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Introduction

It is today difficult to predict the damage that could be generated by a lightning strike on a composite structure due to its complex phenomenology and the different forces involved [START_REF] Chemartin | Direct Effects of Aircraft Structure: Analysis of the Thermal, Electrical and Mechanical Constraints[END_REF]. The arc itself generates mechanical force as an acoustic shock wave and thermal constraints as a thermal flux transferred to the panel and thermal radiation from the arc. In addition, the lightning current flowing into the structure (both lightning metallic protection and composite laminate) generates magnetic force (Laplace force) and Joule's effect. This latest phenomenon leads to a quick elevation of temperature in the materials close to the surface (metallic protection and first plies of the laminate) up to an explosion phase which is confined by the paint coating covering the structure. Moreover, the complexity is enhanced by the fact that the damage is not only dependant on the structure configuration but also on the metallic protection type and the paint thickness which are not part of the sizing of the composite structure against "nominal" stress loads. This is thus important to manage the effect of those non-structural elements in order to limit structure reinforcement because of lightning constraint. To address such a problematic, we have at least to answer the two following questions: -What are the mechanical constraints generated by the surface explosion? -How do we relate those mechanical constraints to a physical damage into the composite (i.e. delamination)? To address the first question, we have studied the different deflection profiles, arc expansion and vaporised metallic protection profiles in order to go back to the chronology of the different phenomena. For the second question, we have correlated the post-mortem delamination profiles to the displacement, the deformation and the deformation speed occurring on the sample during the lightning strike.

Effect of Surface configuration

Surface configuration (i.e. combination of lightning protection and paint layer), since they act on the mechanical force generated by the surface explosion has significant effect on the damage generated into composite structure impacted by lightning strike.

Metallic protection

In this study, two types of protection have been considered: Expanded Copper Foil (ECF) and Solid Copper Foil (SCF) as shown in Figure 1.

Figure 1 Metallic surface protections

The first type (ECF) is a common metallic protection that exists in several grades but, because of its anisotropy, does not provide a complete protection. The second protection (SCF) is a plain metallic foil which provides a full coverage of the composite panel. Both protections have been used on 1.6 mm thick carbon laminate flat panels, painted with about 300 µm of paint. Those panels have been tested with a D lightning waveform.

As shown in Figure 2, the resulting delamination is about 100 cm² for the sample protected with ECF whereas there is no delamination at all for the sample protected with SCF (only a surface of metal consumption and paint removing appears on the NDT scan of this sample).

Figure 2 Lightning damage comparison between ECF & SCF

Consequently, the SCF configuration provides us very conveniently a reference case for which we know that no delamination occurs. The ECF configuration leads to delamination, with delaminated area which is function of the ECF grade (density and mesh characteristics).

Effect of paint thickness

The second parameter which has an influence on the lightning damage is the paint thickness. Airbus studies have shown that, for thin carbon laminate flat panels protected with ECF, there is a threshold effect ; for paint thinner than 200µm the delamination induced by lightning is small whereas, for thicker paint configuration, the damage increases with the paint thickness.

Figure 3 shows the evolution of total delamination area, for a 1.6 mm thick carbon laminate panel protected with ECF 195 g/m², as a function of paint thickness. We explain such a behaviour by a double effect of a thick dielectric film above the metallic protection: 1) it prevents the arc to expand freely (dielectric constriction effect) and dissipate its energy into the metal, 2) but also it acts by inducing a mechanical confining effect which enhances the shock wave generated by the explosion induced by the sudden vaporisation of the metallic protection due to Joule's effect.

In this study, several paint thicknesses have been considered in order to correlate the mechanical constraint and the damage.

Lightning test: Set up & measurements

The study focuses on the effect of D-waveform only [START_REF] Eurocae | ED-84 -Aircraft lightning environment and related test waveforms[END_REF], because the current impulse phase is the main contributor to damage for composite structures. The used waveform is a unipolar pulse with a peak current of 95 kA reached at 17 µs. Its action integral is about 260 kA².s. Samples are 450 × 450 mm flat panels with circular bonding/grounding conditions (diameter 370 mm).

In order to support our study on the lightning damage process, a high speed camera is located on the front in order to record the arc root expansion, with a picture every µs. Moreover, a stereocorrelation system is installed on the back of the sample in order to record the real-time deflection profile of the sample, with a recording every 3,8µs [START_REF] Lago | Measurement by a digital image correlation technique of the deflection of panels submitted to lightning pulse currents[END_REF].

Figure 4 provides a schematic of the set up. 

Surface explosion study

In our understanding of the lightning damage process, and as presented in [START_REF] Lepetit | Analysis of composite panel damages due to a lightning strike: mechanical effects[END_REF], core delamination has a mechanical origin (and not a thermal one): it is a stress field induced by mechanical forces generated at the surface of the sample which propagates through the laminate and reaches, at some plies interfaces, the decohesion thresholds. In such a process, the main contributor to delamination appears to be the surface explosion induced by the vaporization of the materials close to the surface [START_REF] Lepetit | Analysis of composite panel damages due to a lightning strike: mechanical effects[END_REF]. Indeed, when lightning current enters the metallic protection and the first carbon plies, it makes them vaporize and the induced explosion is enhanced by the confining effect of the paint. Surface explosion has therefore two contributors: 1. Vaporization of the metallic protection, 2. Vaporization of the resin impregnating the first plies of the laminate. As we wanted to focus our study on the first contributor (explosion of the metallic protection), we used samples made of glass fibres, which (because of their electrical insulation) prevent any injection of current into the laminate. Thus we manufactured samples with 13 plies of glass fabrics GFRP (total thickness ~3 mm), protected with several kinds of metallic protection. Each sample (except for one configuration) is then painted with a 400 µm thick aeronautical coating. The purpose is to compare the "explosive" effect of different protections: SCF one (taken as a non-delaminating reference), ECF 815 g/m², ECF 195 g/m², ECF 175 g/m², ECF 73 g/m².

Tested configurations and resulting damage

The studied configurations are the following ones: 

Maximum displacement profile

The first parameter that can be analysed is the real-time deflection of the sample. On Figure 5, we report the maximum displacement as a function of time. The legend is classified so that configurations are ranked relatively to the damage severity given in §4.1. As expected, the lighter ECF (which, when used on carbon laminate, leads to the larger delamination) presents the maximum deflection.

For its part, the unpainted ECF 195 configuration presents a low displacement compared to the painted one which can be explained by the ability given to the lightning arc to expand freely and rapidly because of the absence of any dielectric constriction, and the extremely reduced explosion force because of the absence of confining effect by the paint. Another point we have to highlight is that the SCF configuration (with 400 µm paint) presents the same temporal deflection profile as the ECF 195 configuration with 400 µm paint. It thus means that the SCF vaporisation confined by the paint generates intrinsically a significant overpressure. The fact that, when used on carbon laminate, this protection leads to no delamination at all has to be explained by the geometrical profile of the induced deflection which is "smoother" than the one generated by ECF so that the stress field and local bending experienced by the sample protected by SCF are much less than the ones experienced by the sample protected by ECF. Next paragraphs will provide more clarity on this point.

Maximum deformation and strain speed

In order to go deeper in the interpretation, it is necessary to look at the geometrical profiles of deflection and their deformation speed. Firstly, we studied the maximum slope of deformation illustrated in Figure 6 and which is an observable of the "concentration" of the stress constraint on the impacted area since the more the sample is bended, the more the stress field is important. . With the slope observable, the lighter ECF is demonstrating again a more powerful behaviour since it keeps strong "pushing" effect at 100µs since the other configurations are already close to a first maximum before entering into vibration.

Figure 7 Max deformation slope of GFRP samples Again, the SCF configuration shows significant deformation even if it does not lead to any damages to the composite. Those conclusions are similar when we analyse the max strain speed which is the speed of the maximum deformation on the back of the sample and is presented in Figure 8.

Figure 8 Max strain speed of GFRP samples An important contributor is not taken into account in this test principle: the explosion in the CFRP due to a portion of the lightning current that is flowing into it. This contributor will increase the power of the surface explosion that generates the mechanical and thermal damage. This "leakage" of current into the CFRP is visible when we study the signature of the vaporised metallic surface.

Lightning strike protection vaporisation profile

The study of the profile of the vaporized area of the metallic protection is important to understand the physical mechanisms involved in the explosion and to associate a chronology and a speed of the different events. The comparison of profile between test on a GFRP panel which ensures that all the current will flow into the metallic protection and test on a CFRP panel covered with the same protection and paint thickness is useful to assess if current leaked into the CFRP.

Solid Copper Foil

Figure 9 shows the comparison of vaporization profile for the painted (400µm) SCF when used respectively on CFRP and GFRP panels. The fact that the vaporized area is exactly the same in both cases clearly demonstrates that absolutely no current flowed into the carbon when it is protected with SCF.

Figure 9 Vaporisation profile of Solid Copper Foil when used respectively on GFRP and CFRP laminates.

This vaporisation profile can be analytically determined by applying the heat equation considering an adiabatic system with no thermal conduction that simplifies the problem.

Those hypotheses are justified due to the rapidity of the event (less than 100µs) and the presence of resin and paint around the protection. The surface of the vaporised metal can be thus expressed as defined below in Equation ( 1 For this SCF, the computed value of the vaporised diameter is 53mm which is close to the experiment. This approach has also been considered by Lepetit in [START_REF] Lepetit | Analysis of composite panel damages due to a lightning strike: mechanical effects[END_REF].

Expanded Copper Foil

For ECF, especially the light configuration, signature of injection of current into the CFRP is observed post-mortem with the presence of dry fibres. The analysis of the vaporised profiles when ECF 73 is used respectively on GFRP (with no possibility of current injection into the laminate) and CFRP, as reported in Figure 10, shows a vaporized surface 15% smaller in the CFRP case, which would mean that a maximum of 8% of the current entered into the carbon laminate.

Figure 10 ECF vaporisation profile comparison

The next step for analysis would be to implement an electrothermal model in order to validate the vaporisation profile with the hypotheses taken above. Due to the anisotropy of the protection, the distribution of current is more complex and will need a coupled computation in order to consider the redistribution of the current with the evolution of the electrical and thermal properties of the material. At this step of our study, this implementation has not been achieved.

Paint effect

We have already indicated that paint can act on the damage process via two different effects: 1. Dielectric constriction effect which prevents the arc root to expand freely on the metallic protection. 2. Mechanical confining of the surface explosion.

Constriction effect of the paint

As demonstrated by experiment in [START_REF] Sousa | Experimental and theoretical studies of lightning arcs and their interaction with aeronautical materials[END_REF], the expansion of the arc on a free surface depends on the electrical conductivity of the substrate. The anisotropy of the ECF leads to an arc expansion following a diamond profile. We can find again this vaporised profile in Figure 11. If we rely on vaporization area profile, we notice that, with a painted panel, the behaviour of the arc appears to be different.

There is a constriction of the arc due to the presence of a dielectric that prevents its extension also analysed in [START_REF] Sousa | Experimental and theoretical studies of lightning arcs and their interaction with aeronautical materials[END_REF] and visible on the vaporised profile that is here linked to the conduction of the current into the protection and not to a direct transfer from the arc. In both cases, all the current flowed into the protection but the profiles are completely different due to the different mechanisms responsible of the transfer.

The deflection profiles are thus completely different as shown at 20µs in Figure 12:

Figure 12 Impact of paint of mechanical constraints

Confining effect of the paint

The confining effect of the paint, which enhances the overpressure generated by surface explosion as studied in [START_REF] Karch | contributions of lightning current pulses to mechanical damage of CFRP structures[END_REF], can be modified by two parameters:

• The thickness of the paint layer (the thicker the paint, the greater the confining effect), which has been already described in §2.2 • The mechanical properties of the paint (rigidity, ability to be broken, and so on).

It is this second kind of parameter that we now study.

For such a purpose, we tested two CFRP samples protected with ECF 195: one is coated with an aeronautical paint, other is covered with a sticker. In both cases, the thickness of the dielectric is the same: 400 µm. Paint and sticker have equivalent electrical but their mechanical properties are very different as the sticker is really elastic in contrary of the paint which is hard and brittle. The samples have been tested with a D-waveform. Post-mortem observation showed that, for the sticker configuration, there is only surface thermal damage due to the arc constriction and no delamination at all (as if there has not been any paint layer). On the contrary, and, as already reported, configuration with standard paint leads to delamination.

Real-time observation of explosion in both cases as shown in Figure 15 which exhibits the arc root in the front of the samples at 35µs can help us to understand the two different situations. The sticker configuration behaves in a different manner as the hot gazes, visible below the transparent sticker, can expand on a large area, with very weak mechanical resistance of the sticker. This is completely different for the paint which is ejected into pieces. The amount of current entering into the CFRP is also linked to mechanical strength of the coating as we can observe more dry fibres with paint than with sticker and this phenomena increases with the paint thickness, thus with a more robust coating.

The mechanical property of the dielectric above the protection clearly influences the confining effect and the amount of current entering into the CFRP, therefore the induced damage.

Mechanical constraints and

As we correlate the delamination to a mechanical phenomenon, it is important to analyse the deformation profile and understand which mechanical constraint will lead to core delamination. Among all those tests, many profiles could be studied with different paint thicknesses, coating types and metallic protections. The stereocorrelation provided many data but the most important ones are the deformation and the deformation speed. As shown in Figure 16, the surface damage has a clear dependency with the first maximum of deformation. The maximum deformation speed gives the same trend. As for the paint thickness, there is a threshold effect above which delamination appears and increases with the deformation. This is thus an important parameter to study in order to understand the surface explosion severity and the consecutive damage.

Conclusions

This paper presents the results of experimental study which aims to better understand the damage process for composite structure submitted to lightning impulse. This experimental activity is a necessary step in order to retrieve quantified values of the arc root expansion, panel deflection, lightning protection vaporisation and their respective link with core delamination. Our knowledge of the lightning damage mechanism is more and more important and will help us to set up better hypotheses for this future model. This activity focuses on the surface parameters which are paint layer and lightning strike protection because it is the surface explosion which appears to be a major contributor to the damage process. This work has tried to separate the different phenomena in order to validate model hypotheses step by step. The next activity will be to validate the metallic protection vaporisation surface in order to create an overpressure model and make the link with core delamination

Figure 3

 3 Figure 3 Effect of paint thickness on delamination for a thin CFRP laminate flat panel protected with ECF.

Figure 4

 4 Figure 4 Lightning test set up & instrumentation Because real-time measurements within the struck area are impossible, those means of characterization are the best compromise in order to get quantified and temporal data of the lightning test.

  • 3 mm GFRP + SCF + 400 µm paint • 3 mm GFRP + ECF 815 + 400 µm paint • 3 mm GFRP + ECF 195 + 400 µm paint • 3 mm GFRP + ECF 195 (no paint) • 3 mm GFRP + ECF 175 + 400 µm paint • 3 mm GFRP + ECF 73 + 400 µm paint In parallel, we tested configurations for which those protections and associated paint thickness are used on carbon laminate (1.6 mm thick). For such configurations, postmortem NDT characterizations showed that delamination is: • Zero for SCF + 400 µm paint and ECF 195 -no paint, • Small for ECF 815 + 400 µm paint • Moderate for ECF 195 + 400 µm paint and ECF 175 + 400 µm paint • Important for ECF 73 + 400 µm paint.

Figure 5

 5 Figure 5 Maximum displacement as a function of time for GFRP samples protected with several kinds of metal protection + paint.

Figure 6

 6 Figure 6 Max deformation slope definition We calculated the maximum deformation slope as a function of time for all the studied configurations. Results are shown in Figure 7. As mentioned in the previous paragraph, the configuration with unpainted ECF presents almost no deformation which demonstrates the strong effect of paint on the radial distribution of the overpressure generated by the explosion of the metallic protection.. With the slope observable, the lighter ECF is demonstrating again a more powerful behaviour since it keeps strong "pushing" effect at 100µs since the other configurations are already close to a first maximum before entering into vibration.

  the action integral of the current flowing in the metallic protection (∫ 𝑨𝑨 𝟐𝟐 (𝒕𝒕)𝒅𝒅𝒕𝒕 ∞ 𝟎𝟎 ) [A².s] • ρ is the density of the metal [kg/m 3 ] • δ is the area density of the metallic protection [kg/m 2 ] • C p is heat capacity of the metallic protection [J/K/kg] • σ is the electrical conductivity of the metallic protection [S/m]

Figure 11

 11 Figure 11 ECF vaporisation profile when used with and without paint

Figure 13

 13 Figure 13 Comparison of samples with sticker and classical paint when submitted to a D lightning waveform (High speed camera picture at 35µs)

Figure 14

 14 Figure 14 Damage vs max deformation (at 30µs) & max deformation speed (at 10µs)
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