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ABSTRACT

A camparison of riveted and bonded repairs, bearing and net tension failures. on Al 6061-T6 plates is presented. The
results are then compared with previous papers about bonded repairs on different patch materials and shapes. Aluminum
allays. including 6061-T6, have a face-centered-cubic crystal structure, Under normal circumstances, these types of
crystal slructures do not exhibit cleavage fractures even at very low temperatures. In sluminum-based structures, the
cracked plate structures are frequently 1epaired using mechanical fasteners - cither rivets or bolts - even though patch-
bonding iectmiques are applied io repair and reinforce the strecture, Statie test results indicate that the rveted 1epairs are
atfected by the position of the rivets. When using the same size of patch, the bonded repair technique is stronger; the rate
of elongation 15 also increased. Trom FEM analysis, it is revealed Lhat the origin of patch debonding in palch-bonded
structures is the edge of the patch along 1o the tensife strength.
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1, Introduction

It is currendy required that mechanical structures are
lightweight. strong and low priced. Aluminum alloys
sansly thesc requiremenis and generally high-strength
alurmpoum alloys (3000 series, 6000 series) ave supggested
as suitable materials. n particular, 6061-Té alunmnum
FCC Cubic)

demonstrate  cleavage [raclure

alloys, which have (Face-Centered

striclures, do mot
behaviols at voom lemperature. or even very low
tempeiatures. [n other words, these fracture behaviors are
independent of temperature and demonstrale trans-
gramular, ductile tcaring lype at fractme mode.
Additionally, aluminum alloys have cqual toughness
values at even very low lcmperatres. Hence, for
aircralts exposed to various cruisc conditions, very low
lemperatures in supersonte [light. and high temperatures
in ground parking, aluminum alloys aie good structural

materials.

As aluminum alloys are widely used as structures,
cngineers lend to focus on the repair and reinforcement
of these structures.

Recenily, mechanical joints have been made so that
the jounl can be later disassembled and reconstructed 1n
an uncaontrolled environment. The machumng of holes in
the members to be joined lo accommodate mechanical
the
capability of the members, producing concentrated

attachments obviously weakens load carrying
stresses on fhe bearing surfaces, resulting in local stress
risers, On the other hand. bonded joints do not have any
of the problems thal appear in mcchanical joints. But
bonding should not be attempted unless stringent
cleaning and processing steps can be adhered Lo within a
controlled environment. Because of salety no additional
defect, many engineers 1ccomimend bonded-joints 1).
Usunally ihere are two types of failures in patch

repairs: bearing failure, and nel failure. Bearing failure
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appears mostly in mechanical repairs, though net failure
is shown in bonded repair. Net failure shows usually
steady and safety failure phases until extreme fracture.
Patch bonded repair is thercfore snggested as a good
remforcement method in cracked aircraft structures. In
the case of rivet reinforcements, patch repaired structures
are affected by the number and diameter of the rivets.
Additionally. the size of rivet head, and rivet material,
also have an effect on the strength of the structures

that
mechanical and bonding repair is effective for crack

Stewart” has demonstrated simultaneous
inhibition.

The present paper describes an experimental and
analytical evaluation of the tensile response of variable
types
comparison of rivet-repawred specimens with bond-

of patch-repaired specimens. It presents a
repaired specimens. Moreover, the effect of patch size
and shape in patch-repaired specimens is demonstrated

by experimental result and finite element analysis.

2. Preparation of specimens and experiments
2.1 Materials

2.1.1 Structural Materials

606laluminum alloys, usually 6xxx series (Al-Si-
Mg-Cr), demonstrating both anticorrosive qualilies and
strength, are used for ihe experiment. The chemical
compositions and mechanical properties of Al6061-Té
alloy are Mg (1.00%), Si (0.60%), Mn (0.28%), Cr
{0.209%), Fe (0.05%) and Alummum.

2.1.2 Patch materials

Al 2024-T3, Al 6061-T6, Carbon/Epoxy,
Glass/Epoxy and Woven Carbon/Epoxy composite are
used as patch materials. All composite patch materials
arc manufactured with 5ply prepregs, and ihe thickness
aof each patch is approximately 0.4mm plate.

2.1.3 Adhesive films

FM73 Adhesive Film (American Cyanmi Co.) is
applied to adhere to the two materials. Available usage
temperature of this film is -67°F~[80°F, and the weight
is 0.03pst (pound per square foot). According to the
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technical order of the manufacturer, the specimens are
molded at 250°F [or [hr, Table 1 shows the general

properties of the adhesive films.
Table | General properties of the adhesive {ilms

Service temp.
Product name
Supplier
Cuie cycle
Film weights

-67°F to 180°F
FM-73

American Cyanamid
Lhr 250°F

0.03

2.2 Specimen preparation

Tensile specimens ate cut from the aluminum 6061
plates treated under T6 heat-treatment conditions (320°C
for 1hr, 175°C conunuously for Shr) as described in
ASTM B 557-94 ¥ A bolt crack hole is created in the
center ol the specimen. and scrafches around the hole or

surface are removed clearly

2.2.1 Specimen shapes

The basic shape of the specimen was designed
according to ASTM guidelines. In the cemer of (he
specimen. a 10mm diameter hole was created using a
drill and hole cutier. Specimens (thickness 0.8mm; total
length 240mm; and width 100mm) are produced. The
gavge length of the specimen is S0mam.

2.2.2 Specimen molding and manufacture

The entire bonding process follows the directions of
manufacturer. First, erase all scraiches on the specimens
and polish the specimen with neo. 1000 emery paper. Next,
clean the surface with acctone. Finally, put an adhesive
film between the cracked aluminum plate and the patch
material. and then form the specimen at 120°C for Thr at
a pressure of 0.28+0.03Mpa. (Fig.1)
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Fig. 1 Diagram of the specimen cure cycle

In the case of repairing or reinforcing with rivets, a

Squeeze riveter (Chicago Pneumatic Co, TUSA) is ulilized.

Fig.2 shows the rivel rcpair and remforcement
specimen. The patch size is 30x30, and four-point
riveling was carried out using 5/32inch rivets. The shape
ol hond-repaired specimen is simmlar to Fig.2. Yoon
shows the specimen 1n detail.
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Fig. 2 Shape and dimepsion of rivet-jointed patch

repair aluminum plate specumen with crack
hole.

2.3 Experimental Facilities and procedures

A new clip is tesied for tensile strength. It has been
designed to prevent slip and bearing failure. It has 3 balt-
boles: two 10mm diameter holes and one [2.5mm

diameter hole.
Universal tester equipment (INSTRON) is used for
tensile testing. Tts crosshead speed is fixed at 0.0Imm/scc,

2.4 Finite element modeling

A typical composite patch-bonded repair consists of
three elements, {i.e.. the host aluminum panel, the
composite patch and the adhesive layer).

For the specimen, only a quadrant ol the structure
was analyzed because of its symmetry and the sheet was
idealized as in Fig.3. A {initc clement analysis of ihe
configuration is done using a commercial code I-DEAS
and ABAQUS version 5.8 on an IBM Risc 6000, The
model is a typical single-sided patch configuration. The
8-noded clement was selected for the present study. The
plate nodes are located on the mid-planes of the
aluminum plate and pacch. The adhesive nodes he along
the patch-adhesive and adhesive-aluminum  plate
interfaces The adhesive layer 15 then modeled as a solid
for its transverse shear stiffncss and axial stiffness.

Fig. 3 Finite elernent model of reinforced specimen

3. Results and discussion

3.1 Effects of Holes on Fracture

Fig.4 shows the experimental [racture loads (P) when
thcre are variable size holes (diameters 1.6, 2.0, 3.0,
3.2mm) 1 Al 6061-T6 specimens. The horizontal axis
shows the hole’s diameter (D) and specimen’s width (W).
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Fig. 4 Tensile load vs. D/W values of the specimens
with holes.

On the other hand, the vertical axig indicates the
fracture load (P). From these resulls. a regressive

. 6
equation was drawn, !

Proax = —14.278(D /W) +12.59 (1)
3.2 Effects of patch materials on tensile strength

Fig.5 shows the test results on the specimens
reinforced with different patch materials .

Al 2024-T3, Al 6061-T6, Carbon/Epoxy composite,
Glass /Epoxy composite and Woven Carbon/Epoxy
composite are used as patch materials on Al 606l
aluminum alloy plates with [Omm diameter holes. The
results show that strength and clongation are excellent
when a compositc patch is used, even when the same

patch material is used.
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Fig. 3 A comparison of stress-strain curves for different

patch materials

Composite patches are widely available as engineers

can design compasite patch matenals for specific crack

shapes and loading conditions.

3.3 Effects of patch shape on tensile strength

Fig.6 manifests the effects of Carbon/Epoxy patch
shapes on tensile strength.

5 kinds of patches (40x20, 20x40. 30=30, 40x40 and
50x50mm 1n length and breadth) are applied. The
40x20mm patch is most eflective in terms of tensile
strength. This confirms that longer patch in length to
crack progress direction 15 more effective to control

crack growth.

3.4 Effects of rivet reinforcement on tensile

strength
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Fig. 6 A comparison of stress-sirain curves for
diuferent paich sizes

When comparing Fig.5 and Fig.7, the bond repair is
good in strength and stable m the crack-growth.
Although, the rivet repair does not exhibit net failure
behavior, it does reveal bearmg [ailure. Usually, bearing
failure is influenced by the strength of both the vivet and
the structure itsell. Conversely, net failure is affected by
the bonding between the structure and the patch.

From these results, bond repair is shown to be 2 more

efficienl repair technique.

3.5 Fracture behaviors depending upon patch
method

In this paper, the fracture behavior of patch-repawed

specimens was observed 1n bonded and riveled repairs

respectively.
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Fig. 7 A comparison of stress-strarn curves for

different paich shapes

()

{a) (b)
Fig. 8 Practure shape for tensile test of (a) no patch
bonded specimen, (b) patch bonded specimen,

(c) patch nveted specimen.

None of the patch-rcpaired specimens showed a roofl-

sloping [racture on one side only. This means that the
alloy plates have dircetional properties as mosi materials
have Tt is very uscful {o control fracture behavior.
Palch-repaired specimens however appem a horizontal
fraciure behavior on the basis line of Lhe crack hole. This
is why the palch-bonded area on the specimen plays an
impartant role 1 increasing the initial crack. On other
hand, the rivet-repaired specimens exhibit a hiidge
between the rivet and the center hole. This Inoks like a
saw type (racture {(F1g.7). This behavior is dependent on
the distance between the crack and rivet. Tt also depends
on the worker’s riveting techniques.

Consequentily, bondg repaired specumens. which
show net fracture behaviors, arc safe methods of
inhibiting in fracture mode. This net fracture behavior
has an effect on changing the fracture direclion.

3.6 A finite element amalysis of the effect of
different patch sizes on center-hole
specimens

The stress contour plots for the 40x20 carbon/epoxy
composite patch repair specimen are viewed in Fig.9. In
this patch size, it is demonstrated that though the upper
pait has a low stress concenfratien [Fig.9 (a)], the
siresses are concentiated on the side part of the center
hole [Fig.9 (b)] and the upper edge-border comer of the
patch.

Fig. 9 Stress contours for a 40x20 size patch-repaired
specimen wilh a comter hole at applied static
tensile strain (a) an upper part of the hale, (b)Y a
side part of the hole.

Frg. 10 Stress contours for a 20x40 size patch-repaired
specimen with 4 cenfer hole at applied static
tensile strain (a) an upper part of the hole, (b}
a side part of the hole,

)
i)
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Fig.10 shows stress contour at the patch repair
specimen with size 20x40 carbon/epoxy composite, In
this patch size, it is similarly revealed that though the
upper part has a low stress concentration [Fig.10 (a)], the
stresses are concentrated on the side part of the center
hole [Fig.10 (b)] and the upper edge-border part of the
patch. The stress concentration regions are however
wider than Fig.9 1n upper edge-border part of the patch.

4, Conclusion

Patch
particularly effective in terms of strength. Therc are,

repairs, especially bonding repairs, are
however, some differences in strengths and elongations.

A longer patch is more effective in bonding in crack
progressive directions and arraying f{iber direction.
paralle] to the load direction.

By contrast, mivet patch repairs form a bndge
between the crack and rivet hole. Bonding is therelore
suggested as a better method to repair cracked structures.
Finally, net fractore behaviors are present in patch-
bonded structures.

Significantly. high stress is present on the sides of the
hole and low stress on the upper side of the hole. As high
stress s also present on the edge of the tensile patch
direction, the debonding behavior staris from the edge of
the patch on upper side of the hole.
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