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Abstract: The tensile strength, failure mode and failure mechanism of stepped-lap
repairs were investigated experimentally with respect to number of steps, from 2 to 8,
and with or without external plies. Besides, as a comparison, a tapered scarf repair with
the same bonding area was also tested. Results showed that the tensile strength of
stepped-lap repairs increased with the number of steps. The introduction of external
plies could also improve the repairs efficiency. However, as the stresses in the bondline
of scarf repair were more uniform than that of stepped-lap repair, the tensile strength of
scarf repair was higher. The stepped-lap repair was a little inferior to scarf repair.
Nevertheless, stepped-lap repairs could still be designed to rival the performance of
scarf repairs by introduction of external plies and increase the number of steps.

1. INTRODUCTION

Adhesively bonded repairs are preferred due to their advantages such as reducing
stress concentration and formation of uniform stress distribution. Several bonding repair
techniques can be used: tapered scarf repairs, stepped-lap repairs and overlap repairs.
In aerospace, where there often is a flush surface to meet aerodynamic requirements, a
tapered scarf or stepped-lap repair is applied. Besides, flush bonded repairs, such as
tapered scarf and stepped-lap repairs, are typically preferred for repairs of primary
composite structures as they are more structurally efficient than external bonded patch
repair.

In recent years, tapered scarf repairs have been widely studied. Gunnion et al.
(Gunnion, 2006) performed a parametric study where they investigated the influence of
tapered scarf joint parameters, such as scarf angle, adhesive thickness, ply thickness,
laminate thickness, over-laminate thickness and lay-up sequence on the stress
distributions in the adhesive bondline. Kumar et al. (Kumar, 2006) studied uniaxial
tensile failure of adhesively bonded scarf joints with scarf angles ranging from 0° to 5°.
Fiber fracture and pull-out were observed for scarf angles less than about 2°, while
cohesive shear failure of the adhesive film was observed for scarf angle more than 2°.
Campilho (Campilho, 2009) studied the tensile behavior of adhesively bonded carbon-
epoxy scarf repairs using scarf angles ranging from 2° to 45°. A mixed-mode cohesive
damage model adequate for ductile adhesive laws was used to simulate the adhesive
layer. A good agreement between the numerical predictions and the experiments was
obtained.

However, tapered scarf repairs can be difficult to apply depending on the repair
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configuration. Stepped-lap repairs offer an alternative that is easier to perform and less
time-consuming to produce (Bendemra, 2015). The design of stepped-lap repairs must
be carefully investigated in order to avoid generating stress concentration at step
corners. Hart-Smith (Hart-Smith, 1973) provided early analytical models for analysis of
tapered scarf and stepped-lap joints which considered potential adherend stiffness
effects. Bendemra (Bendemra, 2015) investigated the influence of different joint
parameters on peak stresses in the adhesive region. Results showed that high stress
concentration in stepped-lap joints can be mitigated with the introduction of overplies
and appropriate changes in joint design parameters to reduce stress peaks at joint tips
and steps corners. Wang (Wang, 2015) investigated the effect of step corners on the
fracture behavior of stepped lap joints under compressive loading. Salih (Salih, 2014)
studied the strength of the adhesively bonded step-lap joints for different step numbers.
Metal material, AA2024-T3 aluminum alloy was used as adherend. It was observed that
compared to the single lap joint, one-step lap geometry reduces the stress
concentration developing at the edges of the overlap area while the highest decrease
occurred in the three-step lap geometry. In a study performed by Ichikawa et al
(Ichikawa, 2008), behavior of a stepped-lap adhesive joint, in which steel was used as
adherend, under tensile loading was examined experimentally and numerically. As a
result of the investigation, the maximum value of the maximum principal stress occurs
at the edge of the adhesive interfaces.

However, the previous studies were mainly focused on the study of repairs using
isotropic material as adherends. In the present study, the tensile strength and failure
mechanism of stepped-lap repairs of composite laminates were studied experimentally.
Effect of parameters, such as, number of steps and external plies were investigated.
Besides, scarf repair which had the same bonding area with the stepped-lap repair was
also tested.

2. EXPERIMENTAL TECHNIQUES

2.1 Test material

The scarf and stepped-lap joints were fabricated using secondary bonding
techniqgue. The adherends were made from carbon fiber-reinforced epoxy fabric
prepregs (T300/CYCOM970) with ply thickness of 0.25mm and consist of 8 plies with a
stacking sequence of (0/45),s. The parent laminate and the patch were laid up and
cured separately. Autoclave cure was used to process parent laminate and vacuum
cure was used to process the patch. Composite adherends were bonded to each other
with METLBOND 1515-4M film adhesive. The mechanical properties of the adhesive
and the adherend were shown in Table 1, which were taken from tests carried out
according to ASTM standards (ASTM D618 2014, ASTM D3039 1995, ASTM D3518
1994).

Table 1 Mechanical properties of the adherends and the adhesive used in this study
Property  T300/CYCOM 970(Parent) T300/CYCOM 970(Patch) METLBOND 1515-4M film adhesive

E,=E,(GPa) 58.2 58.2 3.57
Gi2(GPa) 4.0 3.66 -
Vi 0.07 0.07 0.37
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2.2 Preparation of repaired joints

Following curing process, the parent and patch laminates were machined to obtain
the scarf profiles (taper angle=3°) or stepped profiles. The stepped-lap joints and the
scarf joints have the identical bond length. In the case of stepped-lap joint, each step
length was the same and was determined as

t
l,=—" tan—7 (1)
N-1 180

where t, was the laminate thickness, N was the number of steps and « was the

nominal taper angle and in this study, «=3°.

After adequate surface preparation, a layer of structural film adhesive (METLBOND
1515-4M) with a nominal thickness of 0.125mm was placed between the mating
surfaces of the two adherends and cured under vacuum cure conditions. For repaired
joints with external plies, the external plies were co-cured with the film adhesive. The
repaired joints with external plies were only manufactured for 4-step lap joint and scarf
repair joint. The adhesively bonded composite laminates were machined into 25mm
width and 400mm length specimens appropriate for tensile testing in accordance with
ASTM standard D3039/D3039M (ASTM 1995). All the repaired joint configurations and
the corresponding parameters were list in
Fig. 1 and Table 2.
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Fig. 1 Geometric parameters of adhesively bonded joints: (a) 2-step lap joint, (b) 4-step lap joint, (c)
4-step lap joint with 1 external ply, (d)4-step lap joint with 2 external plies, (e€)8-step lap joint, (f)
scarf repair joint with 1 external ply
Table 2 Geometry parameters of the repair joint

Parameters Values
2 steps 4 steps - scarf
No external ply 1 external ply 2 external plies steps
Damage size, |, (mm) 25
Step length, I, (mm) 38.2 12.7 12.7 12.7 55 38.2
Overlap length, 1, (mm) - - 12.5 12.5 - 12.5

2.3 Experimental procedure

The tests were conducted according to ASTM D3039. The experimental setup was
shown in Fig.2. The displacement during the tests was recorded using two
extensometers and their average displacement was used to build the load-
displacement (P—¢) curves. The extensometers were fitted through two blocks which
were fastened on the specimen. The distance between the two blocks was 240mm.

2 BSR4 ‘—.h_l‘f '_ ’
Fig.2 Experimental setup in the testing machine

To obtain stress-strain data and to analyze the failure mechanism during the loading
process, the repaired joints were instrumented with some strain gauges. The joint was
tested with a total of 3 to 5 strain gauges located across the repair surface (for joints
without external plies, no strain gauges of G2 and G3). The locations were shown in Fig.
3. Besides, as a comparison, strain gauges G1 and G7 were instrumented out of the
repaired region. The difference of the strains in G1 and G7 can be used to evaluate the
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bending effect during the loading process.

A cross-head loading rate of 2mm/min was used. The ultimate strengths were
obtained and utilized to calculate the efficiency of the repairs. Repair efficiency was
defined as strength of the repair joint expressed as a percentage of parent laminate

strength.
R

7= % 100% @)

O-ult

where o), was the strength of the repair joint and o, was the strength of the

undamaged parent laminate.
Samples were closely observed during the process of the experiment. After ultimate
failure, damaged area was investigated carefully to verify the failure mechanism.
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Fig. 3 Strain locations on the surface of the repair joints

3 RESULTS AND DISCUSSION

3.1 Effect of step numbers

Repaired joints of 2 steps, 4 steps and 8 steps were subjected to tensile loading
until failure. By this way, average maximum failure load values and force-displacement
relations were obtained for each type of joint and given in Fig. 4 and Fig. 5. Additionally,
failure mode arisen at each type of joint was identified and given in Fig. 6.

Fig. 5 shows the effect of number of steps on the uniaxial tensile strength of the joint.
As shown in Fig. 5, a clear number of steps effect is evident as more steps yields
higher joint tensile strength. Upon comparison of 2-step lap joint, the failure load of joint
with 4 steps and 8 steps increases 51% and 81%, respectively.
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Fig. 4 Load displacement curves for adhesively bonded joints with different number of steps

The failure mechanism provides some information about the efficiency and
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performance of the repair techniques. As shown in Fig. 6, both delamination and fiber
breakage are found in the stepped lap joints. The intra-ply delamination failure is
observed within the first ply layer adjacent to adhesive layer. For 2-step lap joint,
delamination initiates from the edge of the bonding area and propagates about 5mm
along the bondline. During the delamination propagates process, the stress in the
adherend increases up to its critical value and fiber breakage occurs finally. Generally,
if the delamination initiates from the inner side of repair region, fiber breakage would be
formed in the patch laminate. Conversely, if the delamination initiates from the outer
side of the repair region, fiber breakage would be formed in the parent laminate. For 4-
step lap joint, before final failure, the delamination propagates along the bondline about
one step length. The final failure was also fiber breakage. Similarly damage modes are
found in 8-step lap joint where the delamination propagates along the bondline about
2.5 times step length and finally the joint fails in fiber breakage mode.
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Fig. 5 Comparison of experimental measurements of joint tensile strengths and number of steps.
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Fig. 6 Damage modes of stepped lap joints with different step numbers
3.2 Effect of external plies

External plies were bonded on the outer surface of the repair region. Three different
number of external plies ranging from 0 (no overply) to 2 for 4-step lap joints were
studied. The failure load and failure modes were obtained. As shown in Fig. 7 and Fig.
8, external plies on the surface of the repaired region result in increased failure loads.
These results are in agreement with those in scarf repair joints found by
Ahn(Ahn,1997). The main reason is that the addition of external plies results in the
drop in peak peel and shear stresses within the adhesive and the ply adjacent to the
adhesive that would otherwise have developed near the free edge.

The damage modes of stepped-lap joints with external plies are shown in Fig. 9. The
damage modes were similar to that of 4-step lap joints without external plies(Fig. 6(b)).
The delamination propagates along the bondline to about one step length and the
stress in the parent laminate reaches its critical value and results in final fiber breakage
in the parent laminate.
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Fig. 7 Load displacement curves for adhesively bonded joints with different number of steps
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Fig. 8 The effect of the number of external plies on the failure load in the stepped flush repair
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(b)
Fig. 9 Damage modes of stepped lap joints with different number of external plies, (a) 1 external ply,
(b) 2 external plies

3.3 Comparison between stepped-lap joints and tapered flush joints

The load-displacement curves and tensile strength of 4-stepped lap joint and
tapered flush joint are shown in Fig. 10 and Fig. 11. It can be seen that the profiles of
the repair region have a significant effect on the strength of the joints. Joints containing
flush repairs are stronger than joints with multi-steps. The main reason attributes to this
phenomenon is that the scarf repair has more uniform shear and peel stress along the
bondline when compared with multi-step lap joint. Compared to that of stepped lap joint,
the strength of tapered flush joints increased about 25%.

Damage mode of tapered flush joint is shown in Fig. 12. Only fiber breakage is
found in the ultimate failure joint. As no adhesive failure in the bonding area, the scarf
joint strength increased compared to that of stepped lap joint.
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Fig. 10 Load/displacement curves of tapered flush joints and stepped lap joints
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Fig. 11 Tensile strength of stepped-lap joints and tapered flush joints

Fig. 12 Damage modes of tapered flush joints

3.4 Strain distributions

The stress-strain behavior observed for the stepped flush and tapered flush repair
joints are shown in Fig. 13. The initial stress-strain response is linear, as expected, but
there is significant variation between the strains recorded at different locations on the
outer surface of the joint. For 2-step lap joint, the strain of G4 decreases at about
32MPa which means that the first failure occurs. It is due to the adhesive debond
initiating at the edge of the repair region. Similarly phenomenon is found when the
stress is 70MPa.

For 4-step lap joint without external plies, the strain G6 increases abruptly when the
stress is about 100MPa, which means that the adhesive debonds at the inner side of
the repair joint. For 4-step with 1 overply, the strain of G4 increase at about 125MPa.
The two joints show the similar behaviors. However, as the external ply decreases the
stress in the bondline, the failure initiation load is a little higher.

For tapered flush joints and 8-step lap joint, most of the strains keep linear until
ultimate failure which means that almost no adhesive debond in the repair joint. The
main failure modes are delamination and fiber breakage. This behavior can also be
verified when investigate the damage mode after ultimate failure.
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4. CONCLUSIONS

This study presents an investigation of the influence of joint parameters on the
ultimate strength and failure mechanism of stepped-lap joint. For stepped-lap joints, the
joint repair efficiency is obtained with focus on two joint design parameters: number of
steps and external plies. Results show that the number of steps has a significant effect
on the strength of the repaired joint. More steps yields higher ultimate strength. The
introduction of external plies can also increase the joint ultimate strength. As the 8-step
lap joint and tapered flush joint offer more uniform stress in the adhesive, almost no
adhesive debond is found in the joints. The conclusions can be verified in the further
study combined with finite element analysis.
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