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ABSTRACT. The objective of this study is to analyze the performance of
composite bonding repair, hole drilling and the combination of the two
techniques (hybrid repairs) by tensile tests and to show the interest of a
hybrid repair versus other processes. These repair techniques can apply in
different branches of engineering: mechanical, aerospace, civil, naval, etc.
The finite element method with the ABAQUS code was used to model the
mechanical behavior of the different repair techniques. The Notch Stress
Intensity Factor (NSIF) is adopted to model the behavior of the cracked
notch based on the volumetric method. The size of the plastic zone, the
intensity of the normal oy, stress, the peel stress and CTOD are combined
to model the proposed techniques repair. Although the bonded composite
is very strong, the application of a drilling hole results in additional energy
absorption and reduces the level of the maximum normal stress by about
50% compared to a simple patch only. The use of a hybrid repair has a high
resistance compared to other proposed methods, improves the mechanical
strength and increases the life of the cracked structure compared to a single
composite joint and a repair by drilling hole only.
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INTRODUCTION

amage to metal aircraft structures is often caused by corrosion, erosion, normal stress, and accidents and

mishaps, which made the component susceptible to cracking in service. The replacement of the cracked

component can be very costly, thus it’s important that metal structural repairs be made according to the best
available techniques to expand its service life and investigate the satisfactory performance of an aircraft in a rapid way
reducing the immobilization time of the device structure.
Numerous and varied crack repair techniques have been proposed for arresting or retarding crack propagation in
structural components such as: i) the use of bonded composite patch repair, A Baker and al [1] explain the concept of
using bonded composite materials as a mean to maintain aging metallic aircraft. The reinforcements of composite patch
repairs reduce stresses in the cracked region and keeps the crack from opening and therefore from growing; ii) The
infiltration method, which is based on reinforcing the cracked body by depositing closure material like epoxy resin along
the crack path. [2] stated that crack growth retardation is promoted by through the infiltration of closure materials into
a crack, and the closure material properties play a dominant role in promoting the crack closure and the retardation. iii)
drilling a hole at the crack tip is one of the easiest and most accessible crack arresting procedures. Cracking resumes
very shortly after drilling because of the high stress concentration associated with hole and this is why it remains
temporary and relatively ineffective method [3, 4]; iv) a much superior approach is to stop drilling and then expand the
stop hole, usually with a special sleeve to develop favorable compressive stresses that reduce or prevent crack opening,
while this approach is often highly effective in stopping crack growth [4—6]. [5] studied the influence between the holes
of different diameters and also between the expanded holes and non-expanded holes on arresting the crack propagation,
finding that the number of cycles to initiate a new crack is three times longer than non-expanded holes; v) repair of
corrosion types such as pitting or exfoliation in aluminum alloy structures generally involves the removal of visible
damage by grinding followed by an extra confidence cut to ensure that all the corrosion is removed. The region is then
treated, primed and painted. In the case of severe corrosion, panel thickness may be reduced below the allowable
thickness and must be reinforced to make it airworthy [7-9]; vi) the overload trepair is applied to the metallic structure
in order to create a plastic zone over the crack-tip, this zone generates a residual compressive stress that leads to a
decrease in the velocity of the crack growth, [10], that is explain by the closure of the crack caused by the plastic zone
generated [11-14]; vii) another method based on the application of residual compressive stresses to reduce the crack
growth rate is to press a steel ball in the crack-tip. [15,16], studied this phenomenon by leaving a Brinell-type dimple of
a certain diameter and showed that the greatest arrest of crack growth due to the compressive stresses was caused by
forming the dimple.
It is obvious that each repair procedure has advantages and disadvantages; this paper focuses on the requirement of
hybrid repair method by combining a bonded patch with drilled stop hole, that enhances the residual strength of the
damaged structures. The combination between two techniques can offer a possibility of complementarity and eliminate
the weaknesses of the two techniques. Few studies on this combination exist in the literature in fact, there are several
studies concerning hybrid joints, we can mention the work of [17-19].
In this work, three-dimensional finite element analyzes are performed to compare the effectiveness of the hybrid repair
technique with composite patches and the drilling hole to repair an aluminum plate containing U lateral notches. A
volumetric approach is developed to obtain the notch stress intensity factor K, in mode-I condition [20]. Variation of
notch bottom opening stress fields in the different methods was examined based on the notch stress intensity factor
(NSIF). The plastic zone at the U-Notch front has been studied as part of a drill hole, bonded repair and hybrid method
repair. In addition, the variation in peel stresses in the plate / adhesive interface area for single patch repair and hybrid
repair has also been checked.

Volumetric method (Kp)

The stress field around the notch-tip in mode I condition and subsequent evaluation of the notch stress intensity factor
K, are performed to describe the fracture criterion. The determination of the K, is made using the volumetric approach
[20], this method was chosen because it is feasible to give the appropriate K, values before and after the repairs.

It assumed that the fracture process needs a physical volume where the necessary fracture energy release rate is stored
to launch the fracture phenomenon; it corresponds to the high stressed region in which the fracture notch effect is
taking place. This leads to a volumetric approach; two parameters are describing this fracture criterion: the effective
distance and the effective stress. A bi-logarithmic graph shown in Fig. 1, represent the stress distribution at the notch
tip where the stress normal to the notch plane is plotted versus the distance, and the effective stress and distance are
also shown.
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Figure 1: Stress distribution at the notch tip where the stress normal to the notch plane versus the distance from end notch [20]

From the above graph, it can be distinguished three zones, i) the high stressed zone (zone I) in which the stress
distribution achieves a maximum value offset by a distance from the notch root, ii) in the (zone II) the stress value is
decreasing to the outside of the notch root, iii) the evaluation of the stress (zone I1I) takes a linear behavior.

The effective distance was determined from the value of the minimum of the relative stress gradient y defined by:

A= )

o, dr
where y is the relative stress gradient and oy, is the maximum principal stress or opening stress.
From the relative stress gradient plotted on logarithmic graph Fig. 2, the effective distance Xcf was obtained with the
minimum of y. While from the plot of stress distribution over the effective distance, the effective stress for fracture S.¢
was considered as the average value over the effective distance. The stress distribution is then given by:

X,
l of

o, :X_/ jaﬂ.(1—r).;(dr )
¢ 0

however, the notch stress intensity factor is a function of the effective distance and the effective stress:
a
K,=0,.(27X,) ©)

where K is the notch stress intensity factor and ocr and Xer are the effective stress and effective distance, respectively,
and « is the slope of the stress distribution in region III. The exponent o depends on the notch angle and is equal to «
= 0.5 if the sides of the notch are parallel.
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Figure 2: Stress distribution at the notch root together with relative stress gradient.[20]

GEOMETRICAL AND MATERIAL PROPERTIES

typical basic geometry and loading, adhesive layer and composite patch are shown in Fig. 3, the plates were
made of a 2024-T3 Aluminum alloy containing lateral U- notch repaired with boron/epoxy composites and
bonded with a thin layer of FM73 adhesive, subjected to a uniaxial loading of 65 MPa. The plate has the
following dimensions: length= 160 mm, width= 39 mm, thickness = 3 mm and the dimensions of the notch are: radius
o= 0.25 mm, length= 9.75 mm the length of one side square patch repair is 25 mm and its thickness is 1.5 mm. the
thickness of adhesive is 0.1 mm. Material properties of the aluminum plate, adhesive and composite patch are given in

Tabs. 1 and 2. The plate and the adhesive are considered as isotrop while the composite patch is modeled as an
orthotrop [21,22].
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Figure 3: Geometry of the repaired model. (a) front view (b) side view (c) 3D view
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Parameters Aluminum alloy 202413 Adhesive FM73
E (GPa) 72 2.21
v 0.3 0.43

Table 1: Material properties of 2024-T3 aluminium alloy and FM 73 Adhesive.

Elasticity modulus

(GPa) Shear modulus (GPa) Poisson’s ratio
E11 200 G11 7.2 D12 0.21
Ea 25 G 55 L13 0.21

Table 2: Matetial propetties of composite patch boron/epoxy

FINITE ELEMENT MODEL

typical finite element geometry, loading and mesh configuration of the notched plate are shown in Fig. 3.

The structure made up on the plate, the adhesive and the patch are subjected to uniform uniaxial tensile load
of 65 MPa on the section of the plate in Y direction, then clamped the down surface in the three directions. These
conditions are represented in a 3D model as shown in Fig. 3
The mesh was modeled in 3D stress element type with 20-node quadratic brick geometric order and with a hexagonal
element shape. A very fine mesh was generated for the region close to the notch-tip with an element dimension of
0.05mm Fig. 4.

The tie between the plate—adhesive and patch-adhesive was created using “TTE” constraint, which allows the part
instances to combine together.

In this analysis, the stress fields of the repaired plates are obtained to compare between the different repair techniques
than to get the curve opening stresses versus the crack patch in order to extract the stress notch intensity factor K,
determined analytically using the volumetric approach.

ﬁ finite element method (FEM) using ABAQUS software suite is employed for modeling the notched plates; a

Figure 4: Finite element mesh of the notched plate.

ANALYSIS AND RESULTS

to adopt the volumetric technique as a criterion because it allows us to use the notch stress intensity factor this
factor is assimilated to the stress intensity factor for an elastic material. This factor is one of the parameters
which providing a characteristic of the stress field existing near the crack tip.

T he evaluation of the effectiveness of the repair of cracked structures by the method of drilling a hole, push us
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Validation of the choice of the drilling technigue

The ruins of cracked structures depend on several parameters, namely the size of the crack its geometry or shape, the
type of loadings and its amplitude. The repair of a cracked structure by the hole drilling method at the bottom of the
crack is based on the geometric modification of the crack eliminating the singularity in its tip, this causes a relief of the
structure solicited and offers the possibility to leave the structure in service the time to prepare for its replacement
otherwise the repair can be permanent.
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Figure 1: The notch stress intensity factor K, vs notch radius for three methods A, B and C.

Researchers boost this interesting technique. The [23] and [24] investigated the possibility of drilling several holes neatr
the bottom of the crack. Drilling a hole near the point of the crack increases the service life of the crack. structure and
also influences the direction of propagation of the crack [6].
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Figure 2: Plastic zone size vs drilled methods A, B and C.

In the perspective of validating our numerical model. The choice of piercing method is compared with the results of
[25]. Fig. 5 presents the variation of the notch stress intensity factor as a function of the drilling radius for the three
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drilling methods proposed by [25], our results valid and confirm the conclusion of [25], indeed the notch stress intensity
factor decreases only in method " A " as a function of drilling radius.

In addition, the evaluation of the beneficial effect of the repair by drilling hole depending on the notch stress intensity
factor Ko can be assessed by analyzing the distribution of axial stresses 622 and the size of the plastic zone in the vicinity
of the drilling hole. Fig. 6. Show the size of plastic zone (SPZ) for three drilled methods. As it, we can observe the
development of plastic zones, because the presence of the weak concentrations of deformations in the bottom of the
crack engendered by the removal of the material for the three methods of drilling, still with the size of plastic zone the
technique of piercing (A) proves its interest.

Hybrid repair Technic

In recent years, several researchers have invested in assembling structures with joint or hybrid joints (weld + rivet, clinch
+ bonded [18], bonded + riveted [26], bonded + bolted [17]) to improve the individual performance of each type of
joint. Hybrid joint applications are of major interest in acrospace technology and engineering. Experimental studies have
demonstrated that certain assemblies can achieve high static strength over riveted, bonded, or bolted assemblies
separately [27-29]. Compared to a riveted structure only, the hybrid assembly reduces the number of rivets and improves
the strength of the structure.

However, the repair of cracked structures is one of the areas where hybrid assemblies or hybrid repair can be used, our
study is aimed at this empty domain. We will investigate numerically in the hybrid repair (collage - drilling) based on the
notch intensity factor, the distribution of the oy, stress, the size of the plastic zone at the bottom of the notch, crack
type opening displacement (CTOD), finally the peel stress.

Distribution of 0, stress

Fig. 7 shows the distribution of the normal stress oyy , in fig. 7 (a) and the fig. 7(b) illustrates max oyy distribution through
plate thickness

The stress concentration at the bottom of the notch shows two stress levels in fig. 7(a), a maximum between 370 and
470 MPa and a second level between 148 and 250 MPa, we can also see that far from the notch bottom in the relaxation
zone of plate, two other levels of stress appear, the non-repair plate is relaxing at a stress level of 120 MPa, the drilled
plate has a lower level of 90 MPa, while the level of the constraints of the two repair techniques is practically
superimposed view that in both techniques the composite absorbs virtually all the stresses generated by mechanical
solicitation.

Plotting the max oy, in fig. 7 (b) and comparing these results it is found that the drilling plate provides a reduction of
21% of the max oy, the second level offered by the two repair techniques, these techniques carries out reduced rates of
46% for single-composite repair and 68% for hybrid repair (single-patch drilling).

Ligaments of the crack
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Figure 3: Distribution of oy, stress along the ligaments of the crack (a), and variation of the max oy, for different cases (b)

The distribution of the normal stress oy, along the plate thickness is plotted against all studied cases in fig. 8 (a),
averaged oy, for same cases repairs technics in fig. 8(b).

262



o

(
‘(f W. N. Bouzitouna et alii, Frattura ed Integrita Strutturale, 52 (2020) 256-268; DOI: 10.3221/IGF-ESIS.52.20
5504
500+ smd (@) e M iu
450 4% : 8
400 ®) 400 s )
] oo o 'y =
350 ] 15 ko = w!'i;’
| = e - =]
= = ix i g_
& 300 - = 304 I o
= 250 = | E % 250] L o unrepaived plate
2 5 o . o ¥ e diilled echnic
g Era o :‘; e © 200 é : - 3 - & simple patch technic
= 450 E 2 3 e Y - =¥ - simple ateh+ drilled = ybrid tech
B B E o = {,, 4 double matchdrilled = Iybrid tech
100 % £ 2 100 E ; 5
i = A e — =
5n = é\ 4 Iﬂ * 3 - 4 | 4:\_:%
0- } } 0 ——rT7T T
05 00 05 1.0 15 20 25 30 35
repaired technics plate thilness ()

Figure 4: Normal stress oy, distribution along the plate thickness for all cases.

A comparison of the normal stress level for the types of repair considered allows us to conclude that the majority of the
resistance of the hybrid repair with a simple patch comes from the adhesive and proposed as the best compared to the
others with 44% of reduction compared to the structure repaired by simple patch only. However, the addition of a
second patch on the other side of the plate (double patch) increases greatly the energy absorption capacity of the hybrid
repair. In the case considered, this increase was equal to 80%.

Notch stress intensity factor

After analyzing the maximum normal stress oy, we also analysed the notch stress intensity factor (NSIF), which is
another parameter of failure. The result above shows a strong decrease in stress concentration in the vicinity of the
notch bottom caused by the application of the bonded composite.

sim ple patch
double patch

o
!
drilled technic
sim ple patch
'ybrid tech=

B m =

Technics repaire

K, (MPam’?)
notch stress intensity factor
Hybrid tech

Figure 5: The notch stress intensity factor K, vs repair technics system.

Fig. 9 demonstrates the comparability of the notch stress intensity factor INSIF) K, for the repair technics system, one
can note that the drilling of the plate offers a reduction of the NSIF of 10% compared to the unrepaired plate, for the
repair system by patch only the rate of reduction is 83%, while the hybrid repair (simple patch + drilling) offers a drop
of the NSIF of the order 88% of the same hybrid repair (double patch + drilling) led to a further reduction of 90%.
Indeed, the singularity at the bottom of the notch removed by the piercing provides additional relaxation to the damaged
structure.

The central parts of the adhesive in the vicinity of the pierced zone are subjected to a low level of stress and do not
support a high load, since the patch absorbs the majority of the stresses caused by the uniaxial solicitation.

COD parameter
Ductile materials can break at relatively low stress levels since the deformation is limited to the vicinity of the relatively
large crack tip. To characterize the fracture behaviour of these materials, we have used parameters similar to critical
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crack opening displacement (COD), critical-crack-tip opening displacement (CTOD) or crack stretching (3). The critical-
crack-tip opening displacement CTOD can be converted into stress intensity after which it can be used directly to
predict the breaking of large structures. The CTOD value is extracted from a fixed node in face of the initial crack tip
[30].

The COD value is extracted from a fixed node in the end line of the initial crack tip (Fig. 10). The variation COD
parameters for five cases studies is presented in Fig. 11, It can be observed from Fig. 11 that, for both simple patches
only technic and hybrid technic (simple patch + drilled) the COD are comparatively similar, this is because most of the
strength of the hybrid joint comes from the adhesive. However, the application of a second composite patch on the
other side of the plate increases greatly the energy absorption capacity of the hybrid repair system (double patch +
drilled).

Plastic zone

It was pointed out that the analysis of the extent of the plastic zone has shown that the plastic zone has completely
disappeared by applying the hybrid repair technic, for this reason it is wished to make a comparison with respect to the
unrepaired face of the plate by a simple patch only and hybrid repair (simple patch + drilling).

The results of Fig. 11 show that the hybrid repair leads to the decrease of the COD parameter and consequent to the
decrease in the size of the plasticized zone at the crack tip (Fig. 12). This illustrates the extent of the plastic zone for
different repair techniques. The extents of the plasticized areas were determined using the Von Mises criterion.

COD Node
Figure 6: Schematic plot of the COD-node.
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Figure 7: Variation of COD parameters for the five studied cases.
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Figure 8: Variation of plastic zone size for the three studied cases.

At the crack tip the deformation fields are considerable and result in a larger area of the plastic zone [22]. In this case,
the mechanical energy at the crack head is absorbed by the material in the form of defects. The higher this energy is, the
higher of the defect density increases leading to a large size of the plastic zone. The sizes of the plasticized zones obtained
for the hybrid technique are small compared to those obtained for the drilled hole repair and single patch only. Indeed,
the area of the plastic zone for the drilling hole technique is worth almost six times that of the hybrid technique, this
confirms the effectiveness of the hybrid repair system.

Peel stress (0:z)

As we know, disband is one of the major weaknesses of bonded composite repair, these initiating causes are generally
the bad preparation of bonding surfaces, the low resistance of the adhesive in shear load or peel stress, high
concentration of stress at the crack tip, etc.

On the other hand, the adhesive is the weak link of reinforcement by composite materials. It is a material with very low
mechanical shear properties and it is known that takeoff is started with the development of peel stress concentrations
(o) [32], [33].

In our study, we focus on the peel stress. Fig. 13 shows the distribution of the peel stress (o.,) along the virtual line for
tow type of repair systems (simple patch + drilling). We find that the distribution of stress peel is similar except at the
tip of the notch for the hybrid repair with a reduction of 80%, it is clear that the use of a hybrid repair generates low
peel stresses near the notch front and therefore decreases the probabilities of disband phenomena. The use of hybrid
repair technic is recommended to extend the life of cracked structural components and give a better performance and
eliminating the disadvantages of each type of repaired system (bonded composite and drilled hole).
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Figure 9: Peel stress (o) disttibution along the virtual line.
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Verification with other models

Fig.15 are plotted to see more clearly about the behaviour of different configurations of repair system, where the
maximum values of the normal stress (oyy) are assembled in histograms forms.

Rodriguez-Sanchez et al [31] proposed five drill crack repair configurations (Fig. 14): (a) Through hole, (b) Bottom hole,
(c) hole with notch to symmetric inclined faces, (d) hole with notch with asymmetrical inclined faces, (¢) hole and
inclined notch.

In this analysis, we applied hybrid repair to these configurations for specific cases. Fig. 15 shows a comparison between
the repair proposed by Rodriguez [31] and the application of the composite bonded on these same configurations for
the cases chosen, this figure leads us to conclude that the hybrid configuration is the best whatever the model chosen,
because it always reduces the stress concentrations in a significant way at the bottom of the notch.

In the (e) model the maximum oy, value is significantly the bottom-most lower than the other models without bonded
patch, so with the composite patch it decreases by seven times compared to the drilled hole case only.

(a) (b) fc)

Figure 10: Equivalent notch configurations [31]
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Figure 11: Maximum oy, value for each type of repair systems.

CONCLUSION

n this work crack repair by hole drilling, composite bonding and the combination of both (hybrid) have been
studied numerically. The results obtained from finite element analysis in this paper lead us to the following

conclusions:
Hybrid repairs (single and double patch + drilled hole) provide better static performance than other configurations.
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The singularity at the bottom of the notch removed by the piercing provides additional relaxation to the damaged
structure.

The hybrid repair leads to the decrease of the COD parameter and consequently to decrease the size of the plasticized
zone at the bottom of the crack.

Finite element analyzes have shown that the presence of the two-side bonded composite can reduce significantly the
maximum peel stress at the interface (plate/adhesive), which helps attain better repair performance.
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