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This work presents the results of 21 shear tests on three types of honeycomb cores: the HRH-78-3/16-3.0, HRH-10-3/16-6.0 and an aluminium honeycomb core made of 5052 alloy with 3/8" cells. First, a benchmark of the different designs for shear testing of the honeycomb cores is made. Then, several double lap specimens were fabricated and tested while a 3D image correlation system was used to record the tests. An experimental analysis of the post-buckling phenomena of the HRH-78 W is presented. An artificial neural network is developed and used to visually identify the buckles of the test specimens. Finally, a detailed description of the behaviour of the structure including the postbuckling scenario is presented.

INTRODUCTION

Sandwich structures are widely used in many industrial applications like acclimated transportation, aircrafts, aerospace, naval, civil engineering, fluid storage, electronics, etc. These structures offer an exceptional benefit when they are used in aeronautics. The incorporation of this technology into the aircraft structures has proved to be a great solution for mass reduction problems due to their important bending stiffness and low weight, which allows to design lightweight parts.

When a bending load is applied to these panels, the core absorbs almost all the shear component of the force, therefore the shear properties of the core are indispensable for the sandwich design.

Several interesting publications have been made about the modelling of honeycomb cores [START_REF] Bunyawanichakul | Non-linear finite element analysis of inserts in composite sandwich structures[END_REF], [START_REF] Bunyawanichakul | Experimental and numerical analysis of inserts in sandwich structures[END_REF], [START_REF] Seemann | Numerical Modeling of Nomex Honeycomb Sandwich Cores at Meso-Scale Level[END_REF]. This work is a contribution to the understanding of the nonlinear response of honeycomb cores under shear loads. Several experimental tests will be made to describe in detail the scenario before and after the buckling of the honeycomb cells.

BENCHMARK STUDY OF SHEAR SPECIMENS

Four different types of specimens were fabricated and tested to observe the different advantages that each design offers to study the shear properties of a honeycomb material. The aim was to select a design that fits the best to obtain the following features: The average shear stress vs. gamma curve, the shear modulus of the core, the maximal average shear stress of the core, observe the evolution of the nonlinear behavior of the structure, observe the evolution of buckles in the structure, a specimen which fabrication is simple and allows to obtain repetitiveness of the results.

Tests specimens

All the specimens were fabricated using the HRH-78-3/16-3.0 Nomex honeycomb core. According to [START_REF] Hexweb | HexWeb Honeycomb Attributes and Properties[END_REF] the W direction shear modulus is 24.13 MPa and the shear strength is 0.558 MPa. For the L direction, the shear modulus is 31.71 MPa and the shear strength is 0.8549 MPa.

A sandwich beam three-point specimen (Fig. 1) was fabricated. When a load is applied to sandwich beam, the core is submitted almost entirely to shear stresses while the skins absorb the flexural components. Therefore three-point sandwich beams are very often used for shear testing of honeycomb cores. The core was made of the HRH-78-3/16-3.0 Nomex L direction of 20 mm of thickness, the skins where made of aluminum of two mm of thickness. The size of the specimen was of 20mm x 20 mm x 160 mm, finally the length span was of 140 mm.

A double single lap specimen (Fig. 1) was fabricated. This specimen submits the core to shear but also to flexural stresses due to the significant thickness of the core, however the fabrication is simple.

The core is made of HRH-78-3/16-3.0 Nomex W direction of 20 mm of thickness, the skins were made of aluminium of 5 mm of thickness to minimize the flexural deformations.

A double lap specimen (Fig. 1) was also fabricated. As for the previous specimen, this specimen submits the core to shear stress, while the flexural forces are dissipated due to the symmetry of the specimen. The core is made of HRH-78-3/16-3.0 Nomex W direction of 20 mm of thickness, the skins where made of aluminum of 5 mm of thickness.

A two materials double lap specimen (Fig. 1) was also fabricated. This specimen is very similar to the previous one, but two materials are used instead of only the Nomex core. The purpose is to use as secondary material a which is much stronger to concentrate the shear forces on the principal material. The used materials are the HRH-78-3/16-3.0 Nomex W direction honeycomb and plywood, both of 20 mm of thickness, the skins were made of aluminium of 5 mm of thickness. 

Results and discussion

All the specimens were tested using a 10 KN Instron machine. The force was recorded from the corresponding signal of the machine, the displacement was measured in two different ways; using a LDVT displacement sensor and using a 3D digital image correlation system (DIC). The average shear stress and gamma are calculated from the applied force, the dimensions of the specimens and the displacement field. The curves are shown in figure 2.

The beam specimen is very simple to fabricate but the results are not very accurate, this can be caused by several factors such as the positioning on the specimen in the setup, causing significant variations when the displacement is measured using the 3D correlation system. This can be compensated by using another technique to measure the displacements, but this should add more complexity to the test setup. The evolution of the buckles is visible, but the imposed displacement creates some difficulties when measuring the displacement field, thus the cells must be inspected one by one which is not practical. The cells near the applied loads are submitted also to compression forces, thus collapsing earlier.

The double single lap specimens are simple to fabricate but the results are not as expected, the effect of the flexural forces is very strong (Fig. 2) and the results are not significant. This effect can be avoided by adding articulations at each end of the specimen, however this will make add some complexity to the fabrication procedure and test setup.

The best results are obtained by the double lap and two-material double lap specimens, the experimental results are reasonably correct. Also, the displacement field can be easily measured. In the other hand, failure of the double lap specimen can aleatorily occur on both sides of the specimen.

For the two-material specimen, failure happens in the honeycomb side because the material is weaker. However, the global shear strength of the honeycomb is weaker than expected, this can be caused by the difference of shear modulus, thus the gamma evolution between the two materials. In conclusion, the specimen design that fits the best for our research is the double lap specimen. To ensure the failure of the specimen in the desired section, one side will be fabricated whit a lightly inferior length, thus increasing the average shear stress in the short side and causing the failure without inducing a significant variation on the measurements.

SHEAR TESTING OF HONEYCOMBS

Once the specimen design was selected, the next step was to fabricate the specimens to study the properties of the HRH-78 3/16-3.0, HRH-10-3/16-6.0 and aluminum 5052 3/8. The study will be in both directions L and W. Additionally, two kinds of test are to be performed, a static test to determine the overall shear nonlinear response and a cyclic test to analyse the elastic and postbuckling domain and of the honeycomb structure under shear forces. To get reliable results and check the reproducibility of the obtained data, every experiment will be reproduced three times. This gives a total of 12 different test conditions (3 types of honeycombs x 2 directions x2 types of tests) reproduced three times resulting in a total of 36 tests.

Tests on the HRH78 Nomex core

For this purpose, 3 specimens of each direction W and L of the honeycomb core HRH-78 were tested, the average shear stress and gamma are extracted and plotted in figure 3. The average shear modulus of the W and L directions where of 25 MPa and 32 MPa and the maximal shear stress were of 0.58 MPa and 0.75 MPa respectively. The failure scenario is shown in figure 3 and was the same for the 6 specimens, it begins with an accentuated deformation of the side whit the smaller area, then there is a big collapse of only one Nomex piece, finally the other one collapses too. Six more specimens were submitted to charging and discharging conditions. At every cycle the maximal imposed displacement was slightly increased to be able to identify the average shear stress when the material starts to be damaged. It is very difficult to show all the 6 curves of each specimen because of the amount of data, however the envelope curves are very similar to those of the figure 3, so only one curve is plotted in figure 4. The cyclic tests revealed that there is a significant decrement in the loading slope after passing the 0.52 MPa in the W direction and 0.65 MPa for the L direction. This could mean that at this point, the honeycomb structure is irreversibly damaged. 

Tests on the HRH10 Nomex core

Twelve specimens were fabricated using the HRH-10-3/16-6.0 but only three specimens in the W direction were tested, the failure mode was the debonding of the honeycomb/skins interface, instead of the collapse of the cells as desired. This may be caused by the quality of the redux 609 that was used to fabricate the pieces, or due to the fact that several curing were made. The failure does not happen in the section with the smallest area. The test results don't give any important information beside the shear modulus which is 45 MPa see figure 5.

Figure 5: Average shear stress vs gamma of the HRH-10 specimens, the failure mode was debonding.

Tests on the aluminum 5052 honeycomb core

Twelve specimens were fabricated using the aluminium honeycomb core, but only two specimens in the W direction were tested (Fig 6). The same failure mode of the tests on the HRH10 was found, debonding of the core/skin interface arrives before the collapse of the cells. 

ANALYSIS OF THE POST-BUCKLING PHENOMENA OF THE HRH-78 IN W DIRECTION

Using the 3D correlation system, it is possible to look from closer the buckling evolution at the exterior surface of the honeycomb cores. The magnitude of the deformation out of the plane of the buckles varies proportionally to gamma. Also, it can be seen that there are buckles that go out and others that go inside of the structure. The local buckles start to be visible at an average shear stress of 0.24 MPa, and they grow and expands until they are big enough to cause the nonlinear behavior of the curves, finally they are so big that cause the collapse of the cells (Fig. 7).

Figure 7: Analysis of the buckling of the cells at 0.24 MPa and 0.4 MPa

Setting the scale for the analysis

An inspection of the recorded images of the three specimens was made when the applied stress was 0.4 MPa (Fig 7), which is also where the nonlinear behaviour start. We made the hypothesis that the buckles that are formed at this point are big enough to affect the stability of the honeycomb, thus changing the loading slope, the average size of the buckles was 0.1054 mm. It was seen that the buckles that goes out of the structure doesn't grow, while the buckles that go inside the structure continue to grow and propagate until the cells collapses.

Using the previous information, the scale of the recorded images of the three specimens was modified, the deformation was measured between 0 mm and -0.1024 mm. This allowed to see that the collapse of the cells is caused by the creation of local buckles but also due to the propagation of the collapse of the surrounding cells, thus the cells do not necessarily collapse all at the same time.

This could mean that the change in the slope is related to the collapse of the cells and not directly to the buckles, even if the collapse of the cells is related to the local buckles.

Analysis of the images by an artificial neural network

A more detailed analysis of the videos was necessary, the cells must be analysed to determine when they are collapsed and how much influence does this have on the global behavior of the structure. In figure 8 the evolution of the collapse of one cell is shown. The buckles stop to grow once when the vertical borders of the cell are no longer straight in the middle. We considered that the collapse of the cell can be determined by monitoring the growing of the buckles in the cell. To study the collapse of the cells of the specimens approximately 13,334 images needed to be analysed to which represent a big complexity and could lead to subjective inaccuracies if the analysis is performed by a person.

An artificial neural network (ANN) was developed to do the task, this reduced the time of analysis and provides at the same time an objective method to detect when a cell is collapsed.

A pre-treatment of the images was performed on every frame of the videos. First, the cells were cut from all the frames. Then all the cells images where reshaped to the same number of pixels. After this, a color segmentation filter was applied to focalize the analysis in the red tonalities.

The ANR was trained with 29 examples of buckled cells and 50 examples of non-buckled cells that were selected by the author. The ANN was able to classify all of them correctly. The results of the analysis are shown in percentage of buckled cells vs gamma. Both sides of every specimen are analysed. The results are shown in figure 9. The analysis revealed that the nonlinear behavior is certainly related to the buckling of the cells. However, the nonlinear behaviour starts before any cell was detected to be collapsed.

CONCLUSIONS

The formation of buckles in the honeycomb walls is caused by two factors, the displacements of the skins, and because the honeycomb structure is stabilized (clamped) by the skins. A detailed description of the evolution of deformations of the HRH-78 Nomex honeycomb core can be made.

From 0 MPa to 0.24 MPa the magnitude of the buckles is very small, almost undetectable. Form 0.24 MPa to 0.4 MPa the buckles start to be clearly visible without affecting the linear behaviour of the honeycomb structure. The formations of buckles in the honeycomb could be seen as a way to store mechanical energy like a spring (if the buckles remain totally elastic). From 0.46 MPa to 0.52 MPa the buckles are big enough to cause instability of some cells and they start to collapse. However, the cyclic test indicates that the structure remains elastic. This could mean that the buckles of the Nomex paper are still in the elastic domain or that the plastic deformations are very small or not important enough to cause a significant damage of the structure.

Form 0.52 MPa to 0.59 MPa the cyclic test indicates that the structure is permanently damaged. The deformation of the cells is propagated and they continue to collapse. The maximal average shear Xi'an, 20-25 th August 2017 stress is presumably reached when all the cells are collapsed. At this point the Nomex paper is teared at some regions.
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 1 Figure 1: Different types of specimens: a) Double lap, b) Three-point sandwich beam, c) Double single lap, d) Two-materials double lap
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 2 Figure 2: Test results: a) Average shear stress vs gamma curves, b) Buckling of the double single lap specimen, c) Buckling of the sandwich beam, d) Buckling o the double lap specimen
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 3 Figure 3: Test results: a) Average shear stress vs gamma curves, b) Failure scenario of the double lap specimen
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 4 Figure 4: Average shear stress vs gamma of a cyclic tests Ep7 vs Ep3
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 6 Figure 6: Average shear stress vs gamma of aluminum honeycomb specimens, the failure mode was debonding.
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 8 Figure 8: Buckling evolution of a cell
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 9 Figure 9: The collapse of the cells is related to the reduction of the shear properties.

From 0. 4

 4 to 0.46 MPa the average shear stress vs. gamma curve indicates a strong nonlinear behavior. The cyclic tests presumably indicated that the honeycomb structure remains elastic even if the nonlinear behavior is present. No collapsed cells are detected at this point, so the start of nonlinear behavior can be attributed to the formation of local buckles in the cells.
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