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Abstract.  Through the use of finite element analysis and acoustic emission techniques we have evaluated the interfacial failure
of a carbon fiber reinforced polymer (CFRP) repair patch on a notched aluminum substrate. The repair of cracks is a very
common and widely used practice in the aeronautics field to extend the life of cracked sheet metal panels. The process consists
of adhesively bonding a patch that encompasses the notched site to provide additional strength, thereby increasing life and
avoiding costly replacements. The mechanical strength of the bonded joint relies mainly on the bonding of the adhesive to the
plate and patch stiffness. Stress concentrations at crack tips promote disbonding of the composite patch from the substrate,
consequently reducing the bonded area, which makes this a critical aspect of repair effectiveness. In this paper we examine patch
disbonding by calculating the influence of notch tip stress on disbond area and verify computational results with acoustic
emission (AE) measurements obtained from specimens subjected to uniaxial tension. The FE results showed that disbonding
first occurs between the patch and the substrate close to free edge of the patch followed by failure around the tip of the notch,
both highest stress regions. Experimental results revealed that cement adhesion at the aluminum interface was the limiting factor
in patch performance. The patch did not appear to strengthen the aluminum substrate when measured by stress-strain due to
early stage disbonding. Analysis of the AE signals provided insight to the disbond locations and progression at the metal-
adhesive interface. Crack growth from the notch in the aluminum was not observed until the stress reached a critical level, an
instant before final fracture, which was unaffected by the patch due to early stage disbonding. The FE model was further utilized
to study the effects of patch fiber orientation and increased adhesive strength. The model revealed that the effectiveness of patch
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repairs is strongly dependent upon the combined interactions of adhesive bond strength and fiber orientation.
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1. Introduction

Patch repair of metallic structures in modern aerospace
applications employs advanced composite and adhesive
technologies. Bonded composite repairs have proven to be
cost-effective methods of repairing damaged aircraft wings
and related sheet metal structures Baker (1993, 1995, 1997),
Elhannani et al. (2016). The bonded repairs can be done in
the field and offer many advantages; increased stiffness,
reduced stress amplification around cracks or defects in the
sheet metal with minimal additional weight. There are,
however, limitations to this technique due to varying
interfacial bond strength and relative stiffness to mating
substrates. Baker et al. (2003), reported that patch repaired
plates disbond, especially when repairs involve cracks and
sharp notches. They also found that disbonding can affect
the accuracy of tests, although disbonding was not
quantified in their study. For Baker’s work, one should use
a safety factor when calculating the stress intensity factor of

*Corresponding author, Ph.D.
E-mail: sahliabderahmen@yahoo.fr

Copyright © 2017 Techno-Press, Ltd.
http://www.techno-press.com/journals/semé&subpage=7

the repaired sample to take into account the effect of
disbonding. Ouinas et al. (2012) conducted a disbond study
on the composite patch repair of an aluminum plate with an
imperfection of the initial bond between the patch and the
plate: they found that the disbond increased the crack
propagation rate. Bouiadjra et al. (2008, 2016), Aicha
Benchiha et al. (2015, 2016) carried out a finite element
analysis on the behavior of a crack repaired with a
Boron/Epoxy patch by computing the stress intensity factor
(SIF) of the crack tip in mode | and mixed mode. They also
analyzed the disbond effect on the SIF behavior. They
found that the disbond around the crack tip reduced the life
of the cracked plate. Shin-etsu et al. (2007), Berrahou et al.
(2016), conducted a numerical analysis to identify the
location and shape of disbonding close to the crack front on
CFRP repaired aluminum plate. They used an in-plane
strain range ahead of the crack front as the criteria for
disbonding and found that the disbond occurs all along the
crack front. Denney et al. (1997) also studied patch repaired
cracked plates considering full and partially bonded
reinforcement configurations of various disbond locations
and sizes. Their comparisons showed that there is a definite
variation in fatigue life depending on the location and size
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Fig. 1 Geometry of the tested sample, from left to right; the CFRP patch, the adhesive layer, the patch and adhesive
assembly affixed to aluminum substrate and close-up of prenotched aluminum substrate

Fig. 2 Finite element mesh for the notched aluminum substrate and cohesively bonded CFRP patch

of the disbond.

One challenge is to experimentally measure the
disbonding behavior of patch repaired metal substrates
under load. In this regard, acoustic emission a
nondestructive technique, offers a means for monitoring and
detection of disbond damage events due to the application
of stress. Acoustic emission is widely used for the quality
control of structures (Grosse 2008, NDT, AMSY 2009), the
monitoring of engineering structures (bridges and buildings)
and also for petrochemical pressure vessels.

Chukwujekwu et al. (2007) has shown that the acoustic
emission technique can be used to detect the disbond of the
bonded assemblies. Defects, or events of random damage
(ERD) that occur during disbonding are detectable by
capturing their emitted acoustic waves using piezo-electric
sensors that transform propagating stress waves to an
analog electrical signal which are then digitized and
subsequently analyzed. As stress is applied, the sensors
detect the onset and evolution of defects, and evaluate the
disbonding phenomena. Prior studies have shown that
amplitudes corresponding to disbonding events are of weak
intensity compared to those detected during the metallic
substrate defect acoustic signals (Gu 2012, Ohtsu 2015).
Damage events can then be separated localized and
characterized in terms of disbanding.

In the majority of the aforementioned studies, patch

disbonding was analyzed as a pre-existing imperfection and
not calculated. The objective of this study was to investigate
the location and the characterization of the disbond between
a notched aluminum plate with a CFRP patch. The
numerical analysis is done using the finite element method
the results of which are validated by detecting the disbond
experimentally using the acoustic emission technique.

2. Materials and methods
2.1 Numerical modeling

The numerical modeling of the disbonding phenomenon
is carried out using Abaqus Finite Element (FE) software
(Abaqus Analysis User’s Guide 6.13). The simulation is
based on the following four sections:

2.1.1 Geometrical model

Fig. 1 represents the geometry of the bonded joint with
dimensions taken from ASTMG647 standards.

Fig. 2 shows the finite element mesh of the numerical
model, where only the patch and the substrate are required
to be meshed since the adhesive thickness is negligible
compared to the CFRP patch and aluminum substrate. The
adhesive is modeled as an cohesive interface between the
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Table 1 Contact properties used to define cohesion in the
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Table 2 Mechanical properties of the materials used in this

finite element model between the patch and the substrate study
Damage Properties Materials
Elastic properties Vield st Damage Mechanical properties AL Carbone/ Adhesive
Ield stress Evolution 7075-T6 Epoxy (Araldite)
Fracture Longitudinal Young’s
Normal  Shearl  Shearl Normal Shear 1 Shear 2 energy Modulus (Mpa) 71700 130000 2520
[I\at;?g;] [lat;?%g] [,\S/It;(;r/lgqtrf;] [MPa] [MPa] [MPa] density Transversal Young’s 71700 9000 1008
[m¥Ymm?] Modulus (Mpa)
25200 10800 10800 10 15 15 0.3 Longotudinal Poisson Ratio 0.33 0.33 0.36
Transversal Poisson Ratio 0.33 0.53 0.36
\ Hardness, HV 39.1 - -
Traction [MPa] Elongation at Break (%) 10 - -
Shear Modulus (Gpa) 28000 - 0.954
Yield Strength (Mpa) 503 - -
Sl

>
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Fig. 3 Typical traction-separation response of the contact

patch and the aluminum surface. The finite element mesh
was generated to have the same subdivisions so that both
parts match at contact in order to get the best approximation
of the disbonding, with node to node contact established at
the interface.

2.1.2 Cohesive contact modeling

The contact between the patch and the substrate is
considered to have a cohesive behavior with the properties
shown in Table 1. The opening displacement [mm] of the
cohesive interface in the normal direction and both shear
directions is related to the applied stress [MPa] and the
interface strength. We have used the same method used by
Young and al. (1989) in study on the behavior of the
adhesive layer of a bonded joint.

Fig. 3 shows the contact cohesive behavior between the
two surfaces in one direction; in reality it is a combination
of the three directions (normal o, shear 1 o5 and shear 2 ;).
The contact stiffness increases linearly to reach the yield
stress o (equivalent to yield displacements’) as shown
in Fig. 3 and then the stiffness is considered to decrease
linearly until the failure displacementd,’ . Beyond this value

the contact is fully opened. The surface-base cohesive
behavior is a feature included in Abaqus which allows for
the modeling of a generalized traction-separation behavior
between surfaces. The surface-base cohesive behavior
(Benzeggagh et al. 1996, Camanho et al. 2002) is intended
for simulation in situations where interface thickness is
negligible. The build-in traction-separation model assumes
initially linear elastic behavior followed by initiation and
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Fig. 4 Applied boundary conditions simulating
uniaxial tension

evolution of damage, as shown in Fig. 3.

2.1.3 Materials properties
The properties of the different components of the
bonded joint are showed in Table 2 (Sohail 2014).

2.1.4 Loading conditions

The finite element model boundary conditions are
shown in Fig. 4. A load of 70 MPa is applied on the edges
of the plate to create uniaxial tensile loading.

2.2 Experimental

Tension tests were carried out on prenotched samples
with and without a CFRP patch, as illustrated in Fig. 1.

2.2.1 Sample preparation

The materials used in this study were 7075-T6
aluminum, carbon fiber reinforced composite and
“Araldite” a two-part epoxy adhesive. The 7075-T6
specimens were obtained as standard flat stock with
composition shown in Table 3. The 7075-T6 material is a
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Table 3 Composition of Aluminum 7075-T6 (Alcoa Inc)

Wt% Cr Cu Fe Mg Mn Si Ti Zn Other Al
Min. 018 12 - 21 - 04 - 51 - -
Max. 028 20 05 29 03 08 02 61 05 Bal

Table 4 Mechanical properties of test materials

Materials
AL 7075-T6 CFRP

Mechanical properties
prop (Araldite)

Young’s Modulus

Longitudinal (Mpa) 71700 130000 2520
Transverse Young’s
Modulus (Mpa) 71700 9000 2520
Longitudinal Poissons
Ratio 0.33 0.33 0.36
Transverse Poissons Ratio 0.33 0.53 0.36
Hardness, HV 39.1 - -
Elongation at Break (%) 10 - -
Shear Modulus (Mpa) 28000 - 0.954
Yield Strength (Mpa) 503 - -

solution heat-treated and precipitation-hardened alloy that
was manufactured from rolled sheet and the roll direction of
the material was aligned with the tensile axis.

The CFRP plate where prepared by Sohail et al. (2015)
which consisted of a mix of woven fibers internally and
aligned fibers on the outermost layers. Repair patches were
cut from the plate and fibers were aligned with the tensile
test direction. The Araldite epoxy adhesive from Huntsman.

Advanced Materials was prepared according to
manufacturer instructions and selected as representative of
those used commercially in the aerospace industry. The
bond strength of the epoxy adhesive to aluminum was
reported to be 2 MPa by the manufacturer. The mechanical
properties for the materials are listed in Table 4 and used as
input to the finite element models.

The tension test specimens consisted of notched
aluminum plates, with and without a repair patch. The
samples were cut and notched with dimensions shown in
Fig. 1. Preparation of patch repaired samples involved
cleaning, to create a dry and grease-free surface before
applying the adhesive. Aluminum samples were hand
abraded with emery-cloth and degreased with Acetone. The
application of the adhesive on the substrate was done using
a dual cartridge manual dispenser with a spiral mixing tip
designed for this purpose from the manufacturer. Assembly
of patch repaired specimens followed this sequence: (1) at
room temperature, apply mixed adhesive to aluminum
surface, (2) place patch onto adhesive with fibers aligned
with tensile loading direction and (3) clamp assembly with
2 Mpa pressure for 24 hrs. This resulted in an adhesive
layer of ~0.1 mm thickness. Literature suggests that a good
adhesive layer thickness be in the range 0.05 to 0.1 mm.

2.2.2 Acoustic Emission (AE) acquisition

All specimens were tested using an Instron model 1331
(Fig. 5) servo hydraulic test machine (1989), at a crosshead
displacement rate of 1 mm/min as shown in Fig. 7.

All tensile specimens were single-notched (Fig. 1) at the

el

CFRP patch k.

| AE sensor

Fig. 5 Tensile test setup showing repair patch on aluminum
specimen with three piezoelectric acoustic emission sensors
clamped onto the aluminum specimen surface
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Fig. 6 Schematic view of the testing system: note example
of three AE sensors that detect ERD and transmit signals to
the AE System

mid-plane to localize the damage zone and concentrate
damage events in the narrowed cross section. The simple
tension test experiment with associated AE signals are
shown schematically in Fig. 6 and Fig. 7, in which sensors
are attached to the surfaces of the sample and allow for data
flow. An example of an AE signal from a random event is
illustrated in Fig. 7. Some useful definitions are: energy (the
area beneath the waveform), amplitude (the maximum AE
count within one waveform envelope, in dB), duration (the
length of an AE waveform envelope in Nano second), and
rise time (the time to reach the amplitude in Nano second).
The sensors are attached to the surface of the specimen
(Fig. 6) to span the patched area and capture all detectable
random damage events. Whether a damage event source is
on the surface or embedded in the body generally does not
affect the acquisition. The load data was synchronized with
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Fig. 7 Example of AE waveform from RE and associated
terminology

the AE acquisitions. To acquire the AE signatures, three
piezoelectric sensors (Physical Acoustics, Inc) were
clamped to the surface of the specimen (with silicone grease
in between) at positions to acquire signals in the region of
the notches. The AE sensors have a resonant frequency and
operating frequency range of ~250 kHz and 150-400 kHz,
respectively. The resultant AE signatures were pre-
amplified by a 40 dB pre-amplifier with a bandpass filter
between 2.5 kHz and 3.8 MHz, before being fed to an AE
system (AEP4, Vallen Systeme, Germany). The threshold
for the data acquisition was selected to minimize the noise
from the testing machine; this was done by installing the
specimen in the testing machine with near zero loading and
determining that there were no significant detectable signals
at or below 32.5 dB, thus, this value was used as the
threshold.

3. Results

The detection of disbonding between patch and plate
was done using both numerical and experimental analysis.
In section 3.1 we present the most significant results
obtained from the numerical analysis and in 3.2 we present
those obtained from the experimental analysis.

3.1 Numerical analysis results

Fig. 8 shows the Von Mises (VM) stress distribution
resulting from tensile loading of a plain aluminum and
patch repaired aluminum plate adhered face Fig 9 contains
the stress in the patch. The highest stress concentration is
located around the notch tip (Fig. 9), whereas the stress
level in the patch of the plate is very low on the front side
but the other side (which is stitched to the plate) is higher as
shown in Fig. 9.

Fig. 9 shows the stress distribution for the patch. The
stress distribution approximates the shape of the notch and
is uniformly distributed along the notch axis beneath the
patch (60 MPA). This region illustrates the redistribution of
stress from the aluminum into the patch.
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(@) (b)
Fig. 8 Von Mises stress (MPa) distributions from tensile
loading of notched aluminum (a) plain aluminum plate and
(b) repaired (but with patch removed to reveal stress in
aluminum at interface)
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{Avg: 75%)
+8.962e401
+8.221e401
+7 4818401
+6.7418+01
+6.001e+01
+5.260e+01
+4.520e401
+3.780e401
+3.040e+01
+2.2998+01
+1.55%+01
+8.187e+00
47.845e-01
(b)

Fig. 9 Von Mises stress (MPa) distribution at (a) exterior
patch surface and (b) patch/aluminum interface

Fig. 11 shows the contact status between the CFRP
patch and aluminum plate. The disbond occurs close to the
bond edge (upper and lower side) and along the notch axis
of the bonded interface. The disbond area is greater than the
bonded one. So we find that when repaired joints disbond
there is also a reduction of the stress transfer into the patch.

Fig. 12 shows the disbonding areas for different fiber
orientations (90°, 45°, 0°). The case of 90° fibers
orientation means that the fibers are positioned parallel to
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(©
Fig. 10 Contact stresses (MPa) between the patch and the
plate, (a) normal stress, (b) x-y shear stress and (c) y-z shear
stress

the tensile axis and 0° means that the fibers are aligned
perpendicularly to the tensile axis. Comparing the different
fiber orientation reveals a strong decrease on disbonding
area when the fiber orientation changes from a parallel to a
perpendicular position. This leads to many possible stress
distributions based on crack geometry, fiber orientation and
patch adhesive properties.

Fig. 13 shows the effect of the doubling the adhesive
strength on the disbonding area between the patch and its
substrate. This Figure shows that there is a reduction in the
disbonded area when the adhesive strength is doubled. A
controlling factor here is the normal stress component
which leads to failure at the interface and arises from
bending forces.

3.2 Experimental results

(@)
CSTATUS

Closed Eslidcing{
Closed {Slipping
Cpen

(b)
Fig. 11 Contact status between the patch and the plate(a) the
patch, (b) the plate

(90°) (45°)

(00°)
Fig. 12 Disbonding area (blue) between the patch and the
plate for different patch fiber orientations

In ordered to validate the numerical analysis, an
experimental study was carried out to measure the
disbonding between the patch and the aluminum substrate
using the acoustic emission technique. Fig. 14 (a) and (b)
shows the load and AE event amplitude versus time curves
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(b)

Fig. 13 Comparison of disbonding area of the patch, (a) as
Fig. 13(a) and (b) doubled adhesive strength

of both notched and patch repaired notched specimens. The
load vs time curves are very similar for both repaired and
unrepaired specimen. Each curve contains three distinct
regions with linear elastic response up to 70 sec of time,
then nonlinear response up to 200 sec followed by a linear
response until final fracture occurs. When comparing the
plain sample to the patched, the load response does not
reflect any strengthening influence into the aluminum
sample. Also shown in Fig. 14 (a) and (b) are the amplitude
of acoustic events that were collected during the tests. Fig. 7
shows that the amplitude is the peak value of the acoustic
waveform which is directly related to the magnitude of the
damage event. We see in Fig. 14(a) that acoustic events
occur during each of the three distinct regions described
above, which means they begin during the early loading
stages of elastic deformation and continue until failure. We
also observe that a large quantity of events are present and
have a varying distribution during the course of the test.
The largest amplitude events occur near final failure, no
doubt a consequence of macro fracture of the aluminum.
Other groups are associated with the initiation and
propagation of the crack from the starting notch. Of interest
is the comparison to Fig. 14(b) during the 150-200 and 250-
300 sec. periods of the test, since this region has a strong
burst of events reaching ~70dB. We associate this burst with
the disbonding of the patch at the adhesive/aluminum
interface. This interfacial disbonding was confirmed
experimentally and is shown in Fig. 14(c). Gu et al. found
that adhesive disbonding occurs when the patch is thick (2
mm) and that a combined disbond and patch failure occurs

AL 7075 notched-01
100

- //

T ity
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AE amplitude, dB

.' . .:‘.- : ::’ R
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DA R Rt PR g
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Time, s
(a)
AL 7075 Patch-01

100 %10

AE amplitude, dB
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Notch tip
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(©)

Fig. 14 Tensile test of (a) plain aluminum with notch and
(b) patch repaired notched aluminum plate showing load
and acoustic emission event amplitudes; (c) light
micrograph of fractured patched repaired sample showing
the disbonded interface

when the patch is thin (0.125 mm) which confirm our
results.

In order to better resolve the disbond behavior, we show
Fig. 15 (a) and (b) that compare the number of acoustic
events that occurred during the tests. Fig. 15(a) shows a
relatively constant occurrence of damage events until ~350
sec, with a spike in events due to final fracture of the
sample. In comparison, Fig. 15(b) reveals damage event
bursts between 130-300 sec. Such bursts are attributed to
the patch disbonding as strain in the aluminum sample
increased with time. We expect that as strain is increased,
the emanating crack from the starting notch in the
aluminum would be suppressed by the patch. However,
since the bonding strength of the adhesive to the aluminum
was relatively low, the adhesive/aluminum interface
disbonded early in the loading cycle and little crack
suppression was realized. Our finite element analyses (see
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Fig. 13) shows that as the adhesive/aluminum bond strength
increased, the ability of the patch to suppress crack
propagation proportionately increased. The experimental
results presented in Figs. 14 and 15 serve as confirmation of
the interfacial contact obtained with our finite element
model shown in Fig. 11.

The source of acoustic emission location is needed to
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Fig. 17 AE source location in Y direction and the emission
time of (a) unrepairedand (b) patch repaired aluminum
plates

realize which part of the sample is damaged and/or
disbonded. For this purpose a specific acoustic emission
setup was done on the patch repaired aluminum sample to
detect the disbonding location at the interface.

Fig. 16 shows the positioning of sensors, selected to
identify the damage/disbonding locations. Two sensors are
setup along the Y-direction. Since the specimen is a narrow
1-D localization of disbonding was achieved with
acceptable spatial resolution, allowing us to plot source
event location in the Y-direction only (tensile axis).

Fig. 17 shows results of damage event source location
and the time of occurrence during the tension test of (a)
unrepaired and (b) repaired aluminum plates. This plot is
very useful as it reveals when and where the damage events
occur. We see that in the early stages of testing the patch
does protect the notch from the stress amplification. This is
evident when comparing to the unrepaired sample where we
can notice some events at the beginning of the test, which
are not evident in the patched plate. The difference between
both samples occurs in the middle stage of testing. For the
repaired samples, we noticed a cluster of emission sources
over the entire patch length and for the unrepaired plate, the
source location are only located in the notch axis. This
cluster is thought to be the result of stretching the adhesive
under tension. As load increases, the amount of detected
sources decreases which means that the patch has reached
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its failure limit Beyond that, there’s still evidence for
adhesive stretching however the detected sources are far
from the crack. The cluster of damage events is located on
one side of the crack which means that the adhesive fails on
one side and remains adhered on the other side as shown in
Fig. 17. Chukwujekwu and al. found a disbond around a
crack in a repaired plate, this confirms that the disbonding
occurs around defects as found by our study.

4. Conclusions

This study has allowed us to investigate the location and
the characterization of the disbond between a notched
aluminum plate with a CFRP patch. We found that the
adhesive strength and fiber orientation of the patch were
key parameters that determine patch repair effectiveness.
We also found that with a low adhesive strength, the patch
serves as a stress shield by protecting the notch only in the
earliest stages of tensile loading. Our AE analysis revealed
that the adhesive is the first part of the joint to disbonding.
Further numerical analyses revealed damage locations
beneath the patch where disbonding regions were located
around the notch and close to the patch free edges. The AE
data analysis confirmed the prediction of disbonding
obtained by the finite element model.
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