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Abstract

Tensile properties of single-sided panel repair(SP) and panel/core repair(SPC) of aluminum alloy
honeycomb sandwich structure(AAHSS) used in civil aircraft were researched by experiments and
compared with that of AAHSS without repair. Firstly, a clamp suitable for testing the tensile
properties of wide-wall panels with different thicknesses was designed. Then, the failure behavior,
the strain and deformation characteristics of SP and SPC structures were firstly studied by digital
image correlation (DIC) technology. The results showed that the debonding of the patch and the
fracture near the root were the main failure modes of the SP structure, and the strength recovery
rate was 101%. A summary was that the repairing method for this configuration could effectively
improve the bearing capacity of the original structure, and the adhesive performance was more
stable. For SPC structure, debonding of the patch was the primary failure mode with only a 94%
strength recovery rate. Besides, the strain concentration of both repairing structures was located in
the substrate near the upper and lower edges of the patch. It can be concluded that the repairing
technology of SP structure is sufficient to be used in civil aircraft repair, while that of SPC structure
needs to be further improved.

Keywords: aluminum honeycomb sandwich structures, bonding repair, tensile properties, digital image
correlation, strain distribution characteristics

1. Introduction

The metal honeycomb sandwich structure is widely used in civil aircraft, not only because of its
excellent mechanical properties, but also compared with composite honeycomb sandwich structure,
it can better resist ozone and ultraviolet damage to aircraft components. For example, aluminum
honeycomb sandwich structures are used in the wingtips, spoilers, and other structures of B737NG
aircraft [1]. However, civil aircraft are often used in various harsh climates, which causes defects in
aluminum honeycomb sandwich structures such as debonding, corrosion, and pits. The
mechanical properties of the damaged parts decrease sharply, which can affect the flight
performance directly [2]. Replacing the whole damaged structures is not an economical, time-
saving method, so it is necessary to repair damaged parts to restore the strength and efficiency of
structures. According to the Structural Repair Manual(SRM) [1], when the degree of damage
reaches the specified damage allowable range, the structure needs to be repaired in time.

The most traditional repairing method for aircraft structure is mechanical connection repair [3,4].
However, this method will dramatically increase the weight of the original structure, the sealing
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performance and aerodynamic shape of the structure will be also influenced, and severe stress
concentration will be caused around the joint holes. These disadvantages make the application of
bonding repairing method development rapidly [5]. From geometrical considerations, bonding
repairs are usually divided into bilateral (symmetric) and single-sided (asymmetric) repairing.
Although the out-of-plane displacement caused by reinforcement which usually occurs in single-
sided repairing structures may reduce the repair efficiency, usually only one side of the structure
such as the fuselage or wing of aircraft can be reached in realistic repairing, which makes the
single-sided repairing method much more popular in actual repair.

Today, the application of polymer matrix composite (PMC) patches to repair damaged structures is
common in industries due to the high specific modulus, strength, and high flexibility [6-10]. It is also
justifiable to repair cracked structure with composite patches, which is certificated by researchers
in their studies [11-13]. This type of patch does not increase the weight of the structure [13] and
can increase the fatigue lifetime of the part [15,16]. In US air force and aerospace industries,
composite patches have been used as reinforcements to repair aircraft's damaged metal structures
[17] and welcomed due to the high yield and economic efficiency [18]. However, special mounting
equipments and complicated repairing methods are needed in using composite patches;
simultaneously, the desired strength recovery capability of the repaired structure cannot be
achieved due to various problems [19]. Firstly, lacking resistance against heat, moisture, and
corrosion [20], the composite patch is not suitable to repair structures using in the harsh
environment. Secondly, residual thermal stresses, the essential factor in reducing the repaired
structure's strength recovery rate, are induced by the difference in thermal expansion coefficient
between the substrate and the patch [21]. Besides, the strength recovery rate of the structure after
bonding repair largely depends on the quality of bonding, and the bonding strength between
composite and metal is much lower than that of metal and metal [22]. Electrical corrosion is prone
to occur between the composite patch and the metal structure, making this method not suitable for
long-term repair. In conclusion, it is still the first choice to repair metal structures to use the same
material as the substrate as the repair reinforcement.

Many scholars used the finite element analysis method to study the stress characteristics and
strain distribution of structures [23, 24]. However, the original structures may be simplified and
idealized, which cannot fully reflect the real stress characteristics. Digital image correlation(DIC)
technology, a practical and useful measurement tool to observe the full-field strain distribution
information and displacement field of the specimen directly, has been widely recognized and used
in the field of experimental mechanics in recent years [25-27]. Compared with the traditional strain
gauge measurement method, the specimens' mechanical properties are not affected by DIC
technology. Also, DIC technology can meet the measurement requirements of extensive
deformation tests and eliminate the uncertainty factors caused by the strain concentration area.
Therefore, DIC technology is used as the primary strain measurement method in this paper.

Most of the research on aircraft structure repair is focused on the repair technology of composite
patch and the mechanical properties of repairing structures [2,23], the research on the mechanical
properties of repairing structure with the metal patch is still relatively few. In this work, the
mechanical properties of single-sided panel repair(SP) and single-sided panel/core repair(SPC) of
aluminum alloy honeycomb sandwich structure(AAHSS) were studied by experiments, where the
same aluminum alloy to the substrate was used for the patch. In addition, the strain distribution and
deformation characteristics of repairing structures under tensile load were observed
comprehensively by DIC technology, which provided experimental support for the stress and
deformation analysis of repaired components on aircraft structures. Another highlight of this paper
is that a clamp suitable for testing the tensile properties of wide-wall panels with different
thicknesses was designed, which can overcome the problem that the wide-wall panels cannot be
directly loaded by an existing test machine.

2. Materials and clamping scheme
2.1 Specimens
The tensile properties of bonding repair of AAHSS structure were tested in three groups, including
Non-destructive structure(NS), single-sided panel repair(SP) structure, and single-sided panel/core
repair(SPC) structure. The test matrix and dimension information are shown in Table 1. 2024-T3
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aluminum alloy was the material of substrate and patch, respectively. ZMS1588 aluminum
honeycomb was used as the material for making honeycomb core.

Table 1 The test matrix of repairing structures

Damage A The thickness of The
Numberin | Number of . specimen Hight of : . diameter of
Type diamete reinforcing and . .
g cases r /mm (Lengthx core/mm anel/mm reinforcing/
Width)/mm2 P mm
NS NS-X 6
SP SP-X 17 50.4 250%600 12.7 0.5 126
SPC SPC-X 17

The configuration of the SPC structure is shown in Figure 1. Firstly, the damaged part of the
aluminum facesheet and honeycomb core (only the damaged part of the aluminum facesheet for
single-sided panel repair) were completely removed from the substrate. Then, polyfoam was used to
bond the repaired core and aluminum honeycomb core. Lastly, a small circle aluminum facesheet
was glued onto the surface of the repaired core, and the patch was stick onto the entire repair area.
The patch-attached side was called the repaired face, while another flat side was called the non-
repaired face.

patch aluminum facesheet

\ 1
repaired face

NN |

non-repaired face \ \
»

polyfoam repaired core aluminum honeycomb core

Figure 1 — The repairing method of SPC structure

2.2 The clamping scheme design of variable thickness wide-wall panels

The tests were carried out on the MTS Model 311.31 hydraulic servo fatigue testing machine, while
the loading rate was 1mm/min. The clamp width ranges of the fatigue testing machine is between
90~130mm, so a directly clamping scheme was not adopted in the tensile tests of large size
repaired structures under a large fracture load level. Aiming at testing the tensile properties of
wide-wall panels with 250mm width and different thicknesses, a clamp was designed according to
the manual [28]. The designed load was 30t, and the safety factor was 2. The clamp consisted of
lugs, clamping sheets with hobbing teeth, and M10, M18, M38 bolts of grade 12.9, as shown in
Figure 2, and the clamp was made of No.45 steel. The main design idea of the clamp was to
increase the friction between the inner clamp and the ends of specimens by applying a large
preload on the clamp by bolts, which to simulate the loading of the machine clamp more
realistically. The load applied by the testing machine was transferred to the specimen mainly
through friction, and the bolts bear little or no shear load in the loading process. Uneven loading
and severe stress concentration caused by the hole at patch were prevented effectively, which
may result in section fracture near the ends. The even distribution of load in the working section
can be verified by back-to-back strain data and DIC technology, respectively.

Figure 2 — The clamping scheme of the sample
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2.3 Strain measurement

Pasting strain gauges on the face of the specimen is a traditional strain measurement method. This
method, which requires time-consuming pre-experimental operations and professional patch
techniques, can only measure strain in a certain direction at one point. In contrast, the distribution
of full-field strain and displacement can be observed directly by DIC technology. In this section, a
comparative test between the two measuring methods was done. In this article, the two methods
were both used for measurement.

Figure 3 showed the results measured by DIC technology. The full-field strain and displacement
distribution can be observed directly, and all the result information of a point during the loading
process can also be output directly by the computer. For the traditional method, the arrangement
and numbering of gauges were drawn in Figure 4. The numbering in parentheses (e.g. (1-3), (2-2))
indicated that the strain gauges were attached to the non-repaired face of the specimen, others
attached to the repaired face. The strain gauges numbered 1-1, 1-2, and 1-3 were set to
demonstrate the loading uniformity of the fixture designed in section 2.2.

(22) [] 21
(3:23-013-1
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Figure 4 — Distribution of strain measurement
For the same point on the surface of the specimen, the strain-time curve of gauge numbered (1-1)
was in good agreement with that measured by DIC, as shown in Figure 5, which makes valid
points about the relative convenience and value of DIC over traditional strain gages.
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Figure 5 — Comparison between the results of DIC technology and strain gauges

3. Results and discussion

3.1 The relationship of stress-average strain

The stress-strain curves of NS, SP, and SPC structures are shown in Figure 6. The average strain
in the working section of the specimen increased linearly during the initial loading stage. When the
tensile yield strength of the aluminum alloy material (about 330MPa) was reached, the slope
decreased obviously and the load increased slowly. For non-destructive specimens, failure
occurred when the average strain of the specimen was higher than 0.045¢ (Figure 6(a)). For SP
structure, failure may occur when the strain was higher than 0.035¢ (Figure 6(b)), and the
dispersion coefficient of debonding strain was 11.49%, which indicated the adhesive performance
was stable. For the SPC structure, the debonding failure occurred randomly once the applying load
was over the critical yield point (Figure 6(c)), and the dispersion coefficient of debonding strain was
30.41%, which can prove the quality of bonding between the substrate and patch was poor. The
failure strain level of SP and SPC structures depended on the adhesive quality, such as initial
defects, bonding area, and adhesive thickness. In addition, more initial defects such as air bubbles
and weak bonding may exist in the seam of the honeycomb of SPC structures, so it is easier to
produce debonding failure than the SP structures at a low load level.
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(c) Specimens with panel/core repair(SPC)
Figure 6 — The stress-strain curves of three type specimens

During the loading process, the first load drop caused by the debonding of the patch was named
as the debonding load, and the final load drop was named as the fracture load. The failure load of
the structures can be defined as the first load drop. The average values of failure strength are
shown in the last column of Table 2, and the data in parentheses are dispersion coefficients of
results. The average failure strength of NS specimens was 430.69MPa. The average failure
strength of the SP specimens was 437.12MPa with a 101% strength recovery rate, which means
this repairing method can restore the load-bearing capacity of damaged structures to the strength
of original structures. The average failure strength of the SPC specimens was 406.66MPa, and the
strength recovery rate can reach 94%.

Table 2 The failure mode and results

Failure Percentage Debonding Debondin Fracture Fracture Failure
type of failure strength naing strength . strength
mode strain(g) strain(g)
modes (MPa) (MPa) (MPa)
431 0.057 431
NS B 100% — —
° (2.64%) (11.08%) | (2.64%)
430 0.047 411 0.058
A1l 41.18%
(1.23%) (11.49%) (1.12%) (9.46%)
442 0.055 437
SP A2 17.65% — —
° (1.53%) (6.73%) | (1.95%)
B 41.18Y% 442 0.055
e (1.43%) (6.87%)
A1 88.23% 403 0.032 402 0.043
spC oo (5.08%) (30.41%) (1.47%) (17.19%) 407
A2 5.88% — — 424 — (5.04%)
B 5.88% — — 428 —

3.2 Failure mode

The failure mode of different types of specimens can be divided into three categories. The first
category was abbreviated as failure mode A1, the damage propagation process of which including
the debonding of the patch and the cross-sectional fracture in the repairing area, as shown in
Figure 7. Firstly, the debonding occurred at the adhesive of longitudinal upper and lower edges of
reinforcing where the shear stress and peeling stress of adhesive reached the largest value, and
the load suddenly dropped for the first time, as shown in Figure 7(a). Then, the debonding
gradually expanded around the repairing panel to the entire repairing area, and the bearing
capacity increased slightly. Finally, the bearing capacity was entirely lost due to the large area
debonding and the hole at the center of the repairing area, as shown in Figure 7(b)(c). The second
failure mode was abbreviated as A2. This kind of failure mode also fractured in the repairing area,
but it is different from A1, as shown in Figure 8. The fracture occurred near the longitudinal upper
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and lower edges of reinforcing without debonding process, which means that the bonding between
reinforcing and the substrate was solid. In addition, there was a transverse dent at the
corresponding position of the patch on the non-repaired face during the loading process, this can
be attributed to the severe stress concentration caused by the plastic bending at the substrate near
to the longitudinal upper and lower edges of the patch. The third failure mode was the root fracture
that occurred at the joint of epoxy resin sealant and honeycomb sandwich, which was abbreviated
as B. As is shown in Figure 9, the ultimate strength of the material had been reached.

s l- LT -

(a)Initial debonding (b)Propagation of the (c)Failure mode on non-repaired
debonding face
Figure 7 — The damage propagation process of failure mode A1

Figure 8 — The damage propagation process of failure mode A2 Figure 9 — Failure mode B

All the tests results are summarized in Table 2. For non-destructive honeycomb structures, B was the
only failure mode. For SP structure, all failure modes existed, and mode A1 had the same probability
of occurrence with mode B, which was 41.18%, and mode A2 occupied only 17.65 %. For SPC
structure, mode A1 was the primary failure mode, which accounted for 88.24%. Only 2/17 specimens
exhibited A2 and B failure modes, respectively.

For the structures with failure mode A1, it can be found from Table 2 that the structure still had load-
bearing capacity in the stage of average strain increase 0.011¢ after debonding. For SP structure with
failure mode A1, the strength recovery rate was 100%, which had reached the strength of NS
structure and indicated the reinforcing effect of the patch. However, the strength recovery rate of the
SPC structure with the failure mode A1 was 93%, which was significantly lower than that of the SP
structure. This phenomenon can be attributed to poor bonding quality caused by initial defects, such
as air bubbles, in the repairing area and the seam of the honeycomb.

For the SP structure with the failure modes A2 or B, there was little difference in the fracture strength
and fracture strain of the two failure modes, and the strength recovery rate of both were more than
100%, which also showed the reinforcing effect of the patch. For SPC structures with failure modes
A2 or B, the fracture strength of the two failure modes is similar, and both are slightly smaller than the
NS structure. However, further studies are needed before general conclusions can be drawn due to
the small sample size.

3.3 Deformation analysis of metal honeycomb repairing structure

In this section, the longitudinal of the metal honeycomb repairing structure under tensile load was
detailed studied mainly by DIC technology. For a comprehensive analysis, sufficient specimens were
selected from NS, SP and SPC structures to measure the longitudinal strain by gauges, which
compared with the longitudinal strain measured by DIC technology.
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For NS structures, the longitudinal strain's growth trend at different positions of both faces was the
same during the loading process, as shown in Figure 10. The strain was 0.006& when the panel's
average strength reached the yield strength (330MPa) of the aluminum alloy material, after that the
strain increased sharply. The strain distribution characteristics of the SP and SPC repairing structures
were very different from NS structure. However, the strain distribution characteristics of the SP and
SPC repairing structures measured by gauges and DIC technology were almost the same, which
means that the effect of the polyfoam used in the honeycomb seam was very small and can be
ignored. Besides, different failure modes had almost no effect on the strain distribution characteristics
during loading. Therefore, typical specimens were selected below to analyze the full-field strain and
deformation characteristics of the metal honeycomb repairing structure under tensile load.

500
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Figure 11 — The longitudinal strain

Figure 10 — The strain-stress curves of NS structure distribution of repaired face

3.3.1 Strain distribution characteristics of repaired face

The typical specimen SP-13 with the failure mode B was selected. At the beginning of loading (about
60kN), the strain of the patch in the repairing area was slightly smaller than that of the substrate, and
the low strain area of the patch was circular. As the load increased, the low strain area of the patch
changed from a circle to an eye shape, as shown in Figure 11. At this time, the substrate on both
sides of the patch was also in a low strain state due to the reinforcing effect of the patch, indicating
that the patch can restrain the damaged area from being deformed and damaged. In addition, the
maximum strain was located on the substrate near the upper and lower edges of the patch. The area
of the strain concentration decreased as the load increased. The shape of the strain concentration
area became a red crescent shape surrounding the patch when the specimen was about to fail. This
was the weak place where the repairing specimen was most easily damaged under tensile load and
was the stress concentration area on the entire structure of the repairing face. In addition to bearing
the tensile load, it also borne the peeling stress applied by the adhesive layer.

The stress-strain curves recorded by strain gauges of the repairing face are shown in Figure 12. The
strain on the substrate of the repairing surface was represented by the dot line, and the strain on the
patch was noted by the solid line. It can be seen that the strain on the substrate increased faster as
the load increased, which was significantly higher than the strain on the patch. However, 4-1 gauge in
strain-load curves was significantly higher than the strain at the other locations of the patch, and
slightly smaller than the strain on the substrate. The phenomenon was consistent with the result
measured by DIC technology. As shown in Figure 13, the local strain distribution nephogram of patch
at the later stage of loading was recorded by DIC technology, and the crescent-shaped red area was
the place corresponding to 4-1 gauge. The load transferring in the repairing area was very
complicated, where involved the transmission path of load at the overlap of the substrate, the patch
and the repairing panel. The cross-sectional area of the three overlaps was the smallest, so the strain
here was the largest.
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Figure 12 — The strain-load curves of repaired Figure 13 — Local longitudinal strain distribution
face in reinforcing face
3.3.2 Strain distribution characteristics of the non-repaired face

The typical specimen SP-11 with the failure mode B was selected to analyze the strain distribution
characteristics, which were basically the same as the strain distribution characteristics of the repaired
face. The difference was the shape of the low strain area like a diamond, as shown in Figure 14. At
the beginning of the load process, the highest strain of the substrate was near the four corners of the
rhombus on the non-repaired face. The low strain in the repairing area on the non-repaired face was
evident before the failure load, and the location of strain concentration occurred on the substrate near
the longitudinal upper and lower edges of the repaired area.
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Figure 14 — The longitudinal strain

distribution of non-repaired face Figure 15 — The strain-load curves of non-repaired face

The stress-strain curves of the non-repaired face recorded by strain gauges are shown in Figure 15.
When the load was at a low level, the strain in the non-repaired area at different positions increased
linearly and the growth slope was almost the same. When the load increased to about 65kN, the
strain corresponding to the repairing area began to be smaller than that of the substrate, which was
especially obvious when the specimen was about to fail. In addition, the strain in the repairing area of
the non-repaired face increased from the center of reinforcing area to the edge of that, which was
consistent with the results of DIC technology. The local strain distribution nephogram of the non-
repaired face was shown in Figure 16. It can also be seen that the strain in the area where was the
overlap of the substrate, the patch and the repairing panel was higher than the surrounding area in
the repairing area. This phenomenon occurred in the SP and the SPC repairing structures. Therefore,
for a metal honeycomb one-side repair structure of this thickness, the structural characteristics of the
repair surface can also affect the strain distribution of the non-repair surface.
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Figure 16 — Local longitudinal strain distribution in non-repaired face

3.3.3 Comparative analysis of strain characteristic on repaired face and non-repaired face

The stress-strain curves of the gauges at the patch on the repaired face and non-repaired face were
shown in Figure 17. It can be observed that, except for the 4-X strain gauges, the strain in the
repaired area of the repaired face was significantly lower than that of the non-repaired face.

The stress-strain curves of the strain gauges on the repaired face and the non-repaired face on the
substrate were shown in Figure 18. It can be concluded that the strain measured by the back-to-back
strain gauges on repaired face and non-repaired face was almost the same throughout the loading
process.
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Figure 17 — Strain comparative of repaired face and  Figure 18 — Strain comparative of repaired face and
non-repaired face on patch non-repaired face on the substrate

4. Conclusions

The failure behavior and deformation characteristics of non-destructive structure(NS), single-sided
panel repaired(SP) structure and single-sided panel/core repair(SPC) structure was studied by
experiments. Based on the reported results, significant conclusions can be summarized as following:
Firstly, a clamp is designed to test the tensile properties of wide-wall panels with different thicknesses,
which proves that the idea of applying load by the friction produced by bolt preload is feasible. The
test results of the fixture are reasonable and practical.

Secondly, the failure mode of single-sided panel repair(SP) and single-sided panel/core repair(SPC)
of AAHSS under tensile load can be divided into three categories, including the fracture in the
repaired area caused by debonding, fracture in the substrate near to the upper and lower edges of
patch caused by high shear stress and peeling stress of adhesive layer, and root fracture near the
joint of epoxy resin sealant and honeycomb sandwich. For the SP structure, this repairing method
has an excellent repair effect. Debonding and root fracture are the primary failure mode, and the
failure strength recovery rate is 101%. For the SPC structure, debonding is the primary failure mode,
and the failure strength recovery rate only reaches 93%. Besides, it means poor and unstable
bonding quality that the higher dispersion coefficient of the failure strength recovery rate is 30.41%.
This can be mainly attributed to the more initial defects (such as air bubbles) in the repaired area and
in the honeycomb seam of the SPC structure, which need to be improved by others repairing
methods.

Lastly, the strain distribution characteristics of SP and SPC structure under tensile are the same. The
longitudinal strain level of the repaired area is lower than that of the substrate due to the reinforcing
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effect of the patch. For repaired face, strain concentration area is located at substrate around the
upper and lower edges of patch where bearing tensile force and peeling stress applied by the
adhesive at the same time. For the non-repaired face, the location of strain concentration is on the
substrate near the upper and lower edges of the patch. In addition, for the repaired area, the strain
level in the area where the substrate, the patch and the repaired panel overlap are the highest
whether it is repaired face or non-repaired face. Compared with the strain of repaired area on the
non-repaired face, the strain on the repaired face is significantly lower.
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