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Abstract. If hot bonding of the composite patch to the cracked plate leads to an improvement in the adhesion
energy between these two protagonists, it is a source of residual stresses in the plate, the adhesive and the patch near
their interfaces. Using FEM, this study aims to improve the performance of hot plate-patch joining and patch-crack
interactions by optimizing the patch shape. Thus, all the patch shapes developed in this study arise from an initially
rectangular shape. This results in six patch shapes: elliptical, orthogonal, star, H, double arrow and butterfly. This
optimization is analyzed in terms of improvement in both the fracture energy gain of the plate (stabilization of the SIF
with the evolution of the crack size AK), the mechanical energy gain of the adhesive (reduction of the risk of rupture
of the adhesive by a drop in the level of shear stresses in the adhesive At) and of the mass gain of the patch Am
(reduction of the risk of peeling and delamination and of debonding by an improvement of the aerodynamic
resistance of the patch). These three gains, AK, At, Am, developed for the first time in this study, constitute
characteristic criteria for the performance of composite patch repair. This is where the originality of this work lies.
This study highlights that improving the fracture energy gain alone is not a sufficient condition for the effectiveness of
hot repair. Thus, the simultaneous satisfaction of these three criteria is a necessary condition for the durability and
performance of the repair. This therefore constitutes the originality of this study which lies in the development of
these criteria. It appears from this study that the repair using an optimized double arrow-shaped patch leads to the
satisfaction of these criteria. This shape simultaneously ensures stabilization of the three components of the repair: the
plate by stabilizing the crack, the adhesive by reducing shear stresses, the patch by reducing its mass. The risks of
damage (debonding, peeling, delamination) due to these stresses and the size and thickness of the patch are clearly
minimized. It also emerges from this study that, contrary to previous works, hot bondings of the patch to the cracked
plate doesn’t in any way affect the performance of the hot repair using an optimized patch.

Keywords:  adhesive; composite patch; crack; energy gain; hot adhesion; interaction, mass gain;
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1. Introduction

Discontinuity defects such as cracks, holes, notches, cavities, surface irregularities etc. may
arise during the materials commissioning process. These imperfections constitute a source of
damage to these materials responsible for the degradation of their in-service performance and their
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rigidity [1]. To overcome this problem and to restore these two mechanical characteristics, it is
strictly necessary to repair the areas of damage using a bonded composite patch. This repair
technique, initially used in the field of aeronautics and aerospace, has been extended to other areas
of industry particularly in maritime engineering, civil engineering, renewable energy (repair of
wind turbines). Thus, the presence of the composite patch makes it possible to relax the highly
localized stress concentrations in the damage zone, which makes it possible to stabilize the
weakened zone of the structure. If this zone is damaged by cracking, the patch leads to a
stabilization of the crack propagation kinetics by a strong reduction in the stress intensity factor
(SIF). This behavior results in an improvement in the durability of the initially cracked structure
[2-5]. Optimizing the shape of the patch remains one of the necessary means for reducing the SIF
at repaired crack tips [6, 7]. This reduction is closely linked to the capacity of load transfer from
the crack front to the composite patch through the adhesive joint. In this repair technique, the patch
can be cold or hot bonded to the cracked area. It should be noted that if hot bonding leads to an
improvement in the adhesion energy between these two protagonists by good spreading of the
adhesive on the cracked substrate, it is a source of additional residual stresses which can lead to
instability of the repaired crack. It should be noted that very few studies have been devoted to the
behavior of cracked and hot-repaired structures. Thus, a study of Deheeger et al. [8] relating to the
evaluation of the distribution of thermal stresses in the bonding of the composite to aluminum,
shows that a peak of shear stress occurs in the adhesive near the free edge of the patch. In the same
context, work of Azzouz et al. [9] illustrates that hot repair by composite patch of cracked aircraft
structures generates an average increase in SIF of approximately 40%, and 60% at long crack front.
In this same context, it was demonstrated that the hot bonding of the patch to the cracked zone of
the aircraft plates induces, in these two materials, residual stresses responsible for the increase in
the stress intensity factor in mode I [10]. In the same sense, the residual stresses induced in the
adhesive and the plate near the interface during a hot repair increase the instability of the repaired
crack compared to a cold repair [11]. Other studies have demonstrated that the existence of
residual stresses of thermal origin induced during hot repair considerably reduces the performance
of the repair from the point of view of reduction of the stress intensity factor in mode I [11-13].
For these reasons and until now, cold repair is predominant. The performance of this repair
technique was essentially analyzed in terms of reduction of the stress intensity factor “SIF” at the
repaired crack tips [14-21].

Contrary to what has been predicted so far, this work aims to contribute, numerically through
MEEF, to improving the performance of hot repair by bonded composite patch of aircraft structures
through a parametric optimization of a patch shape allowing both stabilization of the hot repaired
crack of the Al2024T3 plate, the adhesive joint and the composite patch, by a simultaneous
reduction of the SIF, the level of shear stresses and the mass of the patch respectively. These three
physical parameters, developed for the first time in this study are denoted AK, At and Am,
constitute performance criteria for the bonded composite patch repair. This study highlights that
the effectiveness of the repair is closely simultaneously linked to the stability of the plate by gain
in fracture energy at the repaired crack fronts (+AK), to the stability of the adhesive by a gain of
mechanical energy (+At) and the stability of the patch by a mass gain (+Am). It should be noted
that practically all the work devoted to patch repair has been based on improving the performance
of the repair in terms of reducing the fracture energy at the tip of the repaired crack, in particular
the stress intensity factor.
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Figure 1. Cracked plate repaired by hot bonding patch
Table 1. Mechanical properties of the structure elements [22, 23]
E et G [GPa] E, E» E; G2 G Gos Vi2 Vi3 V23 OC(IO'GOC'I)
Plate Al (2024-T3) 72 0.33 22.5
Patch 153 9.1 91 457 457 315 0258 0258 0.384 45
(Carbon /epoxy)
Adhesive (FM73)  2.55 0.42 0.3 0.21

2. Numerical model

The developed model consists of a rectangular plate in 2024T3 aluminum alloy, with
dimensions: 250x125x2 mm, containing a central rectilinear crack of size 2a, located along the
transverse direction of the plate. The latter, requested in pure mode I, was repaired using a
carbon/epoxy patch, initially rectangular with height Hp = 40 mm, width Wp = 80 mm and
thickness ep = 2 mm. These parameters have been optimized for the repair of a 28 mm crack (Fig.
1). The patch was bond to the cracked area at a temperature of 100°C. Thus, the plate-patch
interface is assumed to be perfectly bonded to the plate using an FM-73 adhesive, thickness ea =
0.2 mm (Fig. 1) and properties at Table 1 which is a characteristic of hot bonding of the patch to
the plate.

The shear strength (t;) of the FM73 adhesive at T=20°C is 1= 35 to 45 MPa. It should be noted
that the toughness of the Al 2024 T3 plate at room temperature is 23 MPa.m”. The mechanical
strength of the 2024 T3 alloy practically doesn’t decrease up to a temperature of 150°C [23].

2.1 Modeling by finite element method

The finite element method was used for prediction of the performance of hot bonded composite
patch repair. Modeling by this method requires the meshing of the structure, composed of the
cracked plate, the adhesive joint and the patch. The choice of the types and sizes of elements to
use, particularly at the crack tip, depends on the fundamental parameters, to control the strong
stress and strain gradients in the vicinity of the crack tip. Thus, the first step consists of choosing



70 Imene Lariche et al.

®)

Figure 2. Mesh of the analyzed structure
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Figure 3. Boundary conditions imposed on the plate/adhesive/patch assembly

Table 2. Number of elements per constituent of the structure

The different components of the structure Numbers of elements Sizes of elements (mm)
Plaque AL2024T3 11796 2
Crack front 2080 0.078
Patch 3200 0.5
Adhesive FM73 800 1

the type of element, the most suitable for the problem studied, then the structure is divided into a
certain number of elements. In accordance with fracture mechanics and finite element modeling of
a cracked plate, the structure was globally meshed using C3D8 type elements (A linear brick with
8 nodes) (Fig. 2). The total number of elements for the repaired structure depends on the shape of
the patch. For a rectangular geometry, the total number of elements is illustrated in Table 2. The
mesh was exceptionally refined near the cracking defect, particularly in the very close vicinity of
the crack fronts, using Barsoum elements [24] (Fig. 2). Due to its high symmetry, only a quarter of
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the structure was taken into consideration in this analysis (Fig. 2). The boundary conditions
imposed on this structure are clearly indicated in Fig. 3.

These simulation conditions will be maintained throughout this study. The elastic approach was
chosen for this study. This approach was deliberately chosen in order to analyze the performance
of the repair, in terms of high stress and extremely long crack sizes, under the most extreme
mechanical conditions.

3. Adhesion plate-patch for a hot repair
3.1 Adhesion energy

Very few studies have been devoted to hot bonding of the patch to the damage zone of aircraft
structures. It has been clearly defined that the mechanical strength in service of the plate-patch
interface is closely linked to the wettability of the plate by the FM73 adhesive (Fig. 4). Thus, the
spreading of the liquid adhesive is ideal when the wetting angle 0 tends towards a zero value, in
this case the surface of the A12024T3 plate is ideally covered with a film of thin liquid adhesive.

This phenomenon leads to the fundamental equation of adhesion known as Dupré [1], or the
adhesion energy.

The latter is closely linked to the contact angle plate-FM73 adhesive by Hattali [25]

W, = y.(1 + cosb), (1)

This relationship shows that the maximum value of the adhesion energy of all the liquid
wetting a surface is 2 yi, for an ideal spreading 6=0°, independently of the solid in contact. It is
established that the surface energy depends on the temperature, it increases when the temperature
drops [26]. The viscosity of the adhesive, a fundamental spreading parameter, drops with
increasing temperature and leads to good wettability. In this case, the adhesive tends to minimize
the contact angle with the aluminum alloy plate on the one hand, and with the patch on the other
hand. This minimization leads to an increase in adhesion energy, characteristic of intimate contact
at the plate-patch interface. This phenomenon improves load transfer from the cracked area of the
plate to the composite patch and minimizes the risk of peeling, delamination and debonds of the
patch from the cracked plate. This constitutes a necessary condition to make the performance of
the repair profitable in terms of fracture energy gain at the repaired crack tips. The improvement of
this transfer is simulated in this study by a perfectly bonded plate-patch interface. If hot bonding of
the patch to the cracked plate has such an advantage, it is a source of residual stresses. Do these
affect the performance of the repair? This study provides an explicit answer to this question.

3.2 Residual stresses

It is well established that this type of adhesion generates residual stresses in the plate, the
adhesive and in the patch in the vicinity of their interface. These stresses develop due to the
difference between the thermal expansion coefficients of the plate and that of the adhesive joint,
on the one hand, and the gap between the latter and that of the patch, on the other hand. The
thermal deformations of these two interfaces denoted respectively (I) and (II), unrelated are
obtained [26]
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Figure 4. Mechanism for wetting the cracked plate with liquid adhesive [23]

At the interface I: (ep)1 = ap (T —To); and (eqq); = Aqq (T — Tp)y, #))

At the interface II: (gad)ll = Aga (T - To)” and (gpa)" = apa (T - To)". (3)

Interface I: between the cracked plate and the adhesive, and interface II: between the adhesive
and the composite patch. We are exclusively interested in interface I cracked plate-adhesive whose
Ao= (opi-0aq) s ten times greater than that of interface II (Table 1).

€pl, €ad> Epa are the deformations of the cracked plate, the adhesive layer and the composite patch
respectively, (er)r, (er)u the thermal residual deformations at interfaces I and 11 respectively and o,
Oad, Opa Of thermal expansion coefficients of the respective cracked plate, adhesive layer and
composite patch.

The differences between the temperature at which the patch is bonding to the cracked area of
the plate and the reference temperature are: AT; = (T — Ty); and AT;; = (T — Ty) 4

3.2.1 Rectangular patch-crack interaction

Bonding the plate to the patch leads to the equalization of the deformations (gpi)iand (€aq)1, at
interface I, on the one hand, and (g.q)uand (gpa)ur at interface II of on the other hand, which leads to
residual deformations at interface I (er)1 and at interface I (er)inr with which residual stresses are
associated. Depending on the physical coefficient of linear thermal expansion “a”, these stresses
put, near the interface I; the plate in tension and the adhesive joint in compression, and in the close
vicinity of interface II, the adhesive in compression and the patch in tension. This behavior
generates an auxiliary bending moment in the repaired plate, which stresses the patch near
interface II in compression and in the vicinity of its non-bonded face in tension. Due to its high
stiffness, the patch induces a buckling of the repaired structure along the Y direction of the
plate/adhesive/patch assembly (Fig. 5). The internal stresses resulting from this phenomenon act as
crack opening forces. This explains the relatively high values of the mode I rupture energy (SIF)
obtained.

It should be noted that the composite patch is the most rigid link in the plate/adhesive/patch
chain. To this end, this study is particularly interested in the cracked zone interface of the plate-
adhesive joint, denoted interface I, while taking into account the interaction of the adhesive joint-
patch interface, denoted interface II. The mode I behavior of the crack is controlled by the residual
tensile stresses strongly localized at the cracking fronts of the plate near the interface I. These
stresses act on the crack as opening forces and are responsible for the propagation of the crack. To
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Figure 5. Effect of the patch on the buckling of the cracked plate of the thermally produced
plate/adhesive/patch assembly
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Figure 6. Patch-stability interaction of SIF in hot-repaired crack tips

this end, the presence of the patch ensures the delay of the propagation kinetics by a phenomenon
of stabilization of the (SIF), due to the presence of normal residual tension stresses developed in
the cracked plate near the interface with the joint of adhesive regardless of the size of the repaired
crack and shows that this rupture parameter varies asymptotically with the evolution of the crack
(Fig. 6). This leads to an improvement in the service life of the hot repair.

The normal residual stresses of compression in the adhesive joint and tension in the cracked
plate generate at interface I shear stresses specific to the YOZ, XOY and XOZ planes of the
plate/adhesive/patch assembly (Fig. 7). These stresses, analyzed in the adhesive joint, upstream of
the crack front at the free edge with the patch. Compared to the stresses induced in the last two
planes, those generated in the first plane are the most significant. Only these stresses, placing
greater demands on the adhesive, will be taken into consideration in the remainder of this study.
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Figure 7. Level of internal tangential stresses in the adhesive at interface I

Remember that the FM 73 adhesive has low mechanical resistance to shear [27] and therefore
relaxing the adhesive from these stresses is a necessary condition for improving the performance
of the repair in terms of service life and fatigue life of this assembly. These two physical
parameters (Fig. 6 and Fig. 7), the rupture energy and the shear stresses, are significantly linked to
the effectiveness of the patch [28-34].

3.2.2 Patch shape-crack interaction

Contrary to the most of the works carried out to date based on the rupture energy gain in mode
I (stability of the SIF) as a repair performance criterion, this study fails to develop the
characteristic criteria of the performance of the repair linked to its three components plate-
adhesive-patch. In other words, it aims to stabilize these three components of the repair by a
simultaneous reduction of the fracture energy at crack front of the plate, shear stresses in the
adhesive, and the mass of the patch. Physically relieving these components during the
commissioning process of the hot plate-adhesive-patch assembly, makes a significant contribution
to improving the effectiveness of the repair. This reduction can only be achieved by optimizing the
patch shape from its initially rectangular shape (Fig. 8). Thus, all the patch shapes developed in
this study arise from an initially rectangular shape. These results in six patch shapes: elliptical,
orthogonal, star, H, double arrow and butterfly. Given the high symmetry of the geometry of these
shapes, only their quarter was taken into consideration (Fig. 8). It should be noted that the
developed patches are only distinguished by their shapes and their covering surfaces.

The repair modeling was carried out under the same simulation conditions as those used
previously. The results obtained, illustrated in Fig. 9, clearly show that the effectiveness of the
patch, in terms of relaxation of the residual tension stresses in the repaired cracked plate (stability
of the SIF with the evolution of the size of the crack) is sensitive to the shape of the patch. It is
explicitly indicated in this figure that the kinetics of mode I propagation of the crack is slowed
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Figure 8. Developed patch shapes

down even more as the repair is carried out using a patch having a small covering surface and vice
versa. Thus, the repair using a patch in the shape of a double arrow is significantly more efficient
in terms of stability of the crack (gain in fracture energy SIF (+AK)), and stability of the patch
(gain in mass (+Am)). Thus, the rectangular patch, twice as large in size, generates an opposite
effect. From the five remaining patch shapes, having intermediate overlapping areas between the
rectangular shape and the double arrow shape, an intermediate behavior results. Contrary to the
rectangular patch, all other shapes have a significantly lower coverage volume, which leads to too
much mass saving and makes the repair profitable from a cost and safety point of view. It should
be noted that the plus (+) and minus (-) signs, used in this study, represent respectively the gain
and the deficit in physical parameters linked to the three components of repair: plate (AK),
adhesive (A1) and patch (Am).

The most significant shear stresses relating to the YOZ plane of the plate/adhesive/patch
assembly, generated in the adhesive, are all the lower as the repair uses patches of reduced size
(Fig. 10). For this purpose, the lowest level of these efforts is induced by a double arrow patch. It
should therefore be noted that for such patches, the optimal performance of the repair, in terms of
simultaneous gains in rupture energy (+Ak) of the plate (Fig. 9), in shear stresses in the adhesive
(+A7) (Fig. 10) and in mass of the patch (+Am) (Fig. 8), is obtained by a patch in the shape of a
double arrow. In other words, the effectiveness of the repair, from a cost, safety and durability
point of view, is closely linked to the satisfaction of these three physical parameters, developed in
this study and defined here as characteristic performance criteria: Gain of propagation energy as a
parameter characteristic of the stability of the damage of the plate, gain in tangential forces as a
criterion for the stability of the adhesive and gain in mass as a parameter indicating the stability of
the patch. Due to the existence of sharp sharp edges, the double arrow (DA) patch is likely to store
a large quantity of the energy transferred from the crack fronts through the adhesive joint to the
repair material. This phenomenon is at the origin of the stability of the growth in mode I of the
repaired crack and is characterized by an asymptomatic variation of the SIF with the evolution of
the size of the crack (Fig. 9). Contrary to the rectangular mother shape, repair using this type of
patch leads to both a gain in fracture energy at repaired crack front(+AK), by a reduction in the SIF
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and a gain of mechanical forces (+At), by a more significant drop in shear stresses in the adhesive
(Fig. 9 and Fig. 10). It should be noted that this double-arrow patch has a doubly smaller covering
surface than the parent form (Fig. 8), this results in a gain in mass (+Am) doubly greater, which
promotes efficiency and the stability of the composite patch and minimizes the physical
phenomena that may be caused by the large size of the patch and more particularly its thickness.
Indeed, such a size is generally responsible for plate buckling, peeling, delamination, aerodynamic
resistance, repair and delamination. Thick patches favor such behavior and generally lead to the
degradation of the plate-adhesive-patch chain through a phenomenon of decohesion of the patch
from the cracked area of the plate. On the other hand and in accordance with the results illustrated
from Fig. 8 to Fig. 10, compared to other patch geometries, the double arrow patch, having a more
aesthetic shape, leads to better efficiency of the repair by a simultaneous reduction of the SIF in
front crack of the plate, the level of shear stresses in the adhesive layer and the mass of the patch.
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Figure 11. Effect of the dimensional parameters of the double arrow patch on the SIF at a crack tip repaired

3.2.3 Double arrow patch-crack interaction

The satisfaction of these three criteria, rupture energy gains ((+AK), mechanical energy gain
(+At), and mass gain (+Am), is therefore necessary condition for improving the performance of
repair. This can only be achieved by optimizing the dimensional parameters of this form of patch
(Fig. 11). For this purpose, the width of the patch Wp is invariable, only the parameter Hp
fluctuates. Thus, the magnitude “h” systematically generates a reduction in the angles denoted by 6
of the extreme parts of the patch double arrow (DA) (Fig. 11(a)). In other words, a reduction in the
ratios “h/a” (h is the height of the arrow, « a » the size of the crack (Fig. 11(b)) and 6§/ Oz (where
Or is the angle at the corner of the double arrow patch DA, Or the angle at the corner of the
rectangular patch (Fig. 11(c)), initially optimized, and denoted DAIO, explicitly leads to an
improvement in the gain in breaking energy of the plate (+AK), in the gain of shear stress in the
adhesive (+Art), and in the gain in mass (+Am), by both a reduction in the SIF of the plate cracked,
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a reduction in the shear stresses in the adhesive and a reduction in the mass of the patch.
Compared to the DA patch, the initially optimized DAIO patch presents a mass gain of 20%, and a
too significant mass gain of 70% (+Am) compared to the rectangular mother shape.

3.2.4 DAIO patch stiffness-crack interaction

The repair using an initially optimized double arrow patch, denoted DAIO, is significantly
more efficient, in terms of satisfying the three criteria (+AK), (+At), (+Am), developed previously,
than those resulting from a double arrow patch, DA, (Fig. 12). The latter explicitly shows that the
fracture energy, SIF, drops in intensity once the cracking front crosses the triangular overlap zone
(arrows) of the extreme parts of the double arrow patch. In other words, the development of the
crack from the rectangular central part of the DA patch towards the triangular external parts leads,
with the advancement of the crack, to a regression of this rupture parameter (Fig. 12(a)). Thus,
extremely long cracks with sizes greater than 20mm are significantly more stable, in terms of
fracture energy values (SIF), than short cracks with sizes less than 20 mm. The latter delimits the
rectangular zone from the triangular zone of the DA patch (Fig. 8). This behavior is closely linked,
not only to the reduction of the residual tension stress field in the plate in contact with the
triangular zone, with also to the minimization of the buckling effect of the plate in this part of the
patch in contact with the cracked area of the plate (Fig. 5). These two combined phenomena, due
to the reduction in the contact area between these two protagonists, are responsible for the fall in
the SIF of the plate and the mass of the patch (Fig. 12(a)). On the other hand, contrary to a repair
using a rectangular patch (Fig. 12(a)), where the SIF varies asymptotically with the propagation of
the crack, in the case of a repair using a double arrow DA patch, the SIF is clearly more reduced.
This phenomenon is due not only to the geometry of the patch, but also to the doubly smaller
overlapping surface of the DA patches. The non-variation of the contact area of the rectangular
patch, whatever the size of the repaired crack, leads to an asymptotic variation of the rupture
energy, SIF (Fig. 12(a)). In the case of a DA patch and for long cracks (of sizes a>20 mm), the
contact area decreases with the evolution of the size of the repaired crack, which explains the
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decrease in the SIF with the increase of the crack length (Fig. 12(a) and (b)). A more marked
reduction in the contact area, in the case of the DAIO patch, leads to a more pronounced regression
of the SIF with the growth of the crack (Fig. 12(b)). This reduction simultaneously generates
internal tension stresses in the plate and in the adhesive of low intensity internal compressive
stresses. These two forces place less shear stress on the adhesive interface (Fig. 13). Indeed,
compared to a repair using a rectangular patch, the repair using a DA patch induces less intense
shear stresses in the adhesive (Fig. 13).

These results show that, compared to the performance of the repair using a patch of rectangular
mother geometry, the initially optimized double arrow patch shape “DAIO”, for the same size of
repaired cracks « a=28 mm », the propagation kinetics are explicitly more delayed, in terms of a
strong reduction in SIF (Fig. 12(a)). Which is very interesting in terms of crack stability. It should
be noted, however, that contrary to the DA patch, the optimized DAIO patch leads to a mass gain
of around 20%, and compared to the rectangular mother shape a gain of 70% (Fig. 8). This greatly
minimizes the risk of damage to the repair, through a phenomenon of peeling, delamination and
debond, due to the large patch size and promotes improvement in fatigue life. This behavior
explicitly illustrates that the repair using a DAIO patch is significantly more efficient, in terms of
simultaneous gains in fracture energy (+AK) at crack tips, and shear force (+Art) in the adhesive
and mass (+Am) of the composite patch. This ensures both plate damage stability, adhesive
stability and composite patch stability respectively during the commissioning process.

It emerges from this analysis that compared to the double arrow patch (DA), the initially
optimized double arrow patch (DAIO), leading simultaneously to a reduction or even a stop in the
growth speed in mode I of the crack (stabilization of the SIF) to a reduction in the probability of
rupture of the adhesive (drop in the level of shear stresses), and of lightening of the patch
(reduction of mass), is significantly more effective (Fig. 9 and Fig. 10).The impact of these
stresses on the mechanical behavior of the adhesive interface between the patch and the cracked
plate is distinctly less significant. Thus, compared to the rectangular mother shape, the DAIO
patch generates doubly less intense shear stresses in the adhesive (Fig. 13). This behavior strongly
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Figure 14. Interaction patches shape-energy gain of the repaired and unrepaired face

contributes to enhancing the performance of the repair through better service life of the adhesive.
These stresses are often the cause of the degradation of cracked plate/adhesive/patch assemblies,
because the damage to the adhesive interface results in a phenomenon of separation of the patch
and accompanied by instability (propagation) of the crack of the plate [22]. To this end, reducing
the level of these stresses is a necessary condition for the evolution of the effectiveness of the
patch, in terms of improving the resistance to debond and the service life of the repair.

The stability, in terms of fracture energy gain “SIF”, of the crack on the repaired face is almost
similar to that of the crack on the unrepaired face. The SIF values relating to these two faces are
comparable regardless of the size of the repaired cracking defect (Fig. 14). This behavior explicitly
illustrates the effectiveness of the patch along the thickness of the plate. In other words, the patch-
face interaction of the unrepaired plate is as strong as that with the repaired face. This leads to an
improvement in the service and fatigue life of the repaired plate and makes double bond repair
unnecessary.

This study clearly illustrates that the stabilization of the stress intensity factor “SIF” with the
evolution of the size of the repaired crack is not a sufficient condition for the assurance and
prediction of the performance of the repair. The stabilization of the two other components of the
structure, in this case the adhesive and the patch, by a drop in the level of shear stresses in the
adhesive and the mass of the patch, is a necessity for obtaining a effective repair. Compared to all
the forms studied, the repair using a DAIO patch, in terms of gain simultaneously in fracture
energy of the plate (+AK), shear stress of the adhesive (+At) and mass of the patch (+Am), is more
profitable. These gains, developed in this study, now constitute repair performance criteria. It
should be remembered that the two patches DA and DAIO, have the same thickness ep=2 mm,
only differ in the covering area.

This study, based on a dimensional parametric optimization, from an initially rectangular
shape, led to the development of a patch in the shape of a DAIO double arrow allowing the
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satisfaction of these three criteria at the same time. Hot bonding using DAIO patch (ea=2 mm),
with a doubly reduced mass, twice as thin and denoted double arrow optimized final DAFO (ea=1
mm), to the cracked plate leads to a reduction in the SIF (Fig. 15). This figure shows that
compared to an initially optimized DAIO patch, a reduction in the rigidity of the patch leads to
better stability of the repaired crack in terms of plate rupture energy gains (+AK) and mass gain
(+Am). This behavior is observed regardless of the size of the crack. Indeed, this reduction
minimizes the intensity of the compressive stresses generated by the buckling of the plate and due
to the difference in stiffness between the plate and the patch. In addition to the residual tension
stresses, these additional stresses resulting from this phenomenon act as crack opening forces. This
explains the relatively low values of the mode I rupture energy (SIF) obtained compared to those
induced by a doubly stiffer patch. Due to its low stiffness and compared to the DAIO patch, this
type of DAFO patch induces low intensity shear stresses in the adhesive joint and leads to a gain in
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tangential forces (+At) (Fig. 16). Which leads, compared to a DAIO patch, to a more efficient
repair in terms of simultaneous gains in rupture energy of the plate (+AK), mechanical forces in
the adhesive (+At) and mass of the composite patch (+Am).

For a better illustration of this phenomenon, the impact of a double reduction in the thickness
of the DAFO patch, gives a double arrow finally optimized reduced thickness denoted DAFORT
(ea=0.5 mm), is explicitly indicated in Fig. 17. The results illustrated in this figure confirm that
less rigid patches induce stresses compression due to buckling of low amplitudes, generated by
thermal residual stresses, and ensure better stabilization of the hot-repaired crack in terms of
fracture energy gain (+AK) by a strong drop in the SIF. Compared to the DAOF patch, the repair
using a DAFORT patch, with the same covering surface, generates low level shear stresses in the
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Figure 20. Interaction DAFOFRT- shear stress (+Art)

adhesive (Fig. 18), which minimizes the risk of damage to the adhesive joint characterized by a
gain in energy (+At). On the other hand, this DAFORT patch, doubly thinner than the DAFO
patch, presents a mass gain (+Am) of 50% compared to DAFO and 70% compared to the DA
patch.

A more marked reduction, of 50%, in the thickness of the DAFORT patch gives rise to a twice-
thin patch with thickness of 0.25 mm denoted DAFOFRT (ea=0.25 mm). It should be noted that
these repair materials have the same covering area, they differ only in their volume. The second,
half as bulky, twice as light in mass, in other words half as rigid, ensures more effective repair of
the cracked plate in terms of reducing both the SIF and the crack tips of the plate (Fig. 19), the
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intensity of the shear stresses in the adhesive (Fig. 20), and the mass of the composite patch,
characterized respectively by simultaneous gains in the fracture energy at crack tips (+AK),
mechanical forces at the adhesive interface (+At), and mass of the patch (+Am). These gains were
evaluated in relation to those resulting from repairs using a patch of rectangular mother shape,
double arrow DA, double arrow initially optimized DAIO, double arrow optimized finally with
reduced thickness DAFORT, double arrow optimized finally with reduced thickness twice-thin
DAFOFRT shown at the figures from Fig. 17 to Fig. 22. Thus, the optimized patch DAFOFRT
retained, allowing the simultaneous satisfaction of the three performance criteria (+AK), (+A1),
(+Am) corresponds to an extremely thin patch of size 0.25 mm. For a mass of 8.58 g measured
experimentally using an electronic microbalance, a rectangular mother-shaped patch in
unidirectional carbon-epoxy, thickness 02 mm, size 80x40 mm, used as repair material, the masses
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of the optimized and developed patches go from 8.58 g (rectangular patch) to 0.429 g (DAFOFRT
patch) which corresponds to a mass gain of 95%. For a repaired crack size of 28 mm, this patch
development leads to a respective reduction of the SIF in repaired crack tips from 6.50 MPa.m"?
(resulting from the mother shape of the rectangular patch) to 2.29 MPa.m'? (for a DAFORT patch)
and to a drop in the level of shear stresses from 28.45 MPa (rectangular mother patch shape), to
15.19 MPa (DAFOFRT patch). Thus, compared to all other forms of patch, a repair using a
DAFOFRT patch simultaneously results in a gain in fracture energy at the crack fronts of the plate
(+AK)=4.10 MPa.m'?, i.e., a rate (+AK/K) of 64%, a gain in mechanical effort in the adhesive
joint of (+At) =22.58 MPa i.e., again (+At/t) of 47% and a gain in mass of the patch composite
8.151 g corresponding to a rate (+Am/m) of 95%. In other words, a reduction in the SIF of 63%, a
drop in the level of shear stresses in the adhesive joint by 47% and reduction in the mass of the
composite patch by 95%. Such a repair is significantly more efficient in terms of stabilization of
all three components: plate (fall of the SIF), adhesive (drop of shear stress), patch (drop of the
mass of the patch). In addition to these gains, this type of DAFORT patch has a very aesthetic
geometry.

For a better illustration of the effectiveness of the patch, hot bonded to the cracked plate of the
repair are represented in Fig. 24, Fig. 25 and Fig. 26. For a crack size equal to 28mm, in histogram
form the energy gains of rupture of the plate (KI), the gains in shear stresses in the adhesive joint
(t), and the gains in mass of the composite patch (m). These figures clearly show that the DA and
optimized double arrow patches, developed from the initially rectangular mother shape, are more
effective from a point of view of reducing both the SIF in mode I (KI) in crack front of the plate
(Fig. 23), drop in the level of shear stresses in the adhesive joint (1) (Fig. 25) and reduction in the
mass of the composite patch (m) (Fig. 26). The strong drops in these three physical parameters (KI,
7, m), closely linked to the three components of the plate-adhesive-patch repair, and illustrated
previously as gains (+AK, +At, +Am) and defined as a performance criterion, are significantly
more important when the repair is carried out using a DAFOFRT patch. Thus, the repair using a
DAFOFRT type patch, where the patch is hot repair to the plate, is incomparably more efficient, in
terms of stability of the plate, adhesive and patch.

It should be remembered that all four double arrow patches in Fig. 26, having the same
covering area, are only distinguished by their thicknesses. It is clearly illustrated in this figure that
thin patches are more effective in terms of fracture energy gain at the repaired crack fronts. Thus,
the crack is more stable if the repair is designed using a patch DAIO is slim in size (Fig. 27(b)).
This explicitly shows that the rigidity of the patch hot-bonded to the cracked area of the plate is a
physical parameter determining the performance of the repair. Thus, the stiffer patches, in other
words thicker, generate an elastic buckling of the plate which results in a development of a local
parasitic bending of the plate whose forces act as crack opening forces (Fig. 27(a)). The strong
instabilities of the crack observed in this case are essentially due to these additional forces. The
latter are all the more important as the composite patch has high rigidity, in other words, it is
thicker (Fig. 27(a)). For a crack of size 28mm, the DAFOFRT patch, 0.25mm thick as thick as the
FM?73 adhesive joint, four times less thick than that of the DAIO patch, presents, compared to the
latter, both an energy gain rupture (+AK/K) of 40%, a gain in shear forces of 27% and a mass gain
of 87% (Fig. 16). And compared to a mother form of rectangular patch a +AK/K of 64% (Fig. 23),
+At/t of 47% (Fig. 24), and +Am/m of 95% (Fig. 25). The gain in fracture energy of the plate
(+AK/K) is due to the strong interaction between the singular parts of the double arrow patch
DAFORT and the crack fronts, on the one hand, and between the interaction between the low
rigidity of the patch and the level of parasitic normal stresses generated by the buckling of the
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cracked plate. The considerable drop, of eight times, in the thickness of the patch compared to the
rectangular patch, otherwise an eight-fold reduction in the rigidity of the patch, is responsible for
the improvement in the gain in shear forces in the adhesive joint (+ At/t). The successive
reduction of this thickness is at the origin of the considerable gain in mass of the composite patch
(+Am/m). The originality of this study lies in the simultaneous development of these parameters
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(+AK/K), (+At/t), (+Am/m) characteristics of the repair performance. This shows that the patch in
the ultimately optimized double arrow shape, DAFOFRT, ensures that the cracked and repaired
plate has good mechanical strength in service by both minimizing the risk of crack propagation (by
gaining energy from rupture of the plate +AK/K), the risk of rupture of the adhesive (by a gain in
shear forces in the adhesive +At/t), and the mass of the patch (by a gain in mass (+Am /m). This
behavior leads to a mechanical stabilization of the three elements of the repair: plate-adhesive-
patch of the repair. Our results exclusively show that the hot bonding of this type of DAFOFRT
patch to the cracked plate is significantly more efficient in terms of simultaneous gains in these
three physical parameters.
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(a) Thick patch DAIO 2 mm (b) Thick patch DAFOFRT 0.25 mm
Figure 27. Patch stiffness-plate buckling interaction

On the other hand, thin patches significantly improve the aerodynamic resistance of the repair,
and minimize peel stresses and shear stresses in the adhesive and their interaction effect. This
behavior results in an increase in service life and repair performance.

4. Conclusions

This work, based on hot bonding of the composite patch to the cracked area of the A12024T3
plate, has allowed for the first time the development of three characteristic criteria of the repair
performance (+AK/K), (+At/1), (+Am/m), and this whatever the nature of the cold or hot bonding.
These criteria, closely linked to the three components, damaged plate-adhesive-patch, show that
the hot patch-plate junction doesn’t affect the repair performance in terms of simultaneous gains in
plate fracture energy, shear stress in the adhesive and mass of the patch. This can only be achieved
by a reduction in both the fracture energy at the crack fronts of the plate (AK), the shear stresses in
the adhesive joint At, and the mass of the patch. This study highlighted that this condition
necessary for the effectiveness of the repair can only be satisfied by optimizing the shape of the
composite patch. The impact of six shapes, resulting from an initially rectangular, elliptical,
orthogonal, star, H, double arrow and butterfly shape, on the stabilization of the crack (reduction
of the SIF) and that of the patch (reduction of the mass of the composite patch. It emerges from
this study that, contrary to all the analyzed geometries of the patch, the repair performance using a
double arrow shaped patch DA, in terms of fracture energy gains AK/K, shear stress gain in the
adhesive At/t, and mass gain Am/m, is more efficient. This efficiency is significantly improved by
a reduction in the dimensional parameters of the DA patch, in a DA patch (DAIO) with a 20%
lower coverage area. The repair using the DAIO patch is characterized simultaneously by strong
gains in the crack propagation energy of the plate (+AK/K), shear stresses in the adhesive (+At/7),
and mass of the patch (+Am/m). These gains are distinctly more consistent when the repair is
performed using a thin DAIO patch.
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This study shows that hot bonding a DAFOFRT patch eight times thinner (thickness deducted
from 88%) than the DA, and mass gain (+Am/m= 95%), generates low normal residual stresses
which in no way affect the efficiency of hot bonding the patch to the plate. On the other hand, thin
patches improve the aerodynamic resistance of the repair and reduce peel stresses and shear
stresses and minimize their interaction effect often responsible for the damage of the repair.
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