
width (W) of 36 mm. Epoxy, the thermosetting resin
[Dobeckot 520F manufactured by Elantas Beck India
Ltd (100 parts by weight) with hardener 758 (9 parts
by weight) with modulus of elasticity = 3 GPa] was
used as matrix material in both patch layers. The epoxy
acts as a binding agent for adhering the patch to the
metal substrate. 05% by  weight 3-
aminopropyltriethoxysilane was also used as an
adhesion promoter which improves the chemical
bonding of resin with the reinforcement. The patch
was adhered only on one side of the cracked specimen
since both sides are not generally accessible in
practical applications. The specimen was kept in a
vacuum bag consisting of teflon sheet, perforated
sheet, breather, bagging sheet and vacuum port. A
pressure of 600 mm of Hg vacuum was maintained
inside the vacuum bag with the help of a vacuum pump
for 4 hours. After this, the specimen was cured in air
under dead-weights for more than 24 hours followed
by post-curing for 5 hours at 80 degree celsius in an
oven. In Figure 1, the prepared specimen is exhibited
in which the crack edge is an edge at crack location
while leading edge is an edge at the end of patch.

The specimen was then subjected to uniaxial tensile
load on a universal testing machine of 10-ton capacity.
The cross-head of the machine could be run at a speed
of 0.1 mm per min under normal temperature and
humidity conditions. Tapered blocks were used as
grips along with a stiff die for holding the specimen in
the cross-head during tensile tests. One end of the
specimen was fixed by clamping while its free end was
uniformly displaced (ul), ensuring that uniaxial tensile
load could act on the specimen. With increasing
displacement, the tensile load was gradually increased
which induced stresses in the metal panel. The stresses
were also induced at the contact surface between the
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metal panel and patch. Stresses were also induced in
the composite patch. These increasing stresses caused
the patch to slip when the threshold value was
exceeded,; initiating separation of patch from the metal
panel. As the applied load was increased to higher
values, the separation rate became very high and
finally the patch was completely separated from the
aluminium specimen. The load to failure and its
location were recorded in the experimental procedure.
Once the patch was separated, there was a transfer of
load from patch to crack causing it to grow rapidly and
resulting in complete breakage of the specimen.

Ut
bhbdid
1
i Bl
I FRP ply
Leadi
L~ eading edge FRP ply
,—Crack edge 1
: ]
— - = - — -
§ X2 :, X3
N
\skin
60 mm

Figure 1 Patched specimen

3.2Numerical method

Understanding the nature of separation that occurs at
the contact surface is essential as it can help in
identifying parameters that affect the failure process
and also in redesigning the patch to increase its
effectiveness. The physical experiments help only in
determining the failure load & its location. For
understanding the failure mechanism which involves
an analysis at the contact surfaces, the knowledge of
the state of the stresses at different instances is needed.
The FEM makes such an analysis possible. The FEM
analysis was conducted in Ansys software. Patched
specimen was modelled in the design modeller module
of Ansys followed by its meshing. SOLID186
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elements were used for meshing aluminium panel and
the layers of composite patch. SOLID 186 follows a
quadratic type of displacement falling in the category
of higher order element having 20 nodes. An optimum
size of mesh along width direction was arrived at by
performing a convergence study by varying it in the
range between 1.28 mm to 0.16 mm by successively
reducing it to half (1.28, 0.64, 0.32 and 0.16 mm).

Numerical analyses were performed with these mesh
sizes and the output results were compared. A
negligible difference of less than 3% in output results
was observed for mesh sizes of 0.16, 0.32 and 0.64
mm. Based on this, it was decided to consider 0.64 mm
as the optimum size for width direction as reducing
mesh below this doesn't give any additional advantage.
Similar convergence studies were conducted in length
as well as thickness directions. It was ensured that the
elements near the crack and leading edges remained of
small sizes (0.13 mm) as these were the areas of stress
concentration. A large size of mesh was used at farther
locations. The mesh of the aluminium panel had 4
elements (0.25 mm mesh size) in the thickness
direction. The glass fiber and carbon fiber layers had
only one element in their mesh in thickness direction
with sizes of 0.12 and 0.22 mm respectively. It was
ensured that the nodes at the contacting surfaces were
coincident. Instead of the full model, only one-forth of
the model was analysed as it reduces the requirements
of computational resources. Figure 2 exhibits the
quarter model of the specimen. On the planes O-R and
0O-M, symmetric boundary conditions were employed.
O-T is the plane of the crack acting as a free surface.
The free-end R-N of the quarter model was subjected
to a gradual and uniformly increasing displacement in
a direction in which the loads were acting.

5

Symmetry
Plane-1 Symmetry

Plane-2

Free surface

Figure 2 Boundary conditions on quarter model
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Since the analysis involves the failure at the interface
of two different materials, a special set of three-
dimensional quadratic  element INTER204
incorporating a CZM model was used at the metal-
patch interface. A tensile load was applied on the finite
element model perpendicular to the crack length. The
same is shown in Figure 3.

X1
U1

I
/Skm FRP ply

FRP ply
A B
P Q

Plane
of \
symmetry

o) TWC M X, B X3

Plane of
symmetry

Figure 3 One-fourth model of specimen

The CZM does not represent any physical condition
but corresponds to cohesion forces at the interface and
accommodates the separation. In fact, there exists a
small zone named as cohesive zone at the tip of the
crack wherein the gradual separation occurs. The
CZM model is characterized by separating nodes
located in a cohesive zone as the two contacting
materials separate at their interface. The cohesive zone
captures behaviour at the contact surface, representing
a variation in its traction with changing displacement
at different nodes. It is known that the complex
phenomenon of interface failure is a result of
simultaneous existence of the traction in normal and
tangential directions [58, 59]. This causes the failure
to occur in a mixed mode; failure in mode-I due to the
stresses in normal direction causing a peeling action
and failure in mode-I1 due to the stresses in tangential
direction producing a shearing action. The most
commonly used bilinear model was employed in
which the traction and displacement follows a linear
relationship during increasing and decreasing state of
the tractions as per the traction-separation law in
normal & tangential directions as shown in Figure 4
[59, 60]. There is a linear increase in traction with
increase in displacement that reaches its maximum
value followed by its linear decrease until the
displacement becomes zero, thus leading to a complete
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separation. The area corresponding to the maximum
traction gives the critical fracture energy which when
exceeded causes the complete failure.

The traction-separation law helps to express the failure
process in terms of energy variation; termed as energy
release rate; which corresponds to the amount of
energy required to separate two bonded surfaces. The
normal yield stress of the epoxy matrix, T,™* = 35
MPa was considered as the maximum normal traction
whereas the tangential yield stress of the epoxy matrix,
T{m* = 25 MPa was considered as the maximum shear
traction. Area under curve O-A-C represents an energy
which produces separation in mode 1. This energy was
named as critical energy release rate i.e. critical
fracture energy (Gic) given by Equation 1.

Gre = (T X (%) )

where &;, is the separation in normal direction at the
completion of debonding. G,c was evaluated through a
separate in-house experiment as 52 + 29J/m?. From
the values corresponding to Gicand T,™®, the mode |
critical separation could be found out as 0.00297 mm.
On the similar lines, an area O-A-C in Figure 4
corresponds to critical energy release rate in mode-I1
(Guc) given by Equation 2.

Grie =5 (T/"*) X (5¢) )

where &; is the separation in tangential direction at the
completion of debonding. Gy as 638 + 74 J/m? and
critical displacement &;, as 0.051 mm were found out
through a separate study.

The load induced in the aluminium panel was
transferred to the patch at contact surface through a
tangential (shear) stress of high value which was
developed near patch edges i.e. crack and leading
edges. The asymmetric nature of the one-side patch
produced a bending effect and resulted in development
of a normal (peel) stress of high value at the contact
surface. The separation at the contact surface of the
aluminium panel and the patch occurred because of the
combined action of normal and tangential stresses.
This led to employing a mixed-mode-criterion (MMC)
of separation which consisted of a combination of
mode | and mode Il criteria. MMC was expressed by
an energy criterion as per the power law given by the
inequality shown in Equation 3.
_ (612 Grr 2

MMC—(G—IC) + (H) > 1 ?)
where G, and Gy represent instantaneous values of
energy release rate in mode | and mode Il respectively.
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Figure 4 Bilinear model in normal and tangential directions

The instantaneous values of nodal stresses and
displacements were determined through finite element
simulations. Using these instantaneous values, the
instantaneous energy release rate was determined
which was then compared with the critical value of
energy release rate and the state of failure was
understood. The MMC criterion was applied at
different nodes at various instances of loading. The
node was considered to be separated when MMC was
greater than 1. This approach helped to understand the
state of separation at different nodes located in an area
under consideration. A great number of equations are
generated during finite element simulations which are
simultaneously solved through in-core memory of
software using sparse direct solver. The computer
system used for these simulations was a workstation
of advanced configuration employing Intel Xeon
processor along with a RAM of 32 GB capacity and a
ROM of 1.5 TB capacity. A high amount of storage
memory, ranging from 4 GB to 15 GB was required on
the hard disk. The finite element analysis was heavy
on computational resources which lasted for several
hours i.e. 18-24 hours depending on the number of
elements. The nodal values of the stresses and

displacements were extracted from the result files and
the instantaneous variation in energy release rate and
the separated area were determined at different
instances. This procedure consumed a fair amount of
time, thus increasing the total processing time.

4.Results and discussion

A number of experiments and simulations were
performed with constant length - varying width and
also with constant width - varying length of patch.
Failure stresses from experiments and simulations
were compared as presented in Table 1. The results
derived from experiments matched well with the
simulation results; the difference between the two
being very small. The maximum difference of 7.1%
was observed for the patch configuration of 20 mm
length and 48 mm width. In fact, the difference was
less than 2.6% for four experiments. The difference
between the two kinds of the results can be accrued to
the approximations during solving of the equations in
finite element simulation. Since the results matched
quite well with those in the experiments, the reliability
of finite element simulations was confirmed.

Table 1 Comparison of experimental and simulation results for single-layered patch

Patch dimensions

Failure stress

Sr. no. Experimental

Length (mm) Width (mm)

values Simulation values .
Difference (%)

(MPa) (MPa)
1 50 30 302.0 294.3 2.6
2 50 36 319.8 327.0 2.3
3 50 42 327.0 338.6 3.6
4 20 48 272.6 292.1 7.1
5 25 48 295.3 292.3 1.0
6 30 48 297.6 292.5 1.7
7 40 48 313.6 332.8 6.1
8 45 48 318.3 338.6 6.4
9 50 48 320.8 338.7 5.6
10 70 48 337.2 338.9 0.5
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4.11nitiation of separation

The behaviour of the patched specimen under the
action of uniaxial tension load was studied through
finite element simulations which is elaborated in this
section. Considering the symmetrical nature of the
specimen, only a quarter portion of the specimen was
numerically simulated. With the increase in the
uniaxial displacement at the free end of the specimen,
axial stresses (o) were induced in the specimen. These
induced stresses were shared by the metal sheet and
the patch and were transferred from metal to the patch
through the contact interface. Figure 5 exhibits the two
types of stress components developed at the interface;
peel stress (o33) and shear stress (c13). An axial stress
in aluminium was transferred through shear stress
(o13) into the patch. Since the patch was applied on a
single side of the specimen, this asymmetry causes a
bending effect and develops a peel stress (o33) acting
in a direction normal to the interface.

I __oo

E

o13, Shear stress

Skin\

o33, Peel stress

X1l i Patch

X3

Figure 5 Stress components at contact surface

Figure 6 exhibits the specimen and induced stresses at
the applied stress of 147 MPa at which the separation
of the patch from the metal surface was about to
initiate. The transfer of the stress from metal into the
patch occurs through shear stress and can be visualized
to be taking place from point R to O in Figure 6(a, b);
first at a Leading Edge of glass fiber layer (LE, G) of
the glass fiber layer and then at leading edge of carbon
fiber layer (LE, C) of carbon fiber layer.

As seen in Figure 6(c), the transfer of axial stress from
metal into the patch created a small spike of shear
stress (2.25 MPa) near LE, G, reducing the axial stress
from 147 MPato 127 MPa. A similar shear stress spike
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(2.74 MPa) was created near LE, C, reducing the axial
stress further to 102 MPa. The change in axial stress is
depicted in Figure 6(d).

The leftover stress was transferred to the patch at point
‘O’ (crack edge) through shear, creating a spike of
10.45 MPa. During this transfer, the peel stress also
varies as shown in Figure 6(e). Small spikes of peel
stress of 0.43 MPa and 5.8 MPa were observed at the
edges of glass fiber and carbon fiber layers
respectively. A large spike of 31.08 MPa was created
in the crack region due to bending action produced
because of the asymmetric nature of the patch. Thus
the shear stress (oc13= 10.45 MPa) and the peel stress
(o33= 31.08 MPa) were maximum at the crack edge
OT. This combined effect of the loading i.e. mode-I by
peel stress and mode-Il by shear stress resulted in
initiation of patch separation. The MMC was
incorporated at different nodes for which the
instantaneous values of energy release rate G; & Gy
were determined as per the bilinear traction-separation
law.

The crack edge was the location at which the
separation of patch began when the applied stress was
between 6°=142.8 MPa to 147 MPa. At ¢*=142.8
MPa, G, and G were determined at a node located at
the crack center using the values of the stresses and
corresponding nodal displacements. The values of the
peel stresses and shear stresses were o33= 31.08 MPa
and o13= 10.45 MPa which helped to determine the
values of energies i.e. G, = 39.5 J/m? and G, = 113.6
Jim2, The value of MMC was determined as 0.65 as
per Equation 3 which was less than 1; thus, showing
that the node was still not separated from the metal
sheet. When the applied stress was 147 MPa, the shear
and peel stresses became maximum and then suddenly
dropped to zero. The values of G, & Gy were
determined as 60.4 J/m? & 122 J/m? respectively and
the corresponding value of MMC was 1.49 (>1). Thus,
the central node near the crack was separated from
parent metal. The MMC was applied to a few nodes
surrounding this central node and it was found that
these nodes were also separated. Thus, the separation
of the patch from the parent metal was initiated with a
small area of separation.

4.2Growth of separation area

Once the separation began at point ‘O’ (crack center),
the area of separation started to grow when applied
stress exceeded 147 MPa. This growth of separated
areas is depicted at different applied stresses in Figure
7 by the shaded portion.
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The distribution of the shear stress is also exhibited in
Figure 8 and Figure 9 at varying applied stresses. The
separated area at an applied stress of 147 MPa was so
small that it is practically not visible in the first sketch
of Figure 7 as very few nodes near the crack center
were separated.

The second sketch of Figure 7 shows the separated
area at the applied stress of 235 MPa and Figure 8
shows its shear stress distribution. The separated area
at 235 MPa is represented by the region O-D-E
consisting of completely separated nodes at which the
shear stresses became zero. Just beyond D-E, high
shear stress was observed as the adjacent nodes were
only partially separated and the peel stress was also
high. The mixed mode failure criterion was
incorporated in this area. The values of energy release
rate were determined as G, = 13.5 J/m? and G, = 0.019
J/im? at the glass fiber leading edge (point A) and the
corresponding MMC was far less than 1 (MMC =
0.0004); indicating that the nodes were still not
separated in this region. At point B on the glass fiber
edge, the nodes remained adhered to the interface as
MMC was 0.0005 with G, = 0.023 J/m? and G, = 14.6
J/im?, The failure criterion was also verified at the edge
of the carbon fiber layer (points P & Q) and the values
of MMC, significantly less than the limiting value,
were obtained as 0.003 and 0.007 respectively. Thus
the nodes in the region containing the carbon fiber
were also not separated. Thus at the applied stress of
235 MPa, the separation area grew in the crack region
and there was no separation at the edges of the glass
fiber and carbon fiber layers.

Beyond 235 MPa, the separated area at crack edge
started growing at a steady rate with the nodes in that
region getting separated progressively till the applied
stress was 260 MPa. Once the stress increased above
260 MPa, there was rapid growth of separated areas
from 260 MPa to 327 MPa. The same is exhibited in
Figure 9 which also depicts peak value of shear stress
near separation front in each case wherein the peel
stress was also high.

For all six cases of Figure 7, there was no separation
at the edges of the glass fiber and carbon fiber layers
as per the MMC failure criterion and the separation
was observed only in the region of crack edge. Beyond
the axial stress of 327 MPa, the simulation stopped
because of the numerical instability caused by a large
nodal displacement. This can be understood from the
graphical relation shown in Figure 10, showing the
variation of induced stress with the change in applied
displacement. There was a linear increase in the
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induced stress when the applied displacement was
increased in the displacement control mode of loading.
This linear increase was observed at a high rate till the
induced stress was near 300 MPa; beyond which the
rate of increase was lowered. The induced stress

peaked at an applied displacement of 2.9 mm beyond
which the induced stress began to decrease, creating a
condition of numerical instability. This peak stress
was considered as the failure stress.

C
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el E J. Dt |
°La °La [T °La T
07 =147MPa G =235MPa G’ =260 MPa

67°=280 MPa

6 =300MPa G =327 MPa

Figure 7 Growth of separation area
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Figure 8 Distribution of shear stress at an applied
stress of 235 MPa

Figure 11 shows the change in the separated area with
change in the applied stress. The initial rate of increase
of separated area was slow and steady till 280 MPa.
The separation occurred at an elevated rate beyond
yield stress of the metal sheet which continued at this
high rate till the applied stress became greater than 327
MPa. At this point, a large patch area was separated
along the length and width directions in the crack
region; leading to complete patch failure. Thus, the
patch failed due to its separation from the parent metal
in the crack region and no separation occurred near the
edges of the glass fiber and carbon fiber plies. The
specimen failed by interface separation at an average
failure stress of 319.8° MPa as measured in
experiments. The difference between the values of the
failure stress obtained in experimental work and
through simulation was less than 3% which is
considered not to be significant.
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(d)

(c)

(b)

(a)

<<

Figure 9 Growth of separation front through
increasing shear stress (o13) at (a) 260 MPa, (b) 280
MPa, (c) 300 MPa and (d) 327 MPa
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Thus, the mechanism of patch failure was understood
using the numerical analysis and CZM model.
Because of the applied loads, axial stresses are induced
in the patched specimen which are transferred from the
parent metal into the patch through their contact
interface. The peel stress and shear stress at the contact
surface produce peeling (mode 1) and shearing (mode
I) actions. These combined stresses cause the
beginning of separation. This phenomenon could be
understood through energy release rates at various
nodes and the MMC value. The separation areas were
determined by employing this method in the regions
near the crack and patch edges. The stresses,
displacements and energies were determined for the
increasing applied stresses along with the separated
areas. The rate of separation increased linearly until
the applied load became equal to yield stress of metal.
Beyond this yield stress, the rate of separation
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increased rapidly and at high value of the stress, the
complete failure of patch occurred. With variation in
patch length and width, a similar mechanism was
observed; the only difference being the separation at
the patch edges along with crack edge separation in
some cases. For all experiments listed in Table 1,
failure stress exceeds the yield stress of aluminium.
Failure of patch for 50 mm length and small width (30
& 36 mm) was initiated at the edge of the crack
followed by a rapid growth until its complete failure.
For patches of 50 mm long and width greater than 42
mm, failure was initiated at the edge of the crack and
later at the edge of the glass fiber layer; followed by a
rapid growth of separated area till the complete patch
was separated. With 48 mm patch width, the failure
initiated at the edge of the crack and grew rapidly for
smaller lengths of the patch (20 mm - 45 mm). With
48 mm width and longer patches (50 & 70 mm), the
failure was initiated at two locations; initially at the
crack edge and then at the edge of the glass fiber layer
at higher applied stress. The rate of separation
increased at a faster rate at higher stress and then
finally the patch failed completely. Thus, the patch
separation mechanism could be understood with the
help of the advanced computational tools i.e. finite
element analysis and CZM model. This understanding
could help in redesigning the patch geometry for
selecting an optimum patch configuration. The effect
of the increase in the number of patch layers could also
be understood through similar procedures. The future
studies could include temperatures affecting
performance of the composite repair. Future research
could also be based on the effect of fatigue loading on
the composite patch behaviour.

4.3Limitation of the study

The experimental procedure for understanding the
patch failure process involves the breakage of the
specimen under high values of loads. The preparation
of the specimen is a tedious process involving multiple
steps. Practically it was difficult to carry out
experiments with various patch configurations
because of the constraints on the funds and other
resources. Therefore, the finite element simulations
were conducted for various patch configurations
which could not be validated experimentally. A
complete list of abbreviations is listed in Appendix .

5.Conclusion and future work

A pre-cracked aluminium metal specimen was
adhered with a single layered carbon fiber composite
patch having glass fiber ply as a separating layer. A
model of patched specimen was analysed for
understanding patch failure mechanism by employing
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CZM. Stresses at contact surface and area of patch that
was separated during loading were monitored. The
energy release rates were determined from these
parameters. The adhered patch separated at the contact
interface because of the combined effect of normal and
tangential stresses producing a mixed mode of failure.
The patch began to separate in the crack region with
an initial slow rate. The separation occurred at a high
rate above the yield stress of the metal; with a large
patch area getting separated from the parent metal and
it failed completely at the failure stress. Thus, the
complex mechanism of patch failure could be
understood with the help of numerical simulation. The
future work involves the finite element simulation for
different configurations of the patch and also for
patches with multiple layers. The optimization study
could be performed for determining the optimum size
and thickness of patch. The mechanism of patch
failure under fatigue loading conditions can be studied
with an approach similar to this study.
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Appendix |

S. No. Abbreviation  Description

1 CFRP Carbon Fiber Reinforced Polymer

2 CzM Cohesive Zone Material

3 FEM Finite Element Method

4 G Energy Release Rate in mode-I

5 Gu Energy Release Rate in Mode-II

6 Gic Critical Energy Release Rate in
Mode-I

7 GFRP Glass-Fiber-Reinforced-Polymer

8 G Critical Energy Release Rate in
Mode-II

9 LE, G Leading Edge of Glass Fiber Layer

10 LE,C Leading Edge of Carbon Fiber
Layer

11 MMC Mixed-Mode-Criterion

12 SIF Stress Intensity Factor
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