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Abstract: In this paper, a numerical study of the behavior of fatigue cracks of damaged composite repaired
aeronautical structures was presented. Various parameters have been highlighted such as effect of the
dimensions and mechanical properties of the patch as well as the orientation of the fibers and the effect of the
dimensions and mechanical properties of the adhesive. Two geometrical models have been proposed in order to
see the influence of the crack position and the overall failure behavior under fatigue stress of the damaged
structure. The results on the different geometric models of cracked plates and fissure plates from nicks show that
composite patch repair is an effective technique for increasing plate strength, decreasing stress concentration and
prolonging their service life.
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Introduction

Patch repair is a very effective method used to strengthen or repair damaged structures. This technique has had
wide use in the aeronautical sector, especially military aircraft. In addition to environmental conditions,
aeronautical structures are exposed to cyclic loadings over time during their service life, from which the control
and maintenance of these structures becomes indispensable.

Composite materials in advanced engineering structures have gained great popularity over the past decades
because of their high strength/weight ratios and high damping capacity (I¢ten et al. 2002). The use of composite
materials to repair damaged structures has evolved rapidly in different fields. Compared to mechanically
fastened joints, adhesively bonded joints have many advantages such as load distribution over larger area due to
absence of holes, no damage to composite material due to hole machining, no increment of weight due to the
fasteners weight and no stress concentrations due to the presence of holes (Elhannani et al. 2016, Benchiha et al.
2015, 2016). However, stress concentrations always occur at the edge of adhesive layer in adhesively bonded
joints (Erdogan et al. 1971, Costa Mattos et al. 2012). Therefore, adhesively bonded joints are more preferable
to mechanical joints in joining composite materials (Igten et al. 2002).

Based on the technique, several authors (H. Fekirini et al., 2008 ; B Bachir Bouiadjra et al., 2008) showed that
the stress intensity factor for patched crack exhibits an asymptotic behaviour as the crack length increases. This
is due to the stress transfer toward the composite patch throughout the adhesive layer. The analysis of the effects
of the geometrical properties of the composite on the repair performance was retained great interest in the
literature. Heller and Kaye (M. Heller and R. Kaye.,2002) used the genetic algorithm to optimise the patch
shape. Kaddouri et al,.2008, Ouinas et al.,2009 , analysed numerically the performance of the octagonal, circular
and elliptical shape of the patch. They showed that the patch shape has a significant effect on the value of the
stress intensity factor at the crack tip. In addition, the use of appropriate patch shape can reduce the level of the
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thermal residual stresses due to the adhesive curing (B. Bachir Bouiadjra et al.,2007) ,analysed the effect of the
patch thickness, they showed that the patch thickness must also be optimised. The comparison between the
double symmetric patch and the single was analysed by several authors (M. Belhouari et al.,2004; B. Bachir
Bouiadjra et al.,2010). All these authors showed that the use of double symmetric patch improves the fatigue life
of the repaired structures. This improvement is due to the double stress transfer in the double patch
configuration. In addition, the double symmetric patch annuls the bending effect due to the eccentricity of the
composite patch in the case of single sided patch. The double symmetric patch has two main disadvantages: the
first is the difficulty to follow the crack propagation and the second is the relatively higher levels of the thermal
residual stresses because of the double adhesive curing. The objective of this study is to analyze the distribution
of the stress intensity factor along the crack front for repaired crack with bonded composite patch. The effect of
the thickness of the repaired plate is specially analyzed in order to show the difference of the repair performance
for thick and thin plates.

The purpose of this study is to analyze by numerical simulation the fatigue test on damaged structures repaired
by composite patch. A notch in an aluminum plate causes high localized stresses near the notch leading to a high
stress rate. These constraints can be significantly reduced by the application of a composite repair patch. These
stress values will be considered as critical values to ensure the role of each of the repair materials in order to
validate the design of the repair part. The constraints on the aluminum plate, the adhesive and the composite
patch must be studied individually to establish the strength, longevity and effectiveness of the repair.

Geometric Models
In our study, two geometric models were chosen to study crack propagation in several positions (figure 1).

Numerical modeling of the fatigue test was performed on a 2024-T3 aluminum plate using the Afgrow
calculation code. The dimensions of the plate and notch are shown in Table 1.
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Figure 1. Geometric models

Table 1. Dimensions of notched and cracked plates

H w E D C
Length [mm] Width [mm] Thickness Diameter Length of the crack
[mm] [mm] [mm]
200 100 2 10 2

These models are then reinforced by a composite patch whose dimensions vary according to our study.

Properties of the Patch

Stacking Sequence of the Patch

The composite used for the repair is a graphite-epoxy type laminate composed of graphite fibers and an epoxy
resin. The laminate consists of 14 plies of a unidirectional composite material or the thickness of each ply is

0.132mm, the stacking of which is as follows: [0,0,90,0,0, -45,45] [45 , -45,0,0,90,0,0].
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The graphite fiber used here is the HR fiber, belonging to the group of high strength fibers.

Rigidity of the Patch

Calculation of the rigidity of the patch is essential for it to have a good transfer of the load of the damaged plate
to the patch. First, we must size this patch for it to be effective. The stiffness ratio, S, between the composite
repair patch and the damaged structure should be between 1.0 <S <1.5

For our case, we have a composite graphite / epoxy composed of 14 folds of different orientations, its
longitudinal Young's modulus is equal to 110909.843 MPa and a thickness of 1.85 mm, against for the damaged
structure the Young's modulus is of 73084.4 MPa and a thickness of 2mm, so we can calculate the stiffness S:

_Ece, _110900.843/x1.85 _ ,

S=
E,e, 73084.4x2

Parameters of the Test

For our case, the applied constraints used, such as omax = S0MPa and omin = SMPa, in order to compare the
results between an unrepaired and repaired structure. The number of cycles at break as well as the size of the
corresponding crack will be calculated using the Nasgro equation.

Analysis and Results
Influence of Patch Dimensions

The geometry of the patch plays an important role in the number of cycles at break. To analyze the effect of the
patch size on the failure behavior of a cracked plate and a cracked plaque from a repaired notch, we chose a
rectangular patch of different sizes. The results obtained illustrate the influence of patch and adhesive
parameters on the service life of damaged and repaired structures.

Influence of the Width of the Composite

To study the influence of the width of the patch on the propagation of cracks, we chose a fissured plate and
another plate with crack emanating from central circular notch of diameter 10 mm, repaired by patch length Lp =
100mm and width Wp = 100mm.
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Figure 2. Evolution of crack length versus number of cycles at break for different patch widths for both
geometric models

The width of the composite is an important parameter to size the patch so that it brings more resistance to the
damaged structure. If the width of the patch is important plus the overlap section is important so the patch covers
more section of the plate, resulting in a considerable reduction of stresses in the damaged area (figure 2). It is
therefore better to choose a rather large patch and more important than the length of the crack.

37



International Conference on Technology, Engineering and Science (IConTES), October 26 - 29, 2018 Antalya/Turkey

For smaller patches, once the crack exceeds the edge of the patch, the crack spreads rapidly to the free edge of
the patch. For both geometric models, it is noted that the percentage of gain in life depends on the width of the
patch and the position of the crack. In the presence of a notch, the gain is less considerable in lifetime.

Influence of the Length of the Composite
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Figure 3. Influence of the length of the composite
From the two curves in Figure 3, the length of the patch does not have a great influence on the strength of the
damaged and repaired structure. Several studies have shown that there is an optimum length from which the
increase in length has no influence on the strength and the life of the structure.

Effect of the Thickness of the Patch

The thickness is an important parameter to optimize the patch to bring a high resistance to the damaged
structure. The increase in the thickness of the patch causes an increase in the rigidity of the structure.
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Figure 4. Effect of patch thickness

From Figure 4, it can be seen that increasing the thickness increases the strength of the repaired structure as well
as its life, but it is important to choose a thickness of the patch as thin as possible to ensure a shape. aerodynamic
structure; in addition to avoiding a more resistant patch than the plate, this causes a great heterogeneity of the
distribution of stresses in the damaged structure which causes a deformation of the plate. The gain in life of the
structure depends essentially on the thickness of the patch and the position of the structure.
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Effect of Fiber Orientation

The choice of fiber orientation of the composite is essential to absorb more stress from the plate through the
adhesive. In addition, it is inadvisable to choose a patch with the same fiber orientation in all layers because
usually the patch will be exposed to normal shear, peel, and stress. Also, the fibers oriented at 0 ° along the axis
of loading are efficient in the absorption of the constraints of the plate, that is why we chose the orientation of
the first fold: 0 °.

To highlight the effect of fiber orientation of the composite material, we considered three cases. fiber orientation
(0°45°0°-45°0°45°),(0°60°0°-60°0°60°),(0°90°0°-90°0°90°).

—— ornraion OF L5 0" 43°
—a— arianraion 0° -G0% 0%
oranmaion 0° -G0% 0" &

L

by .
gy
UTFT T

",

L0 WG EUR D E Lo F IS RECTD
2 4 =
A

10 WG UEU R D E Ly F S RE G

Figure 5. Effect of fiber orientation of the patch

It is noted that the choice of fiber orientation is essential to have a long service life of the structure and also a
great reduction of the stresses in the damaged plate.

Influence of the Properties of the Adhesive

To see the influence of the parameters of the adhesive on the fatigue strength of the damaged and repaired
structures, we chose as a reference the adhesive FM 73 of shear modulus Gxy of 413.685 MPa and a thickness
of 0.15 mm

Influence of the Thickness of the Glue (adhesive)

The thickness of the adhesive is the most important geometrical parameter in a bonding of two substrates, tensile
tests show for joints with single overlap joints, a very fast growth of the resistance from very thin thickness
(0.005 mm <egye <O.2mm) followed by a decrease which tends to diminish as the thickness becomes important

(0.005mm <eg,e <O.2mm) more breaks become more and more adhesive when the thickness increases.

Indeed the joint strength increases rapidly for small thicknesses (a few hundredths of a millimeter) passes
through an optimum then decreases.
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Figure 6. Influence of glue thickness (adhesive)

It can be seen from figure 6 that increasing the thickness of the adhesive considerably reduces the strength of the
damaged and repaired structure, since the greater the thickness of the adhesive, the more structural defects such
as porosity, micro cavity, crack etc.

On the other hand, the lower the thickness of the adhesive is the load transfer from the plate to the patch, so it is
best to optimize the thickness of the adhesive.

It is also noted that the number of cycles at break is inversely proportional to the thickness of the adhesive. The
percentage of life loss of the structure depends on the thickness of the adhesive and the position of the crack
(geometric model).

It is noted that the life of the plates increases as the thickness of the adhesive decreases.

Influence of the Shear Modulus of the Adhesive

A study has shown that a good adhesive is characterized by its low shear modulus, this allows the reduction of
the tensions transmitted to the adhesive. In the case of repaired cracks, the objective is to transfer the maximum
of stresses to the adhesive and consequently to the patch in order to reduce the energy at crack point.
Theoretically, it is preferable to use adhesives with a high shear modulus (poor adhesive quality) for the repair of
cracks and defects.

To verify this behavior, we studied the effect of shear modulus on damaged repaired plates as shown in Figures
7.
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Figure 7.Influence of the shear modulus

Note that the higher the value of the shear modulus, the greater the resistance of the assembly. But, it is
important not to exceed an optimal shear modulus, because several investigations have shown that the best
adhesives which ensures a good charge transfer are the adhesives whose Young's modulus does not exceed 3000
MPa, otherwise, we will be able to have a hard adhesive that behaves like a third material, so a bad charge
transfer. The percentage of gain in the life of the structure depends on the modulus value of the selected shear
and geometric model.

Conclusion

The objective of our study is to analyze by numerical simulation the influence of the patch repair technique on
the duration of the damaged and repaired structures under the effect of the different geometrical and mechanical
parameters of the plates, adhesive and patch in composite.

The effectiveness of patch repair is clearly shown on all our results. Note that the presence of the repair patch
increases the mechanical characteristics of resistance of the damaged plates. The number of cycles in patches
repaired by patches is greater than that of an unrepaired plate.

The presence of the repair patch absorbs the stresses of the damaged area through the adhesive, thereby reducing
stress at the crack and increasing the mechanical strength properties of the structure. It can be said that the patch
significantly increases the strength of the plate and its rigidity to ensure a long life of the structure in fatigue and
delays the progression of cracks for long use.

The larger the width of the patch compared to the length of the crack, the longer the life of the structure is
important. The greater the thickness of the patch, the higher the resistance of the structure, but it is necessary to
optimize this thickness in order not to have a high rigidity.

Also, it is necessary to optimize the thickness of the adhesive so that there is a good transfer of the load of the
damaged area to the patch.If the modulus of the shear of the adhesive is very high, the adhesive behaves as a
third material, therefore no charge transfer and it can be in many cases the breaking of the adhesive under light
load.
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