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Introduction

One of the interests of aluminium foams is their integration in sandwiches. Two main routes are available to produce sandwiches. The first one consists in bonding with adhesive the foams to aluminium, steel or composites sheets or tubes. In the second, the sandwich structure, is produced in a one step process: a precursor of Al and TiH 2 is co-laminated with Al sheet and then foamed in a furnace. [START_REF] Seeliger | Cellular Metals and Metal Foaming Technology[END_REF] The first process presents the advantage to allow a wide combination of materials (face and core) and also a large choice in dimensions. However the main drawback is the limitation in shape of the structure when panels are considered: indeed in this case only flat panels can be produced. The second technique presents the advantage to allow the manufacturing of non flat panels. The bonding between the face and the core is very good in this case and there is improvement in production time and cost. The Aluminium Foam Sandwich (AFS) investigated in this study was produced using this latter technique with a new alloy for the foam part. In this paper we investigated the structure of the AFS sandwich at various scales: at the scale of the interface between the aluminium face and the foam, at the microstructural scale in order to characterise the constitutive material in the foam and at a mesoscale in order to characterise the cell size distribution and the cell wall thickness distribution. The latter characterisation was performed on several samples in order to get statistical information. The compression behaviour of aluminium foams have Al foam core / Al alloy skins sandwiches have potential for application in light weight structures. Recently, the foaming processes have improved and large, thick and 3D-shape panels can be produced using the precursor technology. The microstructure of an AFS sandwich is analysed in this paper at a microscale and a mesoscale using X-ray tomography and conventional SEM analysis. The main deformation mechanism of the core under compression is also studied thanks to in situ test. It is shown that the foam first present plastic buckling and then walls rupture. This is well correlated to the microstructure of the constitutive material of the core.
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Structure and mechanical properties of AFS sandwiches studied by in-situ compression tests in X-ray michrotomography

been extensively studied using conventional technique and tomography in order to identify the main deformation mechanisms. [2±7] Since the foam investigated here is made with a new alloy for which the deformation modes are not so well known, we also performed such an analysis. A 3D extension of the classical field measurement by 2D image correlation has been recently developed in [START_REF] Bornert | Mesure tridimensionnelle des champs de dØformation par corrØlation d'images microtomographiques[END_REF] . It is used in the present study to characterise the deformation field from the tomography images.

Experimental

The AFS material was produced by ALM GmbH from an aluminium foam precursor (an Al 6 wt% Si 4 wt% Cu alloy) and a 6060 aluminium sheet of 0.9±1 mm in thickness. The experimental panel had dimensions of 1000 mm 600 mm and the total maximum height of 27,5 mm: 0.9±1 mm for the face material and about 25.5 for the aluminium foam core. 5 small pieces (30x30x27.5 mm) were extracted from the panel at various locations in order to perform a statistical analysis of the mesoscale structure. We performed standard SEM analysis of the face/core interface and of the foam microstructure. Furthermore we performed X-ray tomography on the ID 19 beam line at the ESRF with two resolutions: a high resolution of 0.7 lm was used to focus on the face/core interface and a medium resolution (30 lm) was used to study the foam architecture and its reproducibility within the panel. The energy used was 35 keV and a minimum of 1000 projections were taken over 180. This ensured a good reconstruction and a high quality of the images. The compression of the foam was performed on a dedicated device which is directly mounted on the tomography set up [START_REF] Buffire | [END_REF] . This allowed us to perform a compression test and scans for various values of the strain and therefore to identify the deformation mechanisms in 3D.

Structural Characterization of the AFS Sandwich

Interface

As mentioned in the previous section, we performed a tomography analysis of the interface between the foam and the aluminium sheet at high resolution. Figure 1 presents a 2D section extracted from the reconstructed volume: this micrograph is representative of what can be seen in the sample. The interface can be distinguished at the bottom of the image. It is free of visible defects. The apparent bonding between the core and the sheet seems to be excellent. No defect could be seen through the volume except some rupture of the second phase in the core near the interface.

Constitutive Material

As mentioned earlier, the constitutive material of the precursor is a Al 6 wt% Si 4 wt% Cu alloy which should only contain at the equilibrium state, the two phases (Al)+(Si) according to the ternary phase diagram. Figure 2 presents a 2D zoom of a 2D section in the foam. It shows various phases in the constitutive material: ± some Si lamellae can be seen (grey) which are part of the eutectic (Al)+(Si).

± Cu rich phases can also be seen in white: the 1 lm resolution do not allow to distinguish the two phases of the eutectic (Al)+ (Al 2 Cu) which is easily seen in SEM as it can be seen in the zoom. This eutectic is formed owing to non equilibrium solidification: a simple analysis assuming no diffusion in the solid phase allows to calculate that the amount of non equilibrium eutectic should be about 7.8 %, which is roughly what we measure on the micrographs.

± Other phases rich in Fe are present (as shown in the SEM zoom in Fig. 2): these intermetallic phases are located inside the (Al) + (Al 2 Cu) eutectic and their shape look more like platelets than needles. A complete characterisation of a foam needs the determination of several parameters: among them the first one is the global density. The global density is not enough and often a local density distribution is used. [START_REF] Degisher | Kottar in Metal Foams and Porous Metal Structures[END_REF] We performed such an analysis using a size of averaging box of 505050 voxels: this corresponds approximately to the mean cell size. Figure 4 presents the normalised local density histogram for the five samples : in the legend is indicated the mean relative density and the scatter due to the variation in the threshold. As it can be seen the mean relative density is quite homogeneous among the five samples and the local density histogram are quite similar. The second parameter to determine is the cell size distribution. This parameter is not easy to retrieve when cell walls present some cracks. One way to obtain this cell size distribution is to use 3D granulometry with a octahedron as a structural element: this is very efficient for equiaxed structures (in this case it gives an equivalent diameter of spherical shape) and gives also an information on the smallest dimension in a non equiaxed structure. [START_REF] Elmoutaouakkil | [END_REF] Since Figure 3 shows that the cells are mainly equiaxed, this technique should give us a good idea of the cell size distribution. At least, it can be used efficiently to compare these distributions between the different samples of the present study.

Architecture of the Foam

Figure 3 presents a 2D section of the foam extracted from a tomographic reconstruction at a resolution of 30 lm. As it can be seen, the cells are rather polyhedral in shape and present a quite homogeneous size. The 3D investigation of the volume shows some little cracks in the cell walls, cracks often observed in TiH 2 foams.

Figure 5 presents the cell size distribution (the frequency has been normalised by the volume of each class in order to highlight large cells) for the five samples extracted from the panel. A mean cell size of about 3 mm is measured for all samples which indicates a good reproducibility of the panel. However, in two particular samples (# 3 and # 5), cells as large as 6 mm can be found. The 3D granulometry can also be performed on the aluminium in order to extract cell wall thickness and the edges thickness. Figure 6 shows that for three of the five samples (# 2, # 3 and # 5), the curve seems to present two convoluted peaks: the first one is due to cell wall thickness and the other is basically the struts thickness. Deconvoluting the peaks allows to give an estimation of the mean cell wall thickness: a value of 0.18 mm ± 0.03 mm is obtained. The ratio of the two peaks allows calculating the u factor (solid fraction in the cell edge [START_REF] Gibson | ªCellular Solids: Structure and Propertiesº[END_REF] ): values in between 0.50 and 0.60 have been found for the samples. 

In-situ Deformation of the Foam

Qualitative Information

In order to determine the main deformation mechanism of the foam, we performed an in situ compression test using a specific device developed for in situ tomography. [START_REF] Bornert | Mesure tridimensionnelle des champs de dØformation par corrØlation d'images microtomographiques[END_REF] Since tomography is non destructive this allows to study in 3D the main deformation mechanism. We performed 4 scans as indicated by the black circle on Figure 7. The stress-strain curve shows a large decrease in stress after the first peak which may indicate that some rupture occurs in the foam as it has been observed in other foams. [START_REF] Maire | [END_REF] As expected, the foam presents a high localisation of strain during the compression test. Figure 7 presents also 2D sections extracted in the middle of the volume for the four scans. As it can be seen there is a clear evidence of plastic buckling of the cell walls when the stress is at its maximum (see black arrow in (2)). It seems that rupture of the cell walls occurs in (3), which explains the large decrease in stress. Lastly in (4) a whole band of cells has crushed as indicated by the arrows. The rupture of the walls is due to the nature of the constitutive material which contains a large amount of non ductile second phase particles as shown previously.

Quantitative Information

Quantitative information of strain during the in situ compression testing can be studied using strain mapping. This has already been investigated on foams in 2D [START_REF] Gibson | ªCellular Solids: Structure and Propertiesº[END_REF] but less in 3D. We performed this analysis in 3D and the principle is to compare images of the same sample in two different configurations to get the displacement field relating the first to the second. This is done by optimizing a correlation coefficient which measures the similarity of the grey level distribution in small domains around the corresponding positions in the two images, an optimal value of this coefficient corresponding to patterns that match best, which are likely to correspond to the same material points. This technique derives from the 2D version described in the literature. [14] The correlation coefficient is calculated on a 3D (instead of 2D) domain. It has already been used to characterize the deformation of foams. [START_REF] Jasiunien | Cellular Metals and Metal Foaming Technology[END_REF]15] One can refer to this last article to get a complete description of the mathematical framework used. In the present study, the local movements are assumed to be pure translations, and subvoxel accuracy is obtained by means of grey level interpolation in the deformed image. The used correlation domains are 40 3 voxels, which roughly represents 1/10 th of the size of the sample. These displacement measurements are performed at all points on a regular 101010 grid in the sample. The 3D strain mapping is obtained by interpolation and derivation of this discrete displacement map. Note that local strain values are relative to a 40 voxels gage length, i.e. 1.2 mm.

Figure 8 presents the results obtained between state 2 and 3 (see Fig. 7): the local strain histogram through the volume is plotted. The real nominal macroscopic strain is also mentioned. Furthermore a 3D rendering of the complete local strain field (strain along the compression axis) is shown in the left and a 3D rendering of a selection of the same strain field only showing values larger than the macroscopic strain is shown in the right of the figure. The correspondence between strain value and the grey level is also indicated below the local strain axis. It is clear from the histogram and from the 3D rendering that there is strain localisation at the top of the sample. This is in good agreement with the qualitative results shown in Fig. 7. The bottom part of the sample is absolutely not deformed as revealed by this strain measurement.

Conclusion

We investigated the structure and the compression behaviour of an AFS sandwich produced with a new alloy (Al6 %-Si4 %Cu). The structural characterization was performed on several samples extracted from the panel. It leads to the following conclusions: ± The interface between the core and the face is excellent: no defects were found ± The local density distribution indicates a quite homogeneous foam with a mean cell size of 3 mm, a mean cell wall thickness of 180 lm.

± The constitutive material presents (Al)+(Al2Cu) eutectic due to non equilibrium solidification and also some Fe intermetallics.

± Under compression the foam present first a plastic buckling behaviour of the walls followed by a rupture of these walls: this lead to a large decrease of the stress after the peak stress.

± The 3D strain mapping reveals that the strain is highly localized even in the very first step of strain.
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Fig 1 .

 1 Fig 1. 2D section of the interface between the foam and the aluminium sheet obtained using X ray microtomography (1 lm resolution).

Fig 3 .Fig 4 .

 34 Fig 3. 2D section extracted from the 3D data obtained for the foam by microtomography: the width of the sample is ~25 mm.

Fig 5 .Fig 6 .

 56 Fig 5. Cell size distribution in the five samples obtained with 3D granulometry analysis on the pores.

Fig 7 .

 7 Fig 7. Stress-strain curve during in situ compression tests: 4 scans have been performed on the same sample at various strains as indicated in the graph by the numbers (1) to (4). The 2D slices extracted from the 3D volumes show the main deformation mechanisms for every stage. The width of the sample is ~25 mm.

Fig 8 .

 8 Fig 8. 3D strain mapping between state 2 and 3: histogram of the local strain within the volume. 3D rendering of the local strain is presented on the right and on the left only local strain higher than the macroscopic one are presented in the 3D rendering. The height of the sample is approximately 24 mm.