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The use of hybrid structures where the right material is used at the right place for its best properties is of great interest for structures optimisation, particularly when mass reduction is required. In such hybrid structures, where metal and composite are closely in contact, the strength of the interface between the metal and the composite can be altered by the galvanic corrosion between the aluminium and the composite when Carbon Fibres Reinforced Plastic (CFRP) is used. This paper is related to the corrosion and mechanical properties of an Aluminium/CFRP co-cured hybrid structure. The influence of the aluminium surface treatment on the interface properties obtained after a one step co-curing manufacturing process has been assessed. Al-2024 aluminium alloy treated by either tartaric-sulphuric anodizing (TSA), chromic acid anodizing (CAA) or silane pre-treatment (γ-GPS) has been used and co-cured with CFRP. The galvanic corrosion behaviour of the Al/CFRP hybrid system has been determined with the Evans diagram method and the mechanical strength of the interface has been characterized with a single-lap joint tensile test before and after exposure of the samples in a salt spray chamber. The different surface treatments of the aluminium alloy have been compared in term of both galvanic corrosion and adhesion properties before and after corrosive environment exposure in order to find the best compromise for Al/CFRP structure applications.

Introduction

Hybrid composite/metal structures already exist for aerospace applications. These hybrid structures are mainly made of composite materials for their good performance to weight ratio. Metal inserts are generally used so as to fill the lack of composite performances, such as conductivity or joining capabilities.

The classical industrial process used for hybrid structure is to manufacture the composite and metal components separately, prepare them before performing the assembly step to get the final hybrid structure. This process is time consuming and some operations, such as drilling of the composite material, could drastically reduce its performances. To overcome this situation, this study focuses on Aluminium/CFRP (Carbon Fibres Reinforced Plastic) hybrid structures made by a one step co-curing process.

In such hybrid structures, where metal and CFRP are closely in contact, the strength and durability of the interface between metal and composite are fundamental to ensure the load introduction from metal to composite. It is well known that metal pre-treatments like chromate conversion or anodizing is beneficial to the adherence and corrosion resistance of polymers on aluminium [1,[START_REF] Petrie | Metal Finishing[END_REF][START_REF] Zhang | [END_REF]. These processes are for example commonly used in painted aluminium structures or aluminium adhesive bonding in aerospace industry [START_REF] Petrie | Metal Finishing[END_REF].

Because of high corrosion potential gap between aluminium and carbon, strong galvanic corrosion can occur. It is therefore of great interest to study the influence of the aluminium treatments on interface corrosion properties in such couple of materials and to assess the durability of the joint after exposure to corrosive environment.

The dichromate etching and chromic acid anodizing are well known to improve corrosion resistance and adhesion between aluminium and polymers in adhesive joining or painting systems. But, due to its CrVI compounds content, these treatments have to be substituted. In this study, other treatments without CrVI compounds, and identified as potential substitutes in aerospace industry have been used and compared to chromic acid anodizing in co-cured Al/CFRP applications. Chromic Acid Anodizing (CAA), Tartaric Sulphuric Anodizing (TSA) and γglycidoxypropyltrimethoxysilane silanization (γ-GPS) treatments have been applied to Al-2024 and characterised in term of galvanic corrosion face to CFRP, and in term of mechanical properties of the interface before and after salt spray exposure. The galvanic corrosion rate has been determined with untreated and treated Al-2024 by the Evans diagram method. The mechanical strength of the interface between Al-2024 and CFRP has been determined with co-cured Al/CFRP single lap joints (SLJ) tensile test in order to asses the mechanical properties of the Al/CFRP interfaces in mode II (in-plane shear).

Experimental

The materials selected for this study are a Al-2024 aluminium alloy (composition in wt.%: 4.4% Cu, 1.50% Mg, 0.6% Mn, Al bal.), and a CFRP quasi-isotropic UD laminate (T700GC/M21, Hexcel Composites) made from prepreg.

For galvanic corrosion measurements, 10 x 10 x 4 mm coupons were cut into a 4 mm thick Al-2024 sheet. 10 x 10 x 4 mm coupons were cut in a CFRP in order to expose the face in contact of the aluminium alloy in the co-cured material as shown on Figure 1. In order to asses the direct galvanic coupling between Al and carbon fibres, a carbon fibres yarn was embedded in isolating resin and polished, to be used as electrode. The surface of the carbon fibres was determined with the number of fibres in the yarn and the diameter of the carbon fibres.

Face in contact with the aluminium alloy For single lap joint tensile tests, 125 x 156 x 8 mm hybrid plates, made of two overlapped foils of Al/CFRP were prepared by a co-curing process (Figure 2). The first foil was made of composite whereas the second one was made of aluminium. Each layer had the same size of 125 x 90 x 4 mm. The overlapping distance was set to 24 mm. The following step were followed for the co-curing process: (i) aluminium sheet was put into the mould, after being prepared; (ii) The plies were deposited according to the stacking sequence; (iii) A two hours dwell at 180°C was performed to consolidate the composite. In addition, a pressure of 6 bars was applied to composite during curing. The Al/CFRP interface was generated before gelation of the polymer when the resin flows from prepreg to the interface; (iv) Finally, four 156 x 24 x 8 mm SJL specimens were machined in the co-cured specimen. Before manufacturing of hybrid materials, the aluminium samples were prepared as follows:

The surface of the alloy samples was cleaned with ethanol and deionised water. Alkaline cleaning of the samples was carried out in a 10% NaOH solution for 2 min at 60 °C. The samples were then rinsed in deionised water and etched in a 30% nitric acid solution for 10 min at room temperature. The samples were then cleaned with deionised water and dried for 30 min at 80°C. Finally, Chromic Acid Anodizing (CAA), Tartaric Sulphuric Anodizing (TSA) or γ-glycidoxypropyltrimethoxysilane silanization (γ-GPS) were used as shown in Table 1. The pre-treated samples were tested in corrosion tests or co-cured with the CFRP before one hour after the pre-treatment.

Process

The galvanic corrosion was evaluated by the Evans method using polarisation curves of aluminium alloy and CFRP specimens separately. The polarisation curves were measured using a model 273A potentiostat in a neutral 3.5% NaCl solution at room temperature (20 °C). The potential scanning rate was 1 mV. s -1 . A saturated Ag/AgCl electrode was used as the reference electrode, and the counter electrode was a platinum wire. The specimens were embedded with epoxy resin to isolate the rear face of the sample and the electric connection, leaving only one face exposed to the solution during the electrochemical measurement. The surface of each specimen was measured before testing and the current densities presented in this paper were normalized to this measured surface.

The durability test of the specimens was conducted during 240h at 35°C in neutral 5% NaCl salt spray according to ASTM B117 with a S120T Salt Spray Chamber from Ascott.

The SLJ mechanical test was carried out with a MTS DY-37 tensile test machine.

Results and discussion

The galvanic current density and potential determination was carried out using the Evans method. This method consists in measuring the polarisation curve of the two constitutive materials in the aggressive media separately and in constructing the galvanic coupling in representing on the same graph, the anodic part of the aluminium polarisation curve and the absolute value of the cathodic part of the composite curve.

The Figure 3 shows the obtained Evans diagrams for unprotected and protected Al-2024 coupled with either the CFRP or the single non-impregnated carbon fibres yarn. For each Aluminium/CFRP or Aluminium/CF yarn configuration the coupling potential and coupling current density was determined by intercept of the anodic part of aluminium curve and the cathodic part of CFRP or carbon fibers yarn curves. An example of the determination of the coupling potential and current density is presented for the unprotected Al-2024/Carbon fibres yarn configuration in the Figure 3. The results obtained for each coupling configuration are summarised in the Table 2. It can be seen that whatever the treatment, a decrease of the galvanic corrosion current can be observed compared to untreated alloy showing the protective effect of either CAA, TSA or γ-GPS treatment. However, the efficiency of the treatment is different depending on whether the coupling has been measured with the CFRP sample or the carbon fibres yarn.

In the case of galvanic coupling with a CFRP sample, the best treatment is γ-GPS with a galvanic current density divided by 2.4 compared with the unprotect Al-2024 alloy, followed by CAA with a galvanic current density divided by 1.9 and TSA with a galvanic current divided by 1.5.

In the case of coupling with a carbon fibres yarn, the best treatment is CAA with a galvanic current divided by 5 compared to the unprotected Al-2024 alloy, followed by γ-GPS with a galvanic current density divided by 3.1 and TSA with a galvanic current density divided by 2.1.

This difference can be explained by the fact that CAA, TSA and γ-GPS don't show the same behaviour on the polarisation curves (Figure 3). It can be seen that TSA and γ-GPS lead to a significant positive potential shift of the Al-2024 polarization curve with only a weak current density reduction at high potential, whereas a very weak positive potential shift of the polarization curve and a strong current density reduction are obtained with CAA Treatment. This difference in behaviour leads to the fact that the efficiency of the CAA treatment compared to TSA or γ-GPS strongly depends on the cathodic part behaviour of the galvanic couple (Al-2024 part). When the galvanic coupling is weak (low zero current potential gap and/or low current density), γ-GPS is better than CAA because of its positive potential shift effect, whereas CAA becomes better than γ-GPS when galvanic coupling is strong (high zero current potential gap and/or high current density) because of its resistive effect inducing current density reduction at high potentials. The Evans diagrams can also compare the effect of carbon fibres themselves on the galvanic coupling between the aluminium alloy and the CFRP. It can be seen from Table 2 that the galvanic current density is about 8 to 25 times higher in the case of direct coupling with a carbon fibres yarn than in the case of coupling with the CFRP. This result shows the fundamental effect of the conductive carbon fibres in the galvanic corrosion behaviour of metal/CFRP structures.

The presence of the epoxy resin between carbon fibres in the CFRP increases the electrical resistance of the interface, and thus reduces the apparent galvanic current density compared to the case of direct coupling of carbon fibres with aluminium alloy. However, it has to be noticed that the galvanic current density measured in this case is obtained by dividing the measured current by the total surface of the CFRP specimen which is constituted of conducting carbon fibres and isolating epoxy resin. Actually, the local current density can probably be as high as the current density measured in the case of direct coupling between aluminium alloy and the carbon fibres yarn, suggesting that if the apparent corrosion rate appears to be low, the local corrosion rate can be very high and damage the interface anyway.

In order to evaluate the damage of the galvanic corrosion on the Al/CFRP interface strength and assess the durability of CAA, TSA and γ-GPS in corrosive environment, SLJ tensile tests were carried out on co-cured specimens before and after aging in a neutral salt spray chamber during 240h at 35°C. Tensile tests were carried out at a constant strain velocity of 1 mm/s until the ultimate load was reached. In order characterize the experimental dispersion, four samples of each configuration were tested. The lap-shear failure stress of the samples are presented on Figure 4. The results are normalized by the failure strength of the CAA specimens before ageing. On this figure, error bars represent the standard deviation of the four measurements. It can be seen from the tensile tests results that the ultimate load is approximately similar before salt spray exposure whatever the treatment of the aluminum foil, showing that TSA and γ-GPS can provide a similar adhesion between aluminum and CFRP compared to CAA treatment. However, it can be seen from the results obtained after salt spray exposure that a strength reduction of about 20% occurs with TSA and γ-GPS, whereas no reduction is observed with CAA treatment. The reduction of strength is lower with TSA and γ-GPS than without any treatment, showing an anticorrosive effect of TSA and γ-GPS, but the protection is not as efficient as CAA treatment.

This result confirms the excellent durability of the CAA treatment in corrosive environment but also confirms the issue of substituting CAA with a REACh compliant treatment providing similar performances.

Conclusion and perspectives

A process of co-curing Al/CFRP structures was presented. Several surface treatments of the aluminium alloy were used to improve the interface properties between the polymer matrix of the composite and the aluminium substrate. These surface treatments were characterized in terms of galvanic corrosion resistance and residual properties of the interface after ageing. The galvanic corrosion behaviour was measured by the Evans diagram method, and the interface properties were assessed using the SLJ tensile test before and after neutral salt spray exposure.

According to the Evans diagrams, it appeared that the γ-GPS and TSA can give a better corrosion protection than CAA in weak coupling case, but that CAA is still the best treatment in case of strong coupling. In our Al-2024/CFRP case, where the galvanic coupling was measured to be weak, it was shown that γ-GPS gave the best protection in 3.5% NaCl solution.

According to the results of the SLJ tests, the three tested treatments of the aluminium alloy gave a similar interface strength of the interface just after co-curing, showing that TSA or γ-GPS can provide a good adhesion of the interface.

However, as it has been shown that a 20% reduction of the interface strength was obtained after 240h salt spray exposure with TSA and γ-GPS whereas no reduction is observed with CAA. This result highlight the very good durability of CAA treatment compared to the TSA and γ-GPS one.

It therefore appears from this study that TSA and γ-GPS appear to be suitable candidates for the substitution of CAA treatments in terms of adhesion and initial mechanical properties, but the long term anti-corrosion properties of TSA and γ-GPS is not durable enough, inducing mechanical strength reduction after corrosive environment exposure, which is detrimental for aerospace applications.

It thus appears important to work on alternative solutions like surface treatment improvement or electrical isolation between the CFRP and the alloy without degrading the adhesion in order to isolate aluminium from CFRP and prevent galvanic corrosion in Al/CFRP hybrid structures.
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 1 Figure 1: Description of the CFRP used in the study and identification of the face tested in galvanic corrosion measurements.
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 2 Figure 2: Al/composite specimen preparation for SLJ tensile tests.
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 3 Figure 3: Evans diagrams obtained for untreated and treated Al-2024 alloy coupled with a CFRP specimen and a carbon fibers yarn.
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 4 Figure 4: Effect of aluminium pre-treatments on the tensile strength of Al-2024/CFRP interface before and after 240h salt spray test on co-cured single lap joint specimens.
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 2 Potential and coupling current density for coupling between untreated and treatedAl-2024/CFRP, and between untreated and treated Al-2024/carbon fiber yarn.