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INTRODUCTION

amplitude loading). These loadings are characterized by several parameters, whose influences on the fatigue life

and the cracking rate are very significant from the point of view of the mechanical integrity of the structures.
Constant amplitude loading is charactetized by the stress amplitude and the load ratio. Several parameters/factors of a
cracked thin aluminum plate with bonded composite patch were considered. These were strain distribution, out-of-plane
deformation, and residual strength, including the investigation of fatigue crack; growth behavior for thin plates repaired
with composite patches, the characterization of crack retardation in thin plates after the repair, and the examination of
debondinge growth [1]. In addition, the investigation of [2] focused on the response of cracked steel specimens repaired
by polymer composite patches on single sides of the specimens subjected to tensile and bending loadings and hardness
test. The un-cracked and patched specimens were tested in the above loading conditions and the test results were
evaluated by analyzing the effect of patch thickness and patch materials. A fatigue experimental study to characterize the
effect of Carbon Fiber Reinforced Polymer (CFRP) strengthening patches on the fatigue strength of aluminum alloy
plates with fastener holes was carried out in [3]. Three CFRP strengthening schemes were reported and the corresponding
typical failure modes and fractographic patterns were discussed in detail. The investigation from the experimental,
numerical, and analytical points of view for crack growth of CFRP-strengthened steel plates single edge notched tension
(SENT) specimens, reinforced on a single side by using CFRP strips, was considered. Other reinforcing configurations are
worth investigation, such as the crack emanating from the lateral side of the tension flange of a steel beam under cyclic
bending loading [4]. A numerical simulation on a laterally cracked plate, repaired by two composite patches, namely
boron/epoxy and carbon/epoxy, was proposed in [5]. The fatigue life and fatigue crack growth rates of 10 mm thick
aluminum panels repaired with two-sided bonded patches were evaluated in [6]; also, the stress intensity factor (SIF)
values of the patched plates and the fatigue life prediction of two-sided repaired plates were investigated by using the 3-D
finite element method (FEM). The study of static analysis for different patch shapes like circle, rectangle, square, ellipse,
and octagon was considered. Performance comparison of bonded repair was done by analyzing SIF reduction at the crack
tip for double-sides patch model in [7]. Naboulsi et al. [8] introduced the three-layer technique into the finite element
analysis to model a cracked metallic plate repaired with a bonded composite patch. In [9], the fatigue lives of four drilling
hole procedures were compared and the role of the residual compressive stresses introduced by each drilling process on
the fatigue behavior of 2024 —T3 aluminum alloy was shown. In [10] a new geometry used for stop-hole was proposed, in
which instead of a single hole, two symmetric and interconnected holes were drilled at the crack tip. The main concept of
double stop-hole method is to diminish the stress singularity at the crack tip and to reduce the stress concentration at the
edge of stop-holes in the cracked structural elements. A numerical study of fatigue cracks behavior damaged aeronautical
structures repaired by composite was presented. Various parameters were highlighted, such as the effect of the
dimensions, the orientation of the fibers, and the mechanical properties of the patch, as well as the effect of the
dimensions and the mechanical properties of the adhesive [11]. The SIF for patched crack exhibits an asymptotic behavior
as the crack length increases. This is due to the stress transfer toward the composite patch throughout the adhesive layer
[12-13]. In addition, in [14] many desirable characteristics and the enforcement of the SQ4C element were verified and
proved through various numerical examples in static, frequency, and buckling analyses of laminated composite plates and
shell structures.
This study is focused on an aluminum alloy plate, presenting a central crack, subjected to tension on its upper and internal
parts by cyclic loadings, to investigate the fatigue behavior of this plate. Loads of different amplitudes were considered,
thus vatrying the load ratio between the minimum and maximum stress, and, in the end, the analyzed material was varied
to see, among the proposed materials, the one that was the most resistant for these stresses. This plate was stressed either
without repair and with repair with two different composite patches, namely boron/epoxy and graphite/epoxy.

Forman | Mettn (Nasgro) Model

The NASGRO model, used in the prediction of the fatigue cracking propagation rate and implemented in several fatigue
calculation codes, was developed and modified by Maierhofer et al. [14]. The NASGRO model predicts the cracking rate
for the 3D domains, and it is in the form:

T he study of the propagation of fatigue cracks in structures depends on the nature of the applied loads (constant

da_ (1= ap [ LAk
dN_CK1—KjAK} (1_ijq )
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o min

Load ratio R=

)

O max

the coefficients C, n, p, q are empirical parameters, while Kmax and Kcrit are respectively the maximum stress intensity
factor and the critical stress intensity factor.
The parameters required for the NASGRO equation are in Tab. 1.

Materials C(103) P N q AK E(GPa) v

2024-T3 6.827 2.8 05 1 2967 73.08 0.33
2024-T62 7.454 2.657 05 1 3956 73.08 0.33
2024-T861 5.4 2.92 02 1 2417 73.08 0.33

Table 1: Different parameters of NASGRO equation for different materials.
Presentation of the model
As visible in Fig. 1, the aluminum alloy plate has the following dimensions: length L. =200 mm, width W = 102 mm, and

thickness E =2.3 mm, while the length of the crack is a=2mm. The materials chosen for this simulation are aluminum
alloys, such as 204-T3, 2024-T62 and 2024-T861.

[reereits
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Central crack
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Figure 1: Presentation of the model

Properties of the Patch

The composites used for the repair are graphite-epoxy and boron-epoxy, and the relevant mechanical properties are
reported in Tab. 2. The laminate consists of 12 plies of a unidirectional composite material, the thickness of each ply is
0.132 mm, and the stacking sequence is as follows: [-45°,0°,0°, 90°,0°,+45°];

Composite Ei(GPa) Er(MPa) Grr(MPa)
Boron/epoxy 6.827 2.8 0.5
Graphite/Epoxy ~ 7.454 2.657 0.5

Table 2: Properties of composite patch.
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The FM-73 adhesive is used, with a shear modulus Gt = 413.368 MPa, and a thickness of 0.1524 mm. For the studied
case, the applied constraint is omax = 100MPa.

RESULTS AND DISCUSSIONS

Effect of variation of loading
Material: AL 2024 T3
Ig. 2 shows the variation of the crack length as a function of the service life for the plates repaired by the two
different composites and the not repaired plate, for different loading levels and a zero load ratio (R = 0). It is
noted that the effect of the repair is very distinct, and the life of the repaired plate is enhanced for every load level.
As an effect of the loading level on the plate with a load ratio R = 0, the four graphs indicate that the life of the plate is
inversely proportional to the load, that is to say as the load is increased, the service life automatically decreases, and vice
versa.
In all the loading cases, the graphite/epoxy composite has a better petformance with respect to the fatigue life for the
repair, cither for the absorption of the stresses at the head of the crack, and the prolongation of its life. However, the
repair by the bote/epoxy composite; also gives long life to the plate.
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Figure 2: Variation of the crack propagation as a function of the number of cycles for the not repaired plate and repaired by boron/
epoxy and graphite/epoxy: (a) P=100MPa, (b) P=80MPa, (c) P=60MPa and (d) P=40MPa.

Effect of the load ratio

Fig. 3 shows the crack propagation trend as a function of the number of cycles of the unrepaired and repaired plates for
the different load ratios (R = 0.2, 0.4 and 0.6), considering a single load level (80 MPa). It is noted that as the load ratio
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increases, the service life of the plate cracked and repaired by the two composite patches also increases, so the load ratio is
strictly proportional to the life of the plate. Also, the effect of composite repair on the life extension of the cracked plates

can be distinguished.
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Figure 3: Variation of crack propagation according to the number of cycles for the unrepaired and repaired plate by boron/epoxy and

graphite/epoxy for: (a) R=0.2, (b) R=0.4 and (c)
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Figure 4: Effect of load ratio on fatigue life for unrepaired plate.
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Fig. 4 shows the evolution of the crack length "a" as a function of the number of cycles "N" under the effect of the load
ratio "R". The increased load ratio increases the service life; this is in fact due to the decrease in the loading amplitude
"Ac": at R = 0, the loading amplitude is 100 MPa, on the other hand at R = 0.2 the loading amplitude is 80 MPa.

It is noted at R = 0, the fatigue life is 105 cycles. At R = 0.2; the service life is 125,000 cycles, for R = 0.4 the loading
amplitude is 60 MPa, while the fatigue life is 235,000 cycles and for R = 0.6, the loading amplitude is 40 MPa.

It is concluded that the increase in the life of a material is strictly proportional to the increase in the load ratio, i.e. with the
increase in minimum stress.

To study the effect of the load ratio on the fatigue life of the plate, tepaired by the boron/epoxy patch, Fig. 5 shows the
variation of the crack length as a function of the service life for different load ratios. It is noted that the effect of the
repait is very distinct and the life of the repaired plate is simultaneously progressed for every load; it is of the order of
35-105 cycles for R = 0.6, about 11.6-105 cycles for R = 0.4; 1.7-105 cycles for R = 0.2 and 4.8-105 cycles for R = 0.
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Figure 5: Effect of load ratio on fatigue life for the plate repaired by the boron/epoxy patch.
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Figure 6: Effect of AL 2024-TG62 material on the vatiation of the service life for the unrepaired and repaired plate by boron/epoxy and
graphite/epoxy.

Effect of material

Aluminum alloy 2024-T62 (For P = 80 MPa and R=0)

For the effect of 2024-T62 aluminum alloy, the variation of the crack propagation life for the unrepaired and repaired
plates by boron/epoxy and graphite/epoxy, for the load ratio R = 0, is shown in Fig. 6. It is very distinct in view of the
best properties of composite patches for repairing and absorbing stresses. These patches improve and increase the life of
these plates, which can reach approximately 4.6-105 cycles for boron/epoxy and 4.8-105 cycles for graphite/epoxy.
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Aluminum alloy 2024-T861

For the effect of the AL 2024-T861 material, the variation of the crack propagation life for the unrepaired and repaired
plate by boron/epoxy and graphite/epoxy is shown in Fig. 7. For the unrepaired plate, the number of cycles is 0.4-105
cycles, for the boron/epoxy patch it is approximately 2-10° cycles and finally for the graphite/epoxy it is approximately
2.25-10° cycles. Therefore, the repair by the two composite patches is very significant, and the life of the plate is relative to
the mechanical properties of each material.
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Figure 7: Effect of AL 2024-T861 material on the propagation of crack for the untepaired and repaired plate by boron/epoxy and
graphite/epoxy.

Aluminum alloy 2024-T3

Regarding the effect of the AL 2024-T3; material on the variation of the service life, for the plate not repaired and
tepaired by boron/epoxy and graphite/epoxy, also in this case the graphite/epoxy is a better repair solution, given the
increase in the life of the cracked and repaired plate, which reached 5-105 cycles, while the boron/epoxy repair achieved a
number of cycles of approximately 4.8-105 cycles.
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Figure 8: Effect of AL 2024-T3 material on the variation of the service life for the plate not repaired and repaired by boron/epoxy and
graphite/epoxy.

CONCLUSION

adhesive, also reduces stress at the crack tip and improves the mechanical properties of the structure. It can be
said that the patch considerably increases the strength of the plate as well as its rigidity to ensure a long fatigue life
of the structure and it retards the progtression of cracks for long use.

T he use of the composite patch for repair absotbs the stresses induced from the damaged area through the

201



(¢
(
A. Mounlgada et alii, Frattura ed Integrita Strutturale, 56 (2021) 195-202; DOI: 10.3221/IGF-ESIS.56.16 ‘

For the effect of loading on the plate with a load ratio R = 0, the life of the plate is inversely proportional to the loading
level, that is to say; as the load is increased, the service life automatically decreases.

For the variation of the crack propagation as a function of the number of cycles; for the plates unrepaired and repaired by
boron/epoxy and graphite/epoxy, for the different load ratios (R = 0.2; 0.4 and 0.6), the life of the plate is strictly
proportional to the load ratio, and also the effect of composite repair on the prolongation of the cracked plate life can be
distinguished.

For the different matetials of the cracked plate, the graphite/epoxy composite presents a bettet repair solution, inctreasing
the life of this plate, given its more efficient mechanical properties compared to the boron/epoxy composite.
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