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The real contact area 𝐴 𝑅 between two solids in contact is an outstanding quantity that controls the frictional and adhesive behaviour of a contact interface. Most of the experimental methods to measure 𝐴 𝑅 are based on the contrast in local optical properties of the interface, between in-and out-of-contact regions. Although those methods recently enabled various new insights into contact mechanics and tribology, they suffer from important limitations: they require that at least one of the two solids is optically transparent; they only provide information about the real interface, including 𝐴 𝑅 , but not to the bulk deformation that is at the origin of 𝐴 𝑅 . Here, we propose in situ X-ray Computed Tomography (XRCT) as an appealing alternative method to overcome those limitations. Indeed, it enables three-dimensional access to interfaces within potentially non-transparent contact pairs. We test the advantages and disadvantages of the method on the smooth contact between a smooth elastomer sphere in contact against a smooth rigid plate. Such a tribological system is chosen because the real contact area measurement can be benchmarked against standard optical results. We show that XRCT can, in addition, give unique access to the full surface deformation of the solids in contact, opening the way to deeper comparisons with existing models of adhesive spherical contacts.

Introduction

A good understanding of the tribological behaviour (e.g. friction and adhesion) of contact interfaces involving soft materials (e.g. gels, elastomers and human skin) is required in a variety of systems, either natural (e.g. fingertip/textured surface [START_REF] Scheibert | The Role of Fingerprints in the Coding of Tactile Information Probed with a Biomimetic Sensor[END_REF]) or engineered (e.g. tire/road [START_REF] Persson | On the nature of surface roughness with application to contact mechanics, sealing, rubber friction and adhesion[END_REF]) and soft robotics [START_REF] Mengaldo | A concise guide to modelling the physics of embodied intelligence in soft robotics[END_REF]). A critical quantity that controls the mechanical response of a contact interface is the so-called real contact, i.e. where the two solids are in intimate contact. For instance, the friction force is often proportional to the total area of real contact 𝐴 𝑅 [START_REF] Bowden | Mechanism of Metallic Friction[END_REF][START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF]. Other morphological features of the real contact, e.g. its potential anisotropy [START_REF] Sahli | Shear-Induced Anisotropy in Rough Elastomer Contact[END_REF][START_REF] Putignano | Viscoelasticity induces anisotropy in contacts of rough solids[END_REF], affect most of the macroscopic responses of the interface, including thermal or electrical conductivities [START_REF] Valentin | Contact Mechanics and Friction[END_REF], contact stiffnesses [START_REF] Medina | Analytical and Numerical Models for Tangential Stiffness of Rough Elastic Contacts[END_REF] or wear [START_REF] Aghababaei | On the debris-level origins of adhesive wear[END_REF]. The real contact morphology depends on (i) the intrinsic features of the individual solids, including their elastic moduli, macroscopic shape and surface roughness (see [START_REF] Vakis | Modeling and simulation in tribology across scales: An overview[END_REF] for a review), (ii) the interactions between their surfaces, adhesion in particular [START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF], and (iii) the loading conditions, including the normal [START_REF] Dieterich | Direct observation of frictional contacts: New insights for state-dependent properties[END_REF] and shear forces [START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF] and the time elapsed since contact creation [START_REF] Dieterich | Direct observation of frictional contacts: New insights for state-dependent properties[END_REF]. All those dependencies and their potential interplay make it difficult to predict the real contact of a given system, so that experimental measurements remain necessary.

The measurement of the real contact area, 𝐴 𝑅 , is then of strong importance in understanding the adhesive and shear-resistance properties of a contact interface. However, despite a significant number of numerical or analytical contact models available in the literature [START_REF] Müser | Meeting the Contact-Mechanics Challenge[END_REF][START_REF] Vakis | Modeling and simulation in tribology across scales: An overview[END_REF], experimental measurements of 𝐴 𝑅 are still challenging. Up to now, the vast majority of 𝐴 𝑅 measurements have been made using optics-based setups offering a contrast between the real contact area and the rest of the interface (out-of-contact regions) [START_REF] Dieterich | Direct observation of frictional contacts: New insights for state-dependent properties[END_REF][START_REF] Shmuel | Crack-like processes governing the onset of frictional slip[END_REF][START_REF] Chateauminois | Friction and shear fracture of an adhesive contact under torsion[END_REF][START_REF] Krick | Optical In Situ Micro Tribometer for Analysis of Real Contact Area for Contact Mechanics, Adhesion, and Sliding Experiments[END_REF][START_REF] Prevost | Probing the micromechanics of a multi-contact interface at the onset of frictional sliding[END_REF][START_REF] Dalzin | Tribological origin of squeal noise in lubricated elastomer-glass contact[END_REF][START_REF] Sahli | Shear-Induced Anisotropy in Rough Elastomer Contact[END_REF][START_REF] Acito | Adhesive Contact of Model Randomly Rough Rubber Surfaces[END_REF][START_REF] Lengiewicz | Finite deformations govern the anisotropic shear-induced area reduction of soft elastic contacts[END_REF]. In such experimental studies, the use of at least one optically transparent material is required and strongly limits the number of systems that can be analysed, by excluding opaque materials. Another limitation is that, in most cases, only the 2D projected area of contact is available. In practice, it is usually unsuitable for non-planar contact interfaces having an out-of-plane extension larger than the depth of field of the optical setup (for instance contacts between a rigid sphere and a compliant plane, under a large normal load). Even for planar contacts, the out-of-contact surfaces around the real contact are often, depending on the optical method used, either non-detected (e.g. when real contact is imaged by total internal reflection [START_REF] Shmuel | Crack-like processes governing the onset of frictional slip[END_REF]) or out-of-focus [START_REF] Lengiewicz | Finite deformations govern the anisotropic shear-induced area reduction of soft elastic contacts[END_REF]. Thus, optical methods generally limit the analysis of the contact state to the evolution of 𝐴 𝑅 , hindering any access to the full surface displacement field that accompanies the creation of the real contact.

In this study, we aim at overcoming the above-mentioned limitations by using an X-ray Computed Tomography (XRCT) method to investigate the contact between two solids in 3D. Indeed, XRCT constitutes a promising characterisation method when it comes to non-destructive, in situ or in operando three-dimensional observation of a contact interface. We expect it to overcome the limits of optical transparency, with the additional benefit of giving access to a full 3D observation of the vicinity of the contact zone (out-of-contact regions). XRCT is classically used to characterise the 3D volume of a specimen in a non-destructive way: the specimen is placed between an X-ray source and a detector and a series of radiographs are taken during its step-by-step rotation; then, well-established algorithms enable reconstruction of the 3D volume from the numerous 2D projections of the specimen [START_REF] Philip | X-ray computed tomography[END_REF]. 3D rendering of the solids' surfaces or internal interfaces in multiphase materials can be obtained by surface extraction techniques, based for example on the Marching Cube algorithm [START_REF] Lorensen | Marching cubes: A high resolution 3D surface construction algorithm[END_REF]. Only a few studies in the literature attempted to use XRCT to image the morphology of two non-optically transparent surfaces in contact. Zhang et al. [START_REF] Zhang | Experimental and finite element analyses of contact behaviors between non-transparent rough surfaces[END_REF][START_REF] Zhang | A discussion on the capability of X-ray computed tomography for contact mechanics investigations[END_REF] (for rough metallic contact) and Kriston et al. [START_REF] Kriston | A novel method for contact analysis of rubber and various surfaces using micro-computerized-tomography[END_REF] (for rough rubber contact) mainly focused on the evaluation of 𝐴 𝑅 and surface separation. Aleksejev et al. [START_REF] Aleksejev | In-situ X-ray tomography of wear -A feasibility study[END_REF] used XRCT instead of post-mortem measurements to evaluate the wear state of two contacting bodies. In all these studies, the analyses were carried out on complex surfaces without carrying out a preliminary and necessary examination of the limits of XRCT; such as estimating the errors in the measurement of the contact area.

Thus, the question addressed in this work is whether or not the XRCT technique, developed for 3D observation of volumes, can be reliably used for 3D observation of interfaces and quantitative measurement of the real contact area 𝐴 𝑅 in tribological systems. We focus here on the in situ measurement of the evolution of 𝐴 𝑅 during a compression test (normal loading) performed on a model system consisting of a soft smooth sphere in contact with a rigid smooth plane. Such a system has been chosen because it is adapted to the constraints of X-ray tomography but can also be investigated using more classical optical devices. This allows us to benchmark our XRCT 𝐴 𝑅 measurements against an already mastered 2D optomechanical device [START_REF] Guibert | A versatile flexure-based six-axis force/torque sensor and its application to tribology[END_REF]. In the framework of this type of contact, the apparent contact area is coincident to the real contact area but the same considerations may be applied to more realistic rough contacts (where 𝐴 𝑅 is much smaller than 𝐴 𝐴 ). Finally, based on such 3D images of our model contact system, we will show, that we can extract the 3D surface displacement field and compare it to the predictions of the most used theoretical models of adhesive contact mechanics [START_REF] Barthel | Adhesive elastic contacts: JKR and more[END_REF][START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF].

Materials and Methods

Sphere-on-plane contact specimens

The investigated tribological system consists of a soft hemisphere in contact with a stiff plate. While little preparation was needed for the stiff body, made of 5 mm-thick PMMA (Polymethyl methacrylate) plate cut to a diameter of 20 mm, the soft hemisphere was made of a PDMS (Polydimethylsiloxane) specimen specially designed for the experiment.

The PDMS material is a Sylgard 184 silicone (®™Dow Corning) known for its low Young's modulus, large toughness, good chemical resistance and optical transparency [START_REF] Delplanque | Solving curing-protocol-dependent shape errors in PDMS replication[END_REF]. In terms of tribological interests, PDMS was chosen for its transparency and low modulus. The first property allowed us to compare the XRCT results with already mastered optical measurements of the contact area, while the second one permitted us to get a large and observable contact area compatible with the resolution of our tomograph. Sylgard 184 was supplied as a two-part liquid component kit: a pre-polymer base and a curing agent that were mixed with a mass ratio of 20:1. The liquid mixture was also charged with hollow micrometric glass beads (K15, 3M™), filtered to an external diameter between 80 µm and 100 µm and mixed with a volume fraction of 7.17 % inside the PDMS matrix. Such beads are intended to be used as markers for Digital Volume Correlation in an upcoming study. Nevertheless, an external superficial thin film of pure PDMS was added on the exterior surface of the hemisphere to promote smooth contact with the PMMA plate and to prevent the presence of beads at the extreme surface, which would have an influence on the contact behavior. The whitish color is due to the presence of glass beads in the bulk. After reticulation, the sample is glued on an M8 countersunk screw for easy installation in the compression device.

Figure 1 depicts the sample preparation procedure. First, a small drop of pure PDMS is deposited in a smooth concave glass lens (9.42 mm radius of curvature, model 45-014, Edmund Optics ® ) inserted in a 12 mm-diameter cylindrical mould. Then, a spin coater (model SPIN 150, APT GmbH) is used to spread the drop and produce a 30 µm thick film of pure PDMS, reticulated for 10 minutes at 80 • C. The remaining volume of the cylinder is then filled with the PDMS mixture with glass beads and is subsequently reticulated for 1.5 hours at 80 • C to reach a complete cross-linking. Note that the mould, covered by a glass plate, is rotated every 10 minutes during reticulation (see blue arrow in fig. 1b) in order to obtain a homogeneous dispersion of glass beads in the bulk. The resulting PDMS sample shows an apparent Young's modulus 𝐸 ≃ 0.7 MPa and a work of adhesion 𝑤 ≃ 0.06 J∕m 2 . The method to extract the Young's modulus and the work of adhesion from compression tests is provided in section 2.3.2.

The specimens elaborated in the present work were designed for the in situ tomography procedure presented in the next section, but they also comply with the experimental set-up used for the optical measurement of 𝐴 𝑅 and detailed in section 2.3.2.

In situ compression test under X-ray tomography

The tomograph used in this work was a V-TomeX device (GE Phoenix X-ray GmbH) with a 2520 V detector from Varian (Pixel matrix 1920x1536, pixel pitch 127 µm 2 ). 900 radiographs with an exposure time of 999 ms (averaging 3 images with an exposure of 333 ms for each image) were taken during the 360 • rotation of the specimen. This dwell time was chosen as an optimisation of two effects. If the time is too short, the signal on the detector would be insufficient with a low value of the signal to noise ratio and a low-quality reconstructed volume. Conversely, an high exposure time would extend too much the time required to complete a scan with a possible important relaxation of the body and the presence of blurring in the image. The polychromatic conical X-ray beam was produced at 80 kV and 280 mA. The 3 radiographs averaged at each angular step reduced the noise and lead to a total acquisition time of 20 minutes for each volume. Reconstruction of the 3D volumes was obtained with the filtered back-projection algorithm [START_REF] Feldkamp | Practical cone-beam algorithm[END_REF] available with the tomograph. The 16-bit gray level volumes provided by the reconstruction algorithm were subsequently converted to 8-bit for further image visualization and processing.

The experimental setup is shown in Figure 2. An in situ compression device was used to carry out normal loading experiments [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF], installed on a 4-axes moving stage between the X-ray tube and the detector. The PDMS sample of Figure 1c was screwed on the lower moving rod of the compression device. On the other side of the rod, a motorized vertical translating stage imposed the 𝑧-displacement during the experiments. The PMMA plate was glued to the fixed upper rod, which was connected to a 200 N load sensor with a sensitivity of 0.008 N. A PMMA tube (external diameter 30 mm, internal diameter 26 mm) connected the upper and lower parts of the compression device to allow the transmission of forces to the interface. Note that the outer diameter of the tube constrained the minimum distance between the specimen and the X-ray source. In the optimal configuration, i.e with the sample as close as possible to the X-ray source, the voxel size was 4 µm. The resulting field of view close to the contact zone was 6.8 × 6.8 × 2.8 mm 3 . In this local tomography configuration, the object is larger than the field of view of the detector.

The compression tests were carried out step by step under controlled displacement with 20 µm steps from 0 up to 160 µm (loading) and back to -10 µm (unloading). Due to the quasi-static conditions required by the XRCT technique (20 minutes scans at each loading step), a dwell time was required to prevent any significant visco-elastic relaxation of the PDMS during the scans, avoiding therefore potential image blurring and variation of 𝐴 𝑅 during the acquisition of images. An optimum waiting time of 5 minutes was applied before scanning at each load step. This optimal time was found thanks to an additional optical experiment at imposed load during which we followed the evolution of 𝐴 𝑅 . It showed that the variation of 𝐴 𝑅 was negligible after 5 minutes compared to the resolution of the tomography measurement. The temperature inside the tomograph was controlled through a cooling system regulating the X-ray tube so that temperature elevation of the ambient air in the lead cabin should be less than one degree. In the present case, our experiments were carried out at 25 In the present configuration, the PMMA disk is fixed while the displacement is imposed on the PDMS specimen.

Contact area measurements 2.3.1. 3D surface extraction from X-ray Computed Tomography

The goal of the procedure developed here is to compute the real contact area 𝐴 𝑅 for each volume acquired during the in situ compression test. This is carried out by image analysis performed on the gray-level volumes resulting from the tomography reconstruction process.

The first step consists of a segmentation task to label each voxel of the volumes. We have adopted the Random Walker Segmentation [START_REF] Grady | Random Walks for Image Segmentation[END_REF] method, as implemented in the python scikit-image package [START_REF] Van Der | scikit-image: image processing in Python[END_REF], to separate the different phases in the volumes, namely air, PMMA and PDMS materials. Starting from a set of labelled markers for each phase, an anisotropic diffusion equation is solved where the diffusion coefficient depends on the gradients in the gray level. Diffusion is facilitated if neighbouring voxels present similar gray values and it is penalized by the presence of high gradients. In the end, the label of each voxel corresponds to the one of the known marker that has the highest probability to reach it during the diffusion process. The algorithm was run with a penalty coefficient 𝛽 = 10 4 for the diffusion.

Figure 3 shows how the algorithm performed the segmentation task. The first step consisted in assigning a label to the markers, defined as a limited set of voxels belonging to one of the three phases without ambiguity. To do so, we started by extracting the gray-level 𝐺 from a vertical profile in the 3D volume, judiciously chosen to cross the three phases (see the blue superimposed dashed line in Figure 3a). In this way, an average gray value could be calculated for each phase. The markers of a given phase thus corresponded to all voxels of the volume with a gray level equal to the average value plus or minus a tolerance of 10 % (see the narrow coloured bands superimposed on the gray-level profile). The markers obtained from this step are illustrated in Figure 3b. Finally, the diffusion process with the Random Walker algorithm produces the segmented volume of Figure 3c, where each voxel shows a unique label corresponding here to either air (in black), PMMA (in white) or PDMS (in grey). Starting from the labelled volume of the contact specimen at a given load, 3D surface reconstruction was used to extract the contact area. The procedure is based on a multi-material extension of the marching cubes algorithm [START_REF] Lorensen | Marching cubes: A high resolution 3D surface construction algorithm[END_REF][START_REF] Wu | Multiple material marching cubes algorithm[END_REF]. The latter is available for example in the commercial Avizo software (ThermoFisher Scientific) and is valid for any complexity of the contact surface. The algorithm creates a surface mesh of the boundaries of the materials with triangular elements, where the characteristic length of the triangles is the voxel edge. The global surface mesh is partitioned into several surface patches depending on the materials on both sides of the boundary. In the present case, the contact area corresponds to the surface patch at the boundary between PMMA and PDMS, from which the real contact area 𝐴 𝑅 can be computed by summing the area of those triangles. Note that surface simplification or remesh (e.g. with a characteristic length of the triangles set to 4-times the voxel size) does not affect the computed contact area, as long as the chosen element size remains sufficiently fine to preserve the morphology of the surface. 4a shows a 3D rendering of the boundary surfaces. Beyond the outer surfaces of the specimen (interfaces of the materials with the exterior), semi-transparency allows for the distinction of the boundary surface between PDMS and PMMA. Isolating the surface patch corresponding to the PDMS/PMMA interface, as in Figure 4b, allows the computation of the real contact area 𝐴 𝑅 . Even if it reduces to a planar contact surface in the present case, the procedure would allow us to compute it based on the real 3D topology of the interface in arbitrary complex tribological systems.
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The two red circles superimposed in Figure 4b highlight the limits of the presented procedure based on 3D image segmentation and surface extraction. Indeed, contrary to the prediction of contact mechanics equations [START_REF] Johnson | Contact Mechanics. Google-Books-ID: Do6WQlUwbpkC[END_REF] in the case of a smooth isotropic soft sphere in contact with a smooth rigid plane, the contact area of Figure 4b is not perfectly circular: the global shape is isotropic but the contour is not perfectly smooth and exhibits an irregular border with an apparent roughness. The two red circles connect respectively the peaks and the valleys of the irregular contact border. They are used in the following to define an upper and a lower bound of the 3D measurement of 𝐴 𝑅 .

The origin of the irregular border of the contact zone in Figure 4b is mainly related to the presence of image artefacts in our tomography volumes [START_REF] Barrett | Artifacts in CT: Recognition and Avoidance[END_REF]. These are illustrated in Figure 5 where some streaks, starting from the boundary of the PDMS sphere, become more and more visible when approaching the contact plane. There are several possible reasons for the presence of such streaks. All of them essentially arise from the fact that the contact surface was contained in a plane roughly parallel to the propagation direction of the X-rays.

• First, this geometrical configuration promoted the building of the so-called "phase contrast" (see [START_REF] Cloetens | Observation of microstructure and damage in materials by phase sensitive radiography and tomography[END_REF]). Although less problematic on laboratory tomographs than on synchrotron beamline, phase contrast was likely to be more important in the present case because of the long propagation distance of the X-rays on each side of a dissimilar interface. The intensity of phase contrast might even lead to saturation of our detector in some particular angles and this could have caused a well-known "streak artifact" (see [START_REF] Barrett | Artifacts in CT: Recognition and Avoidance[END_REF]). Because the tomograph's reconstruction algorithm only accounts for the attenuation of the X-rays (and not phase shift), this extra phase contrast likely perturbed our segmentation.

• Second, a planar surface is always difficult to capture using a discrete referential, such as a grid of voxels. For instance, in the situation where the surface is only slightly misaligned with the reference plane defined by the voxels grid, the segmented surface will present regular steps, of 1 voxel of height, following the tilting of the plane. These steps were particularly visible at the periphery of the surface that we wanted to capture (see for example the steps leading to the perturbation of the outer circle clearly visible in Fig. 4b).

We have attempted different experimental adjustments and trials to mitigate and reduce these irregularities. Firstly we increased the number of projections (1500 instead of 900). We also attempted to shift the rotation axis away from the middle of the detector or to increase the voltage on the X-ray source (in order to reduce phase contrast). We imposed an angle to the compressing machine (to reduce the parallelism of the interface with the beam propagation), and we also machined the edges of the PMMA disk (to reduce the propagation distance by reducing the dimension of the PMMA/air plane). Even if the effects were not remarkable, in the sense that they only slightly reduced the imperfections, we present in this paper the volume obtained with the optimal configuration we found.

2D optical reference measurement

In order to compare the 3D XRCT measurements of 𝐴 𝑅 with measurements resulting from an optical method, similar compression tests were performed using an optomechanical device, described in section III.B of [START_REF] Guibert | A versatile flexure-based six-axis force/torque sensor and its application to tribology[END_REF]. We carried out compression tests using the same PDMS sphere and PMMA plane using the same kinematics as for XRCT compression tests (see section 2.2). In particular, we used the same dwell time of 5 minutes between successive indentation steps of 2 µm (this small indentations allow to increase the number of measurement and thus the resolution in the evaluation of the mechanical properties of the PDMS). The measurement of the normal force was obtained using a 6-axes load cell, described in detail in [START_REF] Guibert | A versatile flexure-based six-axis force/torque sensor and its application to tribology[END_REF]. Those mechanical measurements were combined with in-operando visualization of the contact area. Using a high-resolution camera (Teledyne DALSA Genie Nano-GigE, 3008×4112 pixels) we acquired images of the contact interface with a spatial resolution of 3.3 µm/pixel. The contact area is measured with an image analysis method based on a fixed threshold to binarize the image (separate pixel in-from out-of-contact pixels), as already used in [START_REF] Sahli | Evolution of real contact area under shear and the value of static friction of soft materials[END_REF][START_REF] Sahli | Shear-Induced Anisotropy in Rough Elastomer Contact[END_REF][START_REF] Mergel | Continuum contact models for coupled adhesion and friction[END_REF][START_REF] Lengiewicz | Finite deformations govern the anisotropic shear-induced area reduction of soft elastic contacts[END_REF].

The error in the area measurements was estimated to be about 0.006 mm 2 . This relatively small error comes from light intensity fluctuations on the periphery of the contact zone and it was estimated as the standard deviation of de-trended evolution (moving average over 5 five consecutive images) of the contact area values along the experiment.

Figure 6 shows the evolution of the normalised normal force 𝑃 ∕ √ 6𝜋𝑎 3 as a function of the normalised contact radius 𝑎 3∕2 ∕ √ 6𝜋𝑅 for the optical experiments during loading (blue crosses) and unloading (red crosses), with 𝑎 the radius of the circular contact, 𝑃 the contact's normal force and 𝑅 the radius of curvature of the PDMS hemisphere. This normalization, proposed by [START_REF] Manoj | Adhesive contact of cylindrical lens and a flat sheet[END_REF], enables a simplified extraction of the contact parameters. Indeed, for a contact describable by the JKR theory [START_REF] Langstreth | Surface energy and the contact of elastic solids[END_REF], the relationship between the normalized normal force and contact radius is affine. Its slope is directly related to Young's modulus, 𝐸, while the 𝑦-intercept is further related to the work of adhesion, 𝑤. The experimental data were fitted using three of the most used models of linearly elastic adhesive spherical contacts: (i) the JKR model [START_REF] Langstreth | Surface energy and the contact of elastic solids[END_REF] which considers that adhesion acts only inside the area of contact, (ii) the DMT model [START_REF] Derjaguin | Effect of contact deformations on the adhesion of particles[END_REF] which considers a displacement field identical to the non-adhesive case (Hertz model [START_REF] Johnson | Contact Mechanics. Google-Books-ID: Do6WQlUwbpkC[END_REF][START_REF] Valentin | Contact Mechanics and Friction[END_REF]) but attractive interactions outside the area of contact and (iii) the Maugis-Dugdale model [START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF] which unifies the two previous seemingly contradictory theories by taking into account the Tabor parameter 𝜆 [START_REF] Tabor | Surface Forces and Surface Interactions[END_REF]. This parameter allows a continuous transition between DMT regime for small 𝜆 (typically 𝜆<0.1) and JKR regime for large 𝜆 (typically 𝜆>5) [START_REF] Barthel | Adhesive elastic contacts: JKR and more[END_REF]. Figure 6: Benchmark optical measurements of the PDMS sphere/PMMA plane contact under normal loading, using the same samples as in the tomography setup. Evolution of the normalised normal load versus the normalised contact radius during loading (blue crosses) and unloading (red crosses). The lines present the fits with 3 adhesive contact models during loading (solid markers) and unloading (open markers): JKR [START_REF] Langstreth | Surface energy and the contact of elastic solids[END_REF] in green, DMT [START_REF] Derjaguin | Effect of contact deformations on the adhesion of particles[END_REF] in purple and Maugis-Dugdale [START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF] in black.

From a practical point of view, we use the equation proposed in the Maugis-Dugdale model [START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF], with 𝐸 and 𝑤 as fitting parameters, to describe the normalized experimental values of Figure 6 with either (i) 𝜆 = 10 for the JKR limit, (ii) 𝜆 = 0.1 for the DMT limit and (iii) 𝜆 as an additional fitting parameter for the Maugis-Dugdale model. The results are shown in Figure 6 and the values of the fitting parameters are presented in Table 1 with the error bars being the 95 % confidence interval. All three models seem to capture both the affine evolution at large contact load and the adhesion hysteresis (i.e. the different behaviour during loading and unloading) that is attributed in the literature either to the presence of chemical heterogeneities [START_REF] Sanner | Crack-front model for adhesion of soft elastic spheres with chemical heterogeneity[END_REF], to viscoelasticity [START_REF] Violano | A JKR-Like Solution for Viscoelastic Adhesive Contacts[END_REF] or to roughness [START_REF] Pérez | Incipient sliding of adhesive contacts[END_REF]. In contrast, only the DMT and the Maugis-Dugdale models seem to capture the lower cut-off (deviation from the line in Fig. 6, especially visible during unloading). As discussing in detail those results is not the objective of the present paper, in the following, we accounted for the difference during loading and unloading by directly using the values of Table 1 in our analysis and only focusing on the consequences on the contact area and surface deformation.

Results and Discussions

The tomography and surface reconstruction procedure introduced above gives access to several important quantities in the context of in situ contact mechanics. We focus in the following on two of these: (i) the evolution of the contact area and its accuracy (section 3.1) and (ii) the surface displacement field and how it compares with theoretical predictions by classical linearly elastic adhesive contact models (section 3.2). The latter, obtained from the deformed 3D surface 𝐸( 10 Values and 95 % confidence intervals of Young's modulus 𝐸, work of adhesion 𝑤 and Tabor parameter 𝜆 [START_REF] Tabor | Surface Forces and Surface Interactions[END_REF] resulting from fits based on Maugis' contact model [START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF] of the evolution of the normalized contact load versus the normalized contact area during the compression of a PDMS sphere by a rigid plane. DMT and JKR limit regimes are obtained by imposing, respectively, a value of 0.1 and 10 for 𝜆 in the Maugis model. The fitted values are used to produce the theoretical deformation profiles in Fig. 12.

of the PDMS hemisphere, constitutes a particularly innovative outcome of the present study, since it is not reachable with the reference optical in situ measurement. According to the XRCT method introduced before (section 2.2), the evolution of contact area is plotted during loading (blue curve) and unloading (red curve) as a function of the normal indentation 𝛿 in Fig. 7a and of the normal load 𝑃 in Fig. 7b. This evolution of 𝐴 𝑅 exhibits a hysteresis between loading and unloading similar to that observed for optical measurement (see Fig. 6) [START_REF] Sanner | Crack-front model for adhesion of soft elastic spheres with chemical heterogeneity[END_REF][START_REF] Violano | A JKR-Like Solution for Viscoelastic Adhesive Contacts[END_REF][START_REF] Pérez | Incipient sliding of adhesive contacts[END_REF]. However, contrary to the prediction from Hertz contact theory [START_REF] Hertz | Über die Berührung fester elastischer Körper[END_REF], the relation between 𝐴 𝑅 and 𝛿 is not linear but affine (the intercept is not equal to 0) (Fig. 7a). The value of this intercept, which may be related to the effect of adhesion, is unexpectedly high. Indeed, in Figure 8, the values of 𝐴 𝑅 from XRCT (middle blue curve with triangular markers) seem to be shifted upwards compared to optical measurement (purple curve). The origin of this discrepancy, both with the theoretical expectation and with the optical measurement is, in our opinion, mainly linked to a bias in the analysis of our XRCT experiments, as discussed in the following. Beyond the uncertainty introduced by the presence of the streak artefacts of Figure 5, the measurement of 𝐴 𝑅 is also very to the resolution used to capture our 3D volumes. Figure 8 shows the evolution of 𝐴 𝑅 during loading, as obtained by segmentation and surface reconstruction performed on the same original volumes with two different voxel sizes: (i) 8 µm/voxel (blue circles) and (ii) 4 µm/voxel (blue triangles). Both segmentations provided a contact area significantly larger than the one obtained from the optical measurement (purple line). However, the overestimation of 𝐴 𝑅 decreases when the voxel size also decreases.

Contact area

The origin of this overestimation results from the partial volume effect and its consequences on the segmentation results (based on the Random Walker Algorithm [START_REF] Grady | Random Walks for Image Segmentation[END_REF] in this work). Figure 9 illustrates these effects on the segmentation of a theoretical Hertzian contact profile [START_REF] Hertz | Über die Berührung fester elastischer Körper[END_REF] at three different voxel sizes: 4 µm, 8 µm and 16 µm. The partial volume effect, due to the discreteness of the pixels in the images, tends to blur or average the pixel gray level in regions of the sample with strong gradients in attenuation of the X-rays (i.e. at the interface between different phases). The border of the contact region, with a triple line joining air, PDMS and PMMA, followed by a very thin layer of air between PDMS and PMMA, is a region where such partial volume blurring effect can have strong consequences on the apparent contact radius if the voxel size is not small enough. Figures 9.c-e show that the blurring is significant when the contact opening is less than the voxel size. This makes it impossible to place air markers (for random walker segmentation) arbitrarily close to the contact edge. This results in an error in the position of the contact edge after segmentation, due to an easier diffusion from the PMMA and PDMS markers in the region where air markers are absent. This error, which is directly linked to the distance between the last air marker and the edge of the contact, increases dramatically when the voxel size increases (from 4 µm in Figure 9.f to 16 µm in Figure 9.h). In the schematic and theoretical example of figure 9, the error is of the order of 10 times the voxel size. As a consequence, one can expect an accurate direct measurement of 𝐴 𝑅 only for very high resolution. Note that any other segmentation procedure would suffer from the partial volume effect in the vicinity of the contact edge and the resulting blurring of gray levels. As a matter of fact, the Random Walker algorithm adopted here was identified as the most efficient to perform the segmentation operation at a given resolution, among the many procedures available for example in the scikit-image package [START_REF] Van Der | scikit-image: image processing in Python[END_REF].

As the smallest voxel size available in our case was of 4 µm, we propose an alternative method to achieve accurate estimation based on a theoretical correction of the experimental measurement. This method will also account for the remaining difference with the optical measurement, observed in Fig 8 . Figure 10a shows the theoretical shape of a deformed sphere on a rigid plane according to the Hertz contact model [START_REF] Hertz | Über die Berührung fester elastischer Körper[END_REF] at two indentations: 32 µm and 152 µm. In this representation, the real contact area corresponds to the plateau at 𝑧 = 0 and the air gap of increasing thickness is located under the curve. We can then consider that, depending on resolution, the apparent position of the contact edge (as detected by the segmentation procedure) corresponds to the position of the theoretical profile at an altitude (𝑧) approximately equal to the voxel size (see the vertical dashed lines crossing the profile at a 4 µm or 8 µm offset from the contact surface 𝑧 = 0). The result is that the apparent contact radius â (the length of the horizontal plateau at 𝑧=4 or 8 µm) extends up to the dashed lines and thus includes an additional contribution Δ𝑟 to the theoretical contact radius 𝑎 𝐻 . As the Δ𝑟 depends on the normal indentation 𝛿, we obtain:

Δ𝑟(𝛿) = â(𝛿) -𝑎 𝐻 (𝛿). (1) 
We can evaluate now the additional contribution 𝐴 𝑎𝑑𝑑 to the theoretical Hertzian contact area 𝐴 𝐻 :

𝐴(𝛿) = 𝜋 ( 𝑎 𝐻 (𝛿) + Δ𝑟(𝛿) ) 2 = 𝐴 𝐻 (𝛿) + 𝜋 ( 2 • Δ𝑟(𝛿) • 𝑎 𝐻 (𝛿) + Δ𝑟 2 ) = 𝐴 𝐻 (𝛿) + 𝐴 𝑎𝑑𝑑 (2)
Assuming for simplicity, that the real contact is close enough to the theoretical Hertzian contact area, we can subtract the computed value of 𝐴 𝑎𝑑𝑑 for each indentation step from our experimental data. The result is plotted in figure 9 (blue diamonds) and is now nearly linear (intercept is close to 0) and in very good agreement with the optical measurement. The value of the intercept is now fully compatible with the very low work of adhesion extract during loading in the optical experiment (see Table 1). Finally, Figure 10b displays how 𝐴 𝑎𝑑𝑑 evolves as a function of the contact radius and the image resolution. This error in the estimation of the contact radius (and then on the contact area), due to the very thin layer of air close to the contact edge, could rapidly grow to very high values when increasing the voxel size. Conversely, this relative error is decreasing with the contact radius for a given image resolution, indicating that optimizing the accuracy of 𝐴 𝑅 measurements requires the use of the finest possible spatial resolution. 

Deformation Profiles

Let us now emphasize another important feature of XRCT measurements, not available with a simple 2D optical observation, which is the access to the complete morphology of the deformed bodies involved in a contact. As already shown before, image segmentation enables the extraction of the profile of the surface of our deformed PDMS, even outside of the contact. Figure 11 shows, during loading and unloading, the shape of the deformed PDMS sample at three different indentations, in a vertical XZ plane passing through the center of the specimen. The profiles are obtained by radially averaging the position of the PDMS surface around the contact center as the profiles are symmetric with respect to 0. We can clearly see how the PDMS is deforming as soon as the sample is moved in the Z-direction against the PMMA plane (represented here at 𝑧 = 0) and how it retrieves its initial shape during unloading.

It is possible to extract the surface displacement fields of the deformed sample by subtracting the original undeformed shape of the PDMS hemisphere from the deformed profiles. Figure 12 shows the experimental surface displacement fields as colored bands for three different indentation steps during loading (𝛿 = 72, 112 and 152 µm) and unloading (𝛿 = 132, 72 and 37 µm). The width of the colored bands corresponds to twice the typical size of a voxel (here 4 µm) in order to underline that the experimental surface profile is presumably positioned within an error margin of at least one voxel, depending on the different factors discussed above affecting the blurring of the interface and the accuracy of segmentation. Figure 12 also shows the corresponding theoretical displacement profiles for the three contact models introduced in section 2.3.2: JKR (green lines), DMT (purple lines) and Maugis-Dugdale (black lines). The model profiles were obtained according to equations (7.3) and (7.6) from the work of Maugis [START_REF] Maugis | Adhesion of spheres: The JKR-DMT transition using a dugdale model[END_REF] and using the values of the Young's modulus 𝐸, the work of adhesion 𝑤 and the Tabor parameter 𝜆 from the optical experiment (see Table 1). To account for the uncertainty on all three parameters, we adopted a Monte Carlo based method. We first performed 10000 Gaussian draws with the same mean value and standard deviation as in Table 1 for the three parameters 𝐸, 𝑤 and 𝜆. We then evaluated both the mean position of those 10000 profiles and their standard deviation. The included error bars for the theoretical curves are intended to be three times the standard deviation obtained for each profile.

The experimental data are in good quantitative agreement with the predictions of the three models, especially at large indentation. Slight deviations are nevertheless observed for low indentation values, especially during unloading.

The origin of these discrepancies may be linked to the unavoidable experimental differences between the XRCT and the optical experiments that were used to extract the mechanical and adhesive properties of PDMS. Both experiments were carried out on different mechanical devices differing in terms of stiffness (which may affect the effective indentation). Moreover, the temperature in the XRCT device is not controlled and may rise by a few degrees during the volume acquisition, which may affect the mechanical and adhesive properties of the PDMS specimen. Thus, the evaluation of the fit parameters used to calculate the theoretical profiles may not be fully representative of the experimental conditions during XRCT.

Focusing on the theoretical profiles, one can observe that the profiles from the three models are very similar during loading for all indentation steps. The differences are slightly larger during unloading, especially in the vicinity of the contact edge. In particular, the JKR profile exhibits the expected neck formed at the contact edge due to the shortranged adhesion forces on a deformable solid [START_REF] Barthel | Adhesive elastic contacts: JKR and more[END_REF]. In the conditions used during our experiments, those effects have a limited amplitude and remain confined at the very vicinity of the contact edge. Thus, the resolution of our tomography measurements is not fine enough to discriminate among them (the differences between the models are smaller than the width of the colored bands in Fig. 12). While we leave the details of the discussion on the physics and modeling of adhesive contact for a future paper, our work allows us to conclude that a high resolution is required to capture both (i) a precise measurement of the contact area and (ii) an accurate surface deformation profile in the vicinity of the contact edge.

Conclusions

The tomography approach presented in this work opens new opportunities in experimental tribology with access to in situ contact mechanics in 3D and for potentially optically opaque materials. It was applied here to an ideal system consisting of a soft PDMS hemisphere in quasi-static contact with a stiff PMMA plane under normal loading.

The procedure developed, based on in situ mechanical testing under X-ray computed tomography, image segmentation and surface reconstruction, allows for characterization of the real contact non-destructively and in three dimensions. This gives a 3D experimental access to two fundamental quantities in contact mechanics: the real contact area 𝐴 𝑅 and the displacement field of the deformed surfaces, the latter being inaccessible up to now with the standard in situ optical contact monitoring techniques. These two quantities can be easily compared to the predictions of established analytical linearly elastic adhesive contact models, such as JKR, DMT and Maugis-Dugdale models.

The comparison of the 3D measurement of the real contact area against the reference (2D) optical procedure highlights a systematic tendency of the 3D procedure to overestimate the contact area. This is directly related to the resolution of the tomography experiment and to the different mechanisms tending to average the material and interface information at the scale of one voxel in the vicinity of the contact edge. A correction of the 3D contact radius was proposed based on the theoretical Hertzian contact profile, allowing to retrieve the reference values measured in the optical procedure. Alternatively, the use of high-resolution tomography is likely to reduce the discrepancy between the 2D and 3D measurements.

The particular configuration studied here also highlights the presence of potential tomography artefacts in the vicinity of the contact zone, affecting the accuracy of the contact area measurement. These are related to the phase shift of the X-rays in the vicinity of the contact region.

The detailed analysis of the ideal sphere-on-plane contact system carried out in this work shows that a high resolution in the vicinity of the contact edge is the key to both an accurate measurement of 𝐴 𝑅 and to the potential discrimination between theoretical contact models, in particular concerning their predictions of the surface displacement field. As a forthcoming perspective, some experiments under an X-Ray Synchrotron beam could be a solution for having a better image resolution. Another direct perspective of the present work would be to provide new experimental measurements to test already existing theoretical models for more realistic non-transparent, rough and/or stiffer materials encountered in many applications such as tyre-road contact, sealing, bearings or haptic devices. 
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Figure 1 :

 1 Figure 1: Sample preparation in a cylindrical mould equipped with a concave lens. (a) A drop of pure PDMS is deposited in the lens, spin-coated and reticulated at 80 • C for 10 minutes to produce a thin superficial film. (b)The liquid PDMS mixture containing hollow glass particles is poured into the mould, which is then covered with a glass plate and reticulated at 80 • C for 90 minutes to form the bulk. Alternative rotations (see blue arrow) allowed a homogeneous dispersion of the glass beads. (c) Final sample with the relevant dimensions. The whitish color is due to the presence of glass beads in the bulk. After reticulation, the sample is glued on an M8 countersunk screw for easy installation in the compression device.

Figure 2 :

 2 Figure2: Schematic view of the compression device installed in the tomograph. The two bodies in contact are installed inside the compression device where a displacement can be imposed through a motorized vertical translating stage (not visible in the current image). While the materials are exposed to X-rays, the entire device rotates 360 • to acquire projections (called radiographs) of the specimens at different angles. The inset on the right shows one of the radiographs collected during a scan at low resolution to visualize the two materials in contact with the upper and lower rods of the compression device. In the present configuration, the PMMA disk is fixed while the displacement is imposed on the PDMS specimen.

Figure 3 :

 3 Figure 3: Illustration of the segmentation process. (a) Original volume together with a representation of the grey-level 𝐺 in red taken along the dashed blue line crossing all three phases (PMMA in grey, air in dark grey and PDMS in light grey). (b) Positioning of markers for the different materials, corresponding to voxels with a grey level equal to the average value in each phase -extracted from the red profile in the image (a) -plus or minus a tolerance of 10 % (colored bands: yellow for PMMA, Green for air and blue for PDMS). (c) Labelled volume obtained with the Random Walker Segmentation algorithm with air in black, PMMA in white and PDMS in grey.

Figure 4 :

 4 Figure 4: Extraction of the contact area. (a) 3D rendering of the specimen surfaces at 152 µm contact displacement. Semi-transparency allows the identification of the contact surface at the PDMS/PMMA boundary. (b) Contact surface mesh extracted from the specimen surfaces. The external and internal red circles (connecting peaks and valleys on the contact border) are used to define an upper bound and a lower bound of the 3D contact area measurement.

Figure 4

 4 Figure 4 shows an example of surface extraction at a 152 µm contact displacement. Figure4ashows a 3D rendering of the boundary surfaces. Beyond the outer surfaces of the specimen (interfaces of the materials with the exterior), semi-transparency allows for the distinction of the boundary surface between PDMS and PMMA. Isolating the surface patch corresponding to the PDMS/PMMA interface, as in Figure4b, allows the computation of the real contact area 𝐴 𝑅 . Even if it reduces to a planar contact surface in the present case, the procedure would allow us to compute it based on the real 3D topology of the interface in arbitrary complex tribological systems.The two red circles superimposed in Figure4bhighlight the limits of the presented procedure based on 3D image segmentation and surface extraction. Indeed, contrary to the prediction of contact mechanics equations[START_REF] Johnson | Contact Mechanics. Google-Books-ID: Do6WQlUwbpkC[END_REF] in the case of a smooth isotropic soft sphere in contact with a smooth rigid plane, the contact area of Figure4bis not perfectly circular: the global shape is isotropic but the contour is not perfectly smooth and exhibits an irregular border with an apparent roughness. The two red circles connect respectively the peaks and the valleys of the irregular contact border. They are used in the following to define an upper and a lower bound of the 3D measurement of 𝐴 𝑅 .

  Figure 4 shows an example of surface extraction at a 152 µm contact displacement. Figure4ashows a 3D rendering of the boundary surfaces. Beyond the outer surfaces of the specimen (interfaces of the materials with the exterior), semi-transparency allows for the distinction of the boundary surface between PDMS and PMMA. Isolating the surface patch corresponding to the PDMS/PMMA interface, as in Figure4b, allows the computation of the real contact area 𝐴 𝑅 . Even if it reduces to a planar contact surface in the present case, the procedure would allow us to compute it based on the real 3D topology of the interface in arbitrary complex tribological systems.The two red circles superimposed in Figure4bhighlight the limits of the presented procedure based on 3D image segmentation and surface extraction. Indeed, contrary to the prediction of contact mechanics equations[START_REF] Johnson | Contact Mechanics. Google-Books-ID: Do6WQlUwbpkC[END_REF] in the case of a smooth isotropic soft sphere in contact with a smooth rigid plane, the contact area of Figure4bis not perfectly circular: the global shape is isotropic but the contour is not perfectly smooth and exhibits an irregular border with an apparent roughness. The two red circles connect respectively the peaks and the valleys of the irregular contact border. They are used in the following to define an upper and a lower bound of the 3D measurement of 𝐴 𝑅 .

(a) 4 Figure 5 :

 45 Figure 5: Artefacts near the contact zone in horizontal slices extracted from the 3D volume at increasing distance from the PMMA surface (4 µm, 8 µm and 12 µm), i.e. moving downwards from the contact plane into PDMS. The images correspond to a volume taken at an indentation of 152 µm.

Figure 7 :

 7 Figure 7: Measured contact area from XRCT. (a) Measured contact area as a function of the normal indentation and (b)of the normal force. The contact area error bars are computed from the areas of the two circles fitting the peaks and valleys of the obtained contact contours (see Figure4). The force error bars correspond to the resolution of the normal force sensor.

Figure 8 :

 8 Figure8: Contact area as a function of the normal indentation for different resolutions of the tomography volumes (4 µm and 8 µm voxel size), compared with the optical measurement. The corrected 4 µm curve (diamond markers) is obtained by subtracting the area of the annulus where the air gap around the contact is thinner than 4 µm", as illustrated in Figure10.

Figure 9 :

 9 Figure 9: Evolution of the contact edge position as a function of the image resolution. (a)-(b) Theoretical Hertz profile of a deformed sphere (𝑅=9.42 mm, 𝛿 =152 µm) (c)-(e) Partial volume effect at increasing voxel size, from 4 µm to 16 µm. The blurring of gray levels near the contact zone (pixels are averaged between green (PMMA) and yellow (PDMS)) tends to shift the last air marker (white points) away from the contact edge when the voxel size increases. (f)-(h) Random Walker segmentation result. The contact radius is overestimated as the PDMS and PMMA phases diffuse abnormally in the blurred region where air markers are absent. The contact region shown in panels (c) to (h) is the same as that in (b).
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Figure 10 :

 10 Figure 10: Theory-based correction of the experimental measurement : (a) Deformation of the surface of a sphere (𝑅=9.42 mm) according to Hertz's displacement field, for an indentation of 32 µm (red dark blue) and 152 µm (light blue). â4𝜇𝑚 and â8𝜇𝑚 represent the smallest contact radii detectable with each corresponding resolution. (b) Evolution of the relative area error 𝐴 𝑎𝑑𝑑 ∕𝐴 𝐻 (as calculated using Eq. 2), as a function of both the Hertz contact radius and the voxel size (the typical offset from the contact surface).

Figure 11 :

 11 Figure 11: Shape of the deformed PDMS surface as a function of the normal indentation during (a) loading and (b) unloading. Only 3 indentation steps are represented for simplicity, together with the non-deformed case (𝛿=0). The profiles correspond to the radially-averaged position of the PDMS surface around the contact center (the profiles are symmetric with respect to 0).

Figure 12 :

 12 Figure 12: Surface displacement field for the three indentations shown in Figure 11 during loading (a) and unloading (b). The colored bands are the XRCT experimental results where the bandwidth is twice the voxel size (4 µm). Solid lines are the theoretical profiles calculated with the Maugis-Dugdale (black), JKR (green) and DMT (purple) models. The necessary model parameters are the ones provided in Tab. 1. The symbols and colors are the same as in Fig. 6. Error bars: see text.
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Table 1

 1 

		5 𝑃 𝑎)	𝑤(𝐽 ∕𝑚 2 )	𝜆
	Maugis load	7.50 ± 0.16	0.059 ± 0.008 1.22 ± 0.51
	Maugis unload	8.40 ± 0.14	0.305 ± 0.007 0.71 ± 0.06
	DMT load	6.71 ± 0.09	0.095 ± 0.010	0.1
	DMT unload	6.75 ± 0.16	0.292 ± 0.018	0.1
	JKR load	7.79 ± 0.10	0.045 ± 0.004	10
	JKR unload	10.43 ± 0.46 0.309 ± 0.038	10
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