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Evaluation of crack growth in cracked aluminum panels
repaired with a bonded composite patch
under cyclic loading
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Abstract—Crack growth of cracked aluminum panels repaired with a bonded composite patch is
analyzed to evaluate the effect of repair. An efficient finite element analysis using Mindlin plate
elements is developed. The technique is extended to a three-layer model, which consists of patch,
adhesive and plate layers. The crack growth behavior of an aluminum panel with the composite patch
is discussed on the basis of the Paris relation.

Keywords: Patch repair; composite patch; aluminum structure; fatigue crack; disbond.

1. INTRODUCTION

Aging aircraft are accumulating fatigue cracks during their operation and are in need
of repairs to extend their service life. A repair method using composite patches to
reinforce the cracked structure has been promising due to the high specific stiffness
and strength of the composite.

Repairs with bonded composite patches have been studied as a possible technique.
Rose [1] developed an analytical model to characterize bonded reinforcements.
Asymmetric repair of a structure as, for instance, in the use of a single-sided
patch causes out-of-plane bending. Mindlin plate finite elements have been used
to evaluate the stress intensity factor of the cracked aluminum panel with a single-
sided patch [2, 3]. Miiller and Fredell [4] presented simple design guidelines for
multiple bonded repairs in close proximity. Experimental studies have been carried
out to investigate the disbond effect on fatigue crack growth [5] and measurement
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of stress intensity factor in bonded crack patching [6]. As the patch generates a
complex stress field in the panel including the disbond effect, both experimental and
analytical studies related to each other are needed to understand the crack growth in
the repaired panel under cyclic loading.

In this study, the crack growth in cracked aluminum panels repaired with a bonded
composite patch is considered to predict the residual life of the structure. In the case
of a single-sided patch, we need to include the effect of out-of-plane bending in the
analysis. A finite element analysis using Mindlin plate elements is developed. The
method is extended to a three-layer model, which consists of patch, adhesive and
plate layers. The adhesive is modeled as a thin elastic layer. The modified crack
closure method is used to calculate the stress intensity factor in the cracked panel.

Numerical results on the stress distribution and stress intensity factor are com-
pared with three-dimensional finite element analysis. The effect of disbond on the
stress intensity factor is evaluated by three-dimensional analysis. The crack growth
behavior of the cracked panel with the bonded composite patch is discussed on the
basis of the Paris relation.

2. ANALYTICAL MODEL

Consider a cracked aluminum panel with a bonded circular composite patch as
shown in Fig. 1. The crack is located at the center of the panel, and the composite
patch over the crack is adhesively bonded to the panel. A Cartesian coordinate
system (x, y, z) is placed on the panel. Length of the crack is 2a, and diameter
of the patch is D. Length and width of the panel are 2L and 2W, respectively.

TRIRE

Aluminum Panel

Patch
Adhesive

Patch

ay

\ Aluminum Panel

Cross Section A—A ! l r I !
Ao,

Figure 1. A cracked panel repaired with a bonded circular composite patch.
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Thicknesses of the patch, adhesive and panel are f,, #, and ¢,, respectively. The
panel is subjected to cyclic applied stress with amplitude Aop aty = +L.

3. FINITE ELEMENT ANALYSIS
3.1. Mindlin plate elements

The structure with a single-sided patch causes three-dimensional stresses due to
asymmetry of the structure. Mindlin plate elements are employed as a suitable
model to reduce the cost in computation. Figure 2 shows a typical quarter model
for Mindlin plate elements, where 4- and 3-noded two-dimensional elements are
used. The cracked panel and composite patch are modeled by using Mindlin plate
elements, and the adhesive is modeled as an elastic continuum replacing the normal
and shear spring elements.

The adhesive layer is modeled by springs for the transverse shear stiffness in the
x—z and y—z planes and the axial stiffness in the z direction as shown in Fig. 3.
Stresses of the adhesive are proportional to discontinuity of displacements between
the patch and panel at the interface. Displacements of the patch and panel at the
interface are expressed from Mindlin plate theory as

(a) Interface between the composite patch and adhesive (z = 1,):

t, 1,
U = uOr _ E@i)r’ Ura — UOr _ E@Sr’ w' = wOr. (1)

(b) Interface between the adhesive and panel (z = 0):

W= 2, = Ll =, ()
R
!
il
X
0 >
Crack tip

Figure 2. Finite element mesh for calculation by Mindlin plate elements.
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where u, v and w are displacements of x, y and z directions, respectively, and 6 is
the rotation of the panel. Superscripts Or and Op indicate central planes of the patch
and panel, and ra and ap indicate interfaces at z = 7, and z = 0, respectively.

Stress components in the adhesive 7,., 7;, and o, are related to discontinuity of
displacements between the composite patch and panel as

G, G,
sz — t_(ura _ ua[’)’ TZ,V — t—(vra _ Uap)’
2(1 —v,)Gy, »
_ - ar-a ra _ .a , 3
O = T W = v 3)
where G, and v, are the shear modulus and Poisson’s ratio of the adhesive,

respectively.

The modified crack closure method [7] is used to calculate the strain energy
release rate. In the crack closure method, the virtual crack extension Aa is taken
to be small in comparison with the crack length. The strain energy release rate is
calculated as the work to close the crack by the total value of displacement. The
total strain energy rate G is written as

G =G, + Gy, (4)

where (see Fig. 4)
— 1 — 1
Gu = F c cl)ls Gy = MC 90 cl)]-
TAa —[F (V2 — ve1)] "= 3A, ——[M (02 — 6.1)]

Here F{ and M| are the nodal force and moment, respectively. The stress intensity
factors at crack tip for in-plane stress and pure bending moment are obtained from
the strain energy release rate as

|E,G, [3E,G
U: p—v KQZ #7 (5)
Ip Ip

where E, is the Young’s modulus of the panel. Since the stress intensity factor
is linearly distributed over the thickness of the panel, the stress intensity factors at

! Patch ! {u‘?’,vo’,I °’,02’,¢92.’}
L5080

{ufa’vra,wra}

Adhesiye :

{u”P v, w“P

-O—O

Pa:nel | {”Op VP, Wop 6y, 60;7}

——0-

Figure 3. Adhesive layer model.
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z = 0 and z = —1, are written as

K=K,-Ky (z=0), K=K,+Ky (z=-1p). (6)

3.2. Three-dimensional finite element analysis

To validate the three-layer model, three-dimensional finite element analysis is
performed. A typical quarter model is shown in Fig. 5a: 20- and 15-noded solid
elements are employed in the finite element model, and the numerical calculation
for three-dimensional analysis is carried out by using the commercial finite element
code MARC. The detail of mesh near the crack tip is shown in Fig. 5b. The stress
intensity factor is evaluated by performing the J-Integral.

/
Patch
Panel v ‘ el A_dheswe

Crack &
Figure 4. Cross-section of crack tip.
AN e
: Crack tip
Crack tip
(a) Overall mesh (b) Detailed mesh near crack tip

Figure 5. Three-dimensional finite element mesh.
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4. NUMERICAL RESULTS AND DISCUSSION

The repaired structure treated in this study is a glass/epoxy composite patch
and aluminum panel (2024-T3). The composite patch is a [0/0/0/ £ 45/0/0]s
laminate. The adhesive is AF163-2K. Dimensions and material properties of the
panel, adhesive and composite are given as follows:

(a) Aluminum panel: L = 125 mm, W = 60 mm, 7, = 2 mm, £, = 72.39 GPa,
v, =0.33.

(b) Adhesive: ¢, = 0.1 mm, G, = 0.439 GPa, v, = 0.34.

(c) Lamina of composite patch: D = 50 mm, ¢./14 = 0.229 mm, E; =
44.12 GPa, ET = 9.65 GPa, GLT =4.13 GPa, Vi = 0.28.

The panel is subjected to cyclic applied stress with the amplitude Aoy = 58.5 MPa.

Analyses for Mindlin plate elements and three-dimensional elements are com-
pared in Fig. 6 for the crack length a = 17.5 mm and @ = 35 mm. Solid lines are
the result for Mindlin plate elements, and broken lines are that for three-dimensional
elements. For the unpatched case, the difference between those analyses is small.
The value for three-dimensional elements becomes slightly larger for the patched
case. Profile of the distribution over the thickness is similar in both analyses. Since
the difference between results for Mindlin plate elements and three-dimensional ele-
ments is allowably small, Mindlin plate elements are used in the evaluation of stress
intensity factor after this.

Amplitude of stress intensity factors AK calculated by using Mindlin plate
elements is shown in Fig. 7. Stress intensity factor for the unpatched case is constant
over the thickness. As the stress intensity factor for the patched case is linearly
distributed over the thickness due to out-of-plane bending, it is indicated at three

30 ' ! ' ! ' !

Ac, = 58.5MPa |
25 -—,—,.1::.-,,—,,-,,—.:.—,:.—,.—..—..—..—..—..—..—..%_ SSsSSoaan ,- Seosssss
\ a:35mm§(Unpatohed)-
) — e N — :

(MPa m'/%)

AK

15

10

z  (mm)

Figure 6. Comparison of analyses between Mindlin plate elements and 3D elements.
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planes for free surface (z = —t,), midplane (z = —1,/2) and interface (z = 0).
The gradient of the stress intensity factor changes near @ = 25 mm. This length
corresponds to the radius of the patch. If the crack extends to the region out of
patch, the growth rate can be found to be large from the gradient of the curve.

Stress distribution oy, of the cracked panel repaired with the patch at the surface
z = 0is shown in Figs 8aand b fora = 17.5 mm and a = 35 mm, respectively. The
stress concentration is found at the crack tip. As the crack extends out of the patched
region as a = 35 mm, the distribution become much complicated. Figure 9 shows
the deformed form of the patched panel at the cross-section x = 0 fora = 17.5 mm
and a = 35 mm in a similar way to Fig. 8. In the case of a = 35 mm, the deflection
becomes large due to interaction of the crack and the patch.

We have tried to evaluate crack growth behavior of the cracked panel with the
bonded composite patch on the basis of the following Paris relation:

da

= C(AK)", )

where N is the number of cycles, and C and n are material constants obtained
from experiments. Figure 10 shows crack growth behavior under cyclic loading.
The marks in the figure indicate experimental data for crack growth. First, a
cracked aluminum panel for the unpatched case was tested from initial crack length
2ap = 11.5 mm. Material constants C and n are fitted from these experimental
data. The values are n = 2.60 and C = 1.15 x 10"°(MPa/m) > mm/cycle.
Solid lines in the figure are results by solving equation (7) with the Runge—Kutta
method numerically for unpatched and patched cases. Stress intensity factor at the
midplane of the panel, which is calculated by Mindlin plate elements, is used in the
prediction of crack growth. In the case of the unpatched panel, the curve is fitted

o0 i T ' f ' !
= Ac, = 58.5MPa |
g 40 L. t =2mm '
= : . s
S -
| Patched : ' : :
Free (z:—tp)

20 |- Midplane (z=-t /2)
| Interface (z=0) |

10 foos e N s

a (mm)

Figure 7. Amplitude of stress intensity factor by Mindlin plate elements.
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c,,/ 0y

' Crack tip N »

(a) a=17.5 mm (b) a=35 mm

Crack tip

Figure 8. Stress distribution oy, of aluminum panel at the surface z = 0.

well to experimental data. For the patched case, the growth of the crack is slow
in comparison with the unpatched case due to the effect of repair. For initial crack
length 2a¢p = 21.3 mm, the predicted result agrees well with the experimental result
except for a large number of cycles. The stress intensity factor at large crack length
may be underestimated because of extending disbond of patch with crack growth.
To discuss the effect of the disbond on crack growth, the patch was removed
from the aluminum panel and the bonded surface was observed after fatigue test. A
photograph of a disbond area on the adhesive surface is shown in Fig. 11. The patch
was removed at elavated temperature after heating to 190°C for 2 hours [8]. The
disbond area is discolored by oxidation during heating and is visible after removing
the patch. Figure 12a shows the disbond area contoured clearly by image processing
from the photograph. The disbond due to crack growth can be found along the x
axis, which corresponds to the crack line. To estimate the disbond effect on the
crack growth, a full width disbond model is shown in Fig. 12b. Figure 13 shows the
effect of disbond area on the stress intensity factor at crack tip calculated by three-
dimensional elements. The stress intensity factors of the crack for ¢ = 20 mm
are estimated by the model of the patched aluminum panel with disbond as shown
in Fig. 12b. In Fig. 10, the difference between prediction and experiment become
significant from the length a = 20 mm. The stress intensity factor increases with
increase of parameter &/ D for the disbond area. As the stress intensity factor is
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Figure 9. Deformed form of patched panel at x = 0.
30 —
| Ac, = 58.5WPa
L — S S— s
o L
20 b T 4
- a, = 10. 65mm :
A5 oo for eSS N Patehedy -
o mpatehed L |
5 _____________________ o Experiment _.._|
| “a, = 5. 75mm — Prediction
ob i
0 5 10 15

N (x10* cycles)

Figure 10. Crack growth behavior under cyclic loading.
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Figure 11. A photograph of a disbond area on the adhesive surface of the patch.

\ Y
Patched Region

AY

Patched Reagion

(a) Observed disbond area

Figure 12. Disbond area on the bonded surface.

Disbond

(b) Full width disbond model

20 ' T — : ; '

Ac, = 58. 5MPa

z

Figure 13. Effect of disbond area on the stress intensity factor of the panel.

(mm)
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underestimated in Fig. 10 by neglecting the disbond, the experimental crack length
is larger than the predicted value.

5. CONCLUSIONS

Aluminum panels repaired with a bonded composite patch under cyclic loading
are considered. Using Mindlin plate elements, stress intensity factor is evaluated
and used to predict the crack growth of the panel. The predicted result agrees
well with experimental result except for large number of cycles. The crack length
for experiment is larger than that of prediction at large number of cycles due to
neglect of the disbond effect, because disbonding of the patch was observed in the
experiment.
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