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In road applications, the current challenge is to develop more ecological products while maintaining asphalt mixture performance and durability. This sustainable development politics in civil engineering leads to promote techniques saving both energy and raw materials like combining the use of warm mix asphalt concretes (WMA) with the use of reclaimed asphalt pavement (RA). However, one of the current problematic when combining WMA and RA is to assess the quality adhesion of the "asphalt/aggregate" couple that is a fundamental parameter for the good mixture properties at short time and thereby durability of this composite structure. Indeed, the reduction of the manufacture temperature and the use of an aged binder may also have consequences on adhesion quality between asphalt and aggregates. It is the reason why it is crucial to identify the most impacting factors of wetting phenomena at the interface "asphalt/aggregate". So, in this paper, the role of asphalt characteristics (viscosity, ageing, composition) as well as the one of substrate was investigated.

The substrate heterogeneity degree determines asphalt wetting behavior. For a model glass substrate, only asphalt characteristics have an impact: asphalt viscosity, polarity and saturates content are influent factors. On the mineral heterogeneous substrate, asphalt viscosity and asphaltenes content have an impact on wetting indicators. Substrate heterogeneities also appear as a very important factor which improves considerably wetting quality. The tested mineral substrate has been revealed as a biphasic composite material for which the wetting regime was modeled by a Cassie-Baxter model. A comprehensive approach has been proposed to explain asphalt wetting on heterogeneous substrates in correlation with Scanning Electron Microscopy observations. This Cassie-Baxter model is essential to understand adhesion phenomena on heterogeneous road materials. It seems also to be a promising way to evaluate quality adhesion of "asphalt/RA" mixtures.

Introduction

For many years, the objectives of road applications are to produce more ecological road materials to be as efficient and durable as traditional road techniques. In this framework, we take an interest in the development of warm-mix asphalt mixtures incorporating Reclaimed Asphalt Pavement (RAP). Road materials are composed by weight of 95% aggregates and 5% asphalt. Warm-Mix Asphalt (WMA) technologies were introduced to reduce the manufacture temperature by 20-40 °C. Production occurs at a temperature of 30 °C (between 110 and 140 °C) below temperature used for hot mixing. WMA advantages are numerous such as the reduction of energy consumption and CO 2 emissions [START_REF] Silva | Assessment of the Performance of Warm Mix Asphalts in Road Pavements[END_REF]. Several studies have shown a decrease in aerosol and polycyclic aromatic hydrocarbons (PAHs) emissions [START_REF] Eapa | The Use of Warm Mix Asphalt[END_REF][START_REF] Zaumanis | Warm Mix Asphalt Investigation[END_REF], a decrease of CO 2 and SO 2 volatile organic compounds (VOC), NO x as well as of dust [START_REF] Angelo | Warm-Mix asphalt: European Practice[END_REF].
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Email address: vincent.gaudefroy@ifsttar.fr (V. Gaudefroy) In parallel, the valorization of Reclaimed Asphalt Pavement (RAP) in new manufactured road materials is of great interest thanks to the reduction of non-renewables resources. Indeed, this leads to re-use waste and to less consume natural virgin materials [START_REF] Rubio | Warm mix asphalt: an overview[END_REF][START_REF] Rubio | Comparative analysis of emissions from the manufacture and use of hot and half-warm mix asphalt[END_REF]. Benefits of using RAP in asphalt mixtures have also been outlined in several studies where significant reductions in greenhouse gas emissions, cost [START_REF] Yang | Environmental and economic analyses of recycled asphalt concrete mixtures based on material production and potential performance[END_REF] and energy consumption [START_REF] Aurangzeb | Hybrid life cycle assessment for asphalt mixtures with high RAP content[END_REF] were observed. The use of 50% RAP in asphalt mixtures has even lead to reduce feedstock energy by 40% [START_REF] Aurangzeb | Hybrid life cycle assessment for asphalt mixtures with high RAP content[END_REF].

The combination of RAP use and WMA technology allows also reducing CO 2 emissions and energy consumption, respectively by 12 and 15% according to Giani [START_REF] Giani | Comparative life cycle assessment of asphalt pavements using reclaimed asphalt, warm mix technology and cold in-place recycling[END_REF]. As a consequence, the development of WMA mixtures incorporating RAP represents a double ecological potential.

Nevertheless, a main issue concerns performance and durability of pavement materials. Indeed, adhesion between asphalt and aggregates is a fundamental parameter for the good mixture properties at short time and thereby durability of this composite structure [START_REF] Di | Matériaux routiers tome 1: description et propriétés des mélanges[END_REF][START_REF] Some | Comparison and validation of thermal contact resistance models at solid-liquid interface taking into account the wettability parameters[END_REF]. The bond strength must be optimal. However, the reduction of the manufacture temperature and the use of an aged binder may also have consequences on adhesion quality between asphalt and aggregates. As
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phalt is a complex hydrocarboned visco-elastic compound which is sensitive to temperature and oxidation phenomena. That leads respectively to a viscosity increase and to an asphalt composition modification [START_REF] Lesueur | The colloidal structure of asphalt: consequences on the rheology and on the mechanisms of asphalt modification[END_REF]. These consequences may also weaken the aggregate/asphalt bond because the binder wouldn't satisfactorily wet the mineral substrate, hence the bond strength couldn't be optimal [START_REF] Kakar | Surface free energy and moisture susceptibility evaluation of asphalt binders modified with surfactant-based chemical additive[END_REF][START_REF] Some | Comparison and validation of thermal contact resistance models at solid-liquid interface taking into account the wettability parameters[END_REF]. This weak wetting may have consequences on durability. Indeed, a key factor of asphalt mixture durability is the resistance of the interface asphalt/aggregate to water displacement [START_REF] Grenfell | Assessing asphalt mixture moisture susceptibility through intrinsic adhesion, asphalt stripping and mechanical damage[END_REF]. Water presence at the "asphalt/aggregate" interface is also considered as the main cause of stripping and road deterioration [START_REF] Boulangé | Physicochemical characterisations of the asphalt -aggregate interface to get a better understanding of stripping phenomena[END_REF] and results partially from the low adhesion at the asphalt/aggregate interface at short time.

Numerous studies have been performed in order to study asphalt wetting. Asphalt surface tensions have been determined through pendant drop methods [START_REF] Guerrero-Barba | Asphalt spreading on calcareous aggregates at high temperature[END_REF] or through sessile drops [START_REF] Khan | Surface energy measurements and wettability investigation of different minerals and bitumen for cold asphalts[END_REF]. Mineral surfaces have also been characterized through water contact angles measurements in order to assess surface topography [START_REF] Boulangé | Physicochemical characterisations of the asphalt -aggregate interface to get a better understanding of stripping phenomena[END_REF]. Concerning the "asphalt/aggregate" interface, previous work has focused to compare surface energy measurements and adhesion work values in order to select the most suitable couples "asphalt/aggregate" [START_REF] Bhasin | Limits on adhesive bond energy for improved resistance of hot-mix asphalt to moisture damage[END_REF][START_REF] Boulangé | Study of interfacial interactions between asphalt and various aggregates used in road construction[END_REF][START_REF] Wei | Application of sessile drop method to determine surface free energy of asphalt and aggregate[END_REF]. But the calculated adhesion work includes important bar errors [START_REF] Ziyani | A predictive and experimental method to assess asphalt emulsion wetting on mineral substrates[END_REF]. The asphalt/ substrate interface was also studied according a microscopic approach. SEM (Scanning Electron Microscopy) was used to analyze chemically substrate surfaces [START_REF] Horgnies | Influence of the interfacial composition on the adhesion between aggregates and asphalt: investigations by EDX, XPS and peel tests[END_REF] or to observe the "asphalt/aggregate" interface at the triple point [START_REF] Xiao | A precise evaluation method for adhesion of asphalt aggregate[END_REF]. Few researchers have studied asphalt ageing influence on adhesion at the asphalt/aggregate interface. Only influence of ageing was investigated on asphalt surface tension [START_REF] Wei | Influence of aging on surface free energy of asphalt binder[END_REF] and no information is available about the aged binder wetting on mineral substrates.

As a consequence, there is a lack of information about understanding of wetting behaviors at the "asphalt/aggregate" interface. The main objective of the paper is to identify parameters impacting wetting regimes in order to better understand adhesion of "asphalt/substrate" couples and predict performance of warm-mix asphalt mixtures incorporating RAP.

Materials and methods

Materials

Asphalt

Six asphalt samples have been tested. Each asphalt sample is codified according to the following nomenclature: XYZ where:

-X corresponds to the asphalt grade (EN 12591) Based on this nomenclature, the corresponding codes of study asphalts are: S1V, S1A, S2V, S2A, H2V, H2A.

Substrates

Two model substrates have been tested: polytetrafluorethylene (PTFE) slides (Goodfellow, thickness: 5 mm) and microscopic glass slides (Marienfeld, thickness: 1 mm). A mineral natural substrate was used which comes from mineral volcanic blocks (French quarry supplier). To obtain more details, surfaces were chemically characterized through EDX-SEM analysis. Both glass and mineral slides contain following elements: O, Si, Na, Al, Ca, K, Mg. The mineral slide com position differs by the presence of additional elements as titanium and iron.

PTFE slides were employed for asphalt characterization. They were cleaned using the following procedure: a degreasing solvent was used, then PTFE slides have been rinsed with ethanol and distilled water and dried. Microscopic glass slides were only rinsed with distilled water and dried. For mineral slides, a core drilling was performed on mineral blocks and resulting samples were cut to obtain mineral tablets (diameter: 40 mm, height 8 mm). A polishing procedure has been established according to a previous study [START_REF] Ziyani | A predictive and experimental method to assess asphalt emulsion wetting on mineral substrates[END_REF]. In our study, the first step consisted in grinding slides under water for 5 min using successively three disks (220, 600, 1200 μm). To finish polishing, diamond suspensions (grain size: 9 and 3 μm) were employed with a polishing cloth for 8 min. Slides were finally cleaned using distilled water, dried in oven and stored at ambient air in a box for 14 days prior to measurements. Glass slides were referred as GS and polished mineral slides as PMS. For wetting experiments, several PMS samples were tested (Fig. 1).

Methods

Asphalt physico-chemical properties

Penetration index (EN 1426) and softening point (EN 1427) are tests dedicated to the measurement of asphalt consistency. Asphalt viscosity was measured with a Malvern Kinexus Pro rheometer (cone-plate geometry) according to the shear rate, from 0.1 s -1 to 10 s -1 . In this range, Newtonian behavior is established and viscosity is constant. Oxidation indices were determined through FTIR (Fourier Transformed Infrared Spectroscopy) according to the method n°69 of LPC [START_REF] Mouillet | Identification et dosage des fonctions oxygénées présentes dans les liants bitumineux: Analyse spectrométrie infrarouge à transformée de Fourier: Méthode d'essai ME69[END_REF].

Lastly, chemical SARA fractions have been obtained using the SAR-AD method [START_REF] Boysen | The automated asphaltene determinator coupled with saturates, aromatics, and resins separation for petroleum residua characterization[END_REF][START_REF] Qin | Field aging effect on chemistry and rheology of asphalt binders and rheological predictions for field aging[END_REF]. This chemical separation is more refined and allows a best separation of fractions with an additional subdivision of asphaltenes. Fractions were separated through four columns in series. Then, asphaltenes were desorbed from the first column with three different eluents.

-Cyclohexane (CyC 6 ) allows obtaining highly alkyl substituted asphaltenes components -Toluene allows obtaining less alkyl substituted pericondensed aromatic asphaltenes -Methylene chloride: methanol (98:2 v:v) (CH 2 Cl 2 : MeOH) provide precoke pericondensed aromatics asphaltenes Peak elutions were monitored. An evaporative light scattering detector (ELSD) allows quantifying amounts of each fraction. An ageing index has been introduced [START_REF] Boysen | The automated asphaltene determinator coupled with saturates, aromatics, and resins separation for petroleum residua characterization[END_REF] and designates the ratio of toluene asphaltenes content on aromatics content.

Substrate topography

Substrate roughness was assessed using a 3D microscope (Alicona Infinite Focus) based on chromatic confocal imaging principle. Only a central band was analyzed at the place where drops are deposited. Dimensions of this band were equivalent to 30.7 × 1.9 mm 2 (length × width). Cartographies were recorded at a magnification of 20 and were treated using analysis software (Alicona IF Measure). The roughness parameter r (Wenzel, 1936) and the arithmetic height mean Sa [START_REF] Boulangé-Petermann | On the respective effect of the surface energy and micro-geometry in the cleaning ability of bare and coated steels[END_REF] were determined in micrometers.

SEM was also used and lies in the interaction of projected electrons with atoms in the sample. According to the used detector, varied information is obtained about sample topography, elementary composition and sample crystallography. Before analysis, samples were gold-metalized with a Denton Vacuum Desk IV sputter coater under a 80 mTorr vacuum. With an intensity of 25 mA, manual metallization lasted 1 min (sputter setpoint at 40%). SEM observations were performed with controlled voltage and intensity values (15 kV and 80 mA). Detectors were positioned at 12 mm (for BSE technique) and at 26 mm from samples (for SE and RX techniques). GS and PMS were analyzed on local zones.

Assessment of wetting properties

An automatic goniometer DSA 100 (Krüss GmbH) was used, the system allows visualizing generated drops. The "pendant drop" method consists in generating a drop at the syringe extremity and in determining the liquid surface tension (number of observations n obs = 7). The "sessile drop" method consists in depositing a liquid drop on a substrate and measuring a corresponding contact angle. Asphalt drops were generated with a manual brass syringe (n obs = 7).

During all experiments, high and ambient temperatures conditions were controlled thanks to respective regulated dosing cells and corresponding experiment chambers. A complete description of apparatus is available in previous studies [START_REF] Boulangé | Physicochemical characterisations of the asphalt -aggregate interface to get a better understanding of stripping phenomena[END_REF][START_REF] Ziyani | A predictive and experimental method to assess asphalt emulsion wetting on mineral substrates[END_REF].

To determine substrates free energies, sessile drops (n obs = 10) were deposited on surfaces at 25 °C using a metallic syringe. Three reference liquids were tested: diiodomethane (D), ethylene glycol (EG) and water (W). They were chosen for their no-reactivity with the substrate, low viscosity and increasing polar characteristic. Polar and dispersive parts of these three liquids are well-known in literature [START_REF] Ström | Contact angles, work of adhesion, and interfacial tensions at a dissolving hydrocarbon surface[END_REF]. In our study, the polar and dispersive components are: A common treatment of wetting data was performed and two essential wetting indicators are obtained: equilibrium contact angle (θeq) and equilibrium time (teq) (Fig. 2).

For reference liquids, equilibrium contact angles and equilibrium times were obtained with this condition Δ(θ150-θeq) ⩽ 1°.

Results

In order to understand how wetting mechanisms happen and correlate them with materials properties in contact, a deep asphalt characterization was conducted.

Asphalt characterization

As indicated on Table 1, six bituminous samples were analyzed according to conventional tests. As the penetration index decreases, the softening point increases, what leads to hardening and to a viscosity increase for each asphalt. Nevertheless, the long-term ageing procedure conserves optimal viscosity conditions which are suitable for aggregate coating. Viscosities are lower than 1 Pa.s, except for the H2A sample.

Ageing leads to asphalt oxidation, visualized by the increase of carbonyl and sulfoxide content after ageing. The S1V sample is the more resistant to ageing due to the lower variation of oxidation indices (C O and S O) after ageing. S1A, S2A and H2V have iden tical consistencies and viscosities but their oxidation degree is significantly different.

In order to characterize thoroughly bituminous samples, SARA fractions were then determined (Table 2).

The bituminous samples present differences in their chemical composition but no clear relation was established between asphalt SARA composition and oxidation indices. The soft asphalt (S2V) exhibits the lowest total asphaltenes content whereas the H2A sample presents the highest asphaltenes content. Here the variation in crude oil nature provides different saturates content. The asphalt couple S1 shows a high saturate content.

After ageing, saturate and resins contents remain constant while aromatics content decreases and asphaltenes content increases. There is also a balance between aromatics and asphaltenes content during oxidation mechanisms, a direct transformation occurs between these two fractions. These observations are in total agreement with results from publications using the same method [START_REF] Boysen | The automated asphaltene determinator coupled with saturates, aromatics, and resins separation for petroleum residua characterization[END_REF][START_REF] Qin | Field aging effect on chemistry and rheology of asphalt binders and rheological predictions for field aging[END_REF] and correspond to well-known oxidation mechanisms described in literature.

For asphaltenes subdivisions, cyclohexane soluble asphaltenes content and methylene chloride:methanol (CH 2 Cl 2 :MeOH) soluble asphaltenes content are unaffected with oxidation. Only toluene soluble asphaltenes content increases with ageing, what leads to the in crease of non-polar pericondensed aromatic asphaltenes in the internal structure.

Surface tension measurements

Asphalt surface tension (γB) was measured at 130 °C which represents a reference warm temperature for the WMA manufacturing. Then, asphalt drops were deposited on a PTFE substrate. As that one is a totally dispersive material, this substrate allows evaluating indirectly the dispersive part of asphalt γ D . Polarity is deduced by difference. Table 3 summarizes obtained data.

Asphalt ageing reduces surface tension but not asphalt polarity which varies according to the bituminous sample. From conventional tests, a tendency exists between carbonyl index and asphalt surface tension (Fig. 3). This tendency shows a reduction of surface tension when carbonyl index increases. This observation is due to oxidation ageing. Surface tension has been then correlated with SARA fractions. The best correlations were found for aromatics content (Fig. 3), asphaltenes content and ELSD ageing index.

Calculation of substrate surface free energy using Owens-Wendt approach

To calculate substrate surface free energy, reference liquid drops were deposited on 3 PMS (R1, R2, R3). Fig. 4 shows dynamic contact angle evolutions of three water drops on a same glass slide (G1) and on a same mineral sample (R2).

On the glass slide G1 (A), water wetting regimes are continuous for all drops. Contact angles vary between 27°and 21°due to drop spreading and water evaporation. At 150 s, it is considered that the contact angle has reached the wetting equilibrium state, what leads to a partial wetting. On PMS (B), wetting regime can be continuous or discontinuous, Water Contact Angles (WCA) are lower and vary between 3°and 20°. At 150 s, wetting is better on PMS than on GS. For each reference liquid drop, equilibrium contact angles were obtained to calculate surface free energies. The used calculation approach is common and derived from Young and Owens-Wendt (Y OW) equations (Eqs. ( 1) and ( 2)).

Data are collected in Table 4. PMS surface free energy is lower than GS surface free energy, what is due to lower liquid contact angles. Reference liquids wet better PMS. This observation is explained by texture presence which improves wetting. Indeed, Table 5 reports roughness of tested substrates determined by 3D microscopy where two global indicators were chosen: "r" is defined by the Wenzel model and the Sa parameter is the arithmetic mean height of the analyzed zone.

GS and PMS display same roughness parameter r whereas significant differences are observed for the Sa parameter. Sa abruptly increases from the model smooth substrate to PMS. It implies that PMS has a relevant microtexture which improves the contact at the surface.

The microtexture presence is confirmed by SEM observations. Local zones of tested substrates were investigated using different (1)

(2) techniques (SE, X-rays). Spatial maps on substrate local zones were compared at a magnification of 200 (Fig. 5).
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PMS displays what it is called "a relief structure": Fig. 5B indicates valleys (dark zones) and peaks (bright zones). That is not the case for GS which has a plan and smooth surface (5A). Texture is a factor which reduces equilibrium contact angles. At the inverse, chemical composition doesn't seem to influence wetting because both substrates are macroscopically homogeneous (5C and 5D). GS and PMS present similar composition except than GS has finer grains (5C).

Nevertheless, a refined assessment of PMS surface has been established at a bigger magnification factor to analyze thoroughly the structure of different chemical parts.

Calculation of substrate surface free energy using a Cassie Baxter model

The X-rays mapping (the central blue frame on 5D image) was analyzed at a magnification of 1500 to identify possible heterogeneities in chemical zones (Fig. 6).

Fig. 6 shows that PMS contains two different phases. The combination of 6A, 6B and 6C images indicates that one phase corresponds to a textured zone which is very abundant in magnesium, iron with the presence of micrometric cavities (6A and 6C). The second phase corresponds to smoother and plane zones with abundance in silicon (6C). On the 6B image, grey zones are attributed to micro fibrous zones (abundant in Mg, Fe elements) and darker zones are silicon smooth surfaces. By correlating with the 5D image (lower magnification) magnesium zones correspond to textured phases.

As a consequence, SEM observations at a smaller scale highlight the PMS heterogeneous texture and composition which influence the way each reference liquid wets the substrate [START_REF] Quéré | Wetting and roughness[END_REF]. These results lead to calculate PMS surface free energy according to another calculation approach which considers substrate heterogeneity. In this novel approach, PMS surface free energy is defined as a combination of surface energies of two homogeneous phases S 1 and S 2 using Cassie Baxter and Owens Wendt (CB OW) equations (Eqs. ( 2) and ( 3)) whose their spatial repartition correspond to ϕ 1 and ϕ 2, with This approach consists in treating statistically dynamic contact angle evolutions θ versus time for each reference liquid, θ 1 and θ 2 were defined for each spreading evolution. This methodology procedure counts the number of times that a contact angle value appears during dynamic wetting [START_REF] Zhang | Beyond Cassie equation: local structure of heterogeneous surfaces determines the contact angles of microdroplets[END_REF]. An example is illustrated on Fig. 7. It represents statistical distributions of WCA dynamic wetting evolutions (presented on 4B).

Differences exist between three dynamic wetting regimes (A). R2-1 wetting regime is discontinuous whereas R2-2 wetting regime is continuous. This observation is conserved in statistical distributions (B) since R2-1 distribution is more dispersed than R2-2 distribution which is narrower. WCA distributions highlight PMS heterogeneities and confirm the presence of two phases S1, S2 whose wetting properties are respectively identified by θ 1 and θ 2 angles. θ 1 and θ 2 are associated to the highest contact angle probabilities for each water drop measurement. For R2-1, θ 1 and θ 2 equal respectively to 9 and 11°whereas for R2-2, θ 1 and θ 2 are 13 and 17°.

In a second step, several liquid drops were deposited on tested substrates. All contact angles evolutions were statistically treated and separate θ 1 and θ 2 average values were obtained.

Data are collected in Table 6. From θ 1 and θ 2 , the cosine of equilibrium contact angle cos θ eq * was calculated using the Cassie Baxter equation (Eq. ( 3)) and the following assumption ϕ 1 = ϕ 2 = 0.5 which is based on SEM PMS observation (image 5D). The resulting cos θ eq * was then reinjected in the Owens-Wendt equation. Polar and dispersive parts of the total surface free energy were obtained (Table 6). Obtained results are compared to common surface free energies which were calculated with Young and Owens-Wendt equations (Y OW) (Table 4). Comparison of both approaches shows identical surface free energy values. Little difference is observed because PMS is an inclusion of an inorganic phase in another inorganic phase which presents same thermodynamic properties.

However, the CB OW model is better adapted to surface free energy of complex substrates and should be tested on more heterogeneous biphasic materials like reclaimed asphalt which displays coated and uncoated parts. Distinguished contact angles evolutions (on Fig. 7, R2) suggest also that wetting depends on PMS local zones and that contact angles dispersion comes from surface in contact.

To understand completely dynamic wetting evolutions, SEM surface observations have been correlated with water wetting regimes at the place where drops were deposited.

Understanding of wetting regime based on water contact angles: role of substrate microscopic local heterogeneities

Water drops were deposited on each rectangular zone of R4 sample (Figs. 1 and8). Fig. 8A shows the delimitation of two local zones which corresponds to positions with distinct wetting regimes. These positions are referred as P1 (in blue) and P2 (in green). Fig. 8B exposes corresponding dynamic water contact evolutions whereas Fig. 8C translates associated statistical contact angle distributions. 
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On P1 zone, wetting regime is continuous whereas contact angles are highly dispersed on P2 (Fig. 8B). Statistical repartitions show that both wetting regimes highlight a biphasic surface composition in contact (Fig. 8C). P1 seems correspond to a smoother zone due to its narrower distribution of WCA and P2 seems reveal a more heterogeneous composition.

To confirm these assumptions, P1 and P2 surfaces were analyzed with SEM techniques. Results are presented on Fig. 9 for P1 and on Fig. 10 for P2.

At the lowest magnification factor (Fig. 9A), the predominant phase is rich in silicon and sodium elements. By focusing on a little part (blue frame in 9A), sodium zones are attributed to smooth plan phases whereas magnesium zones are textured. With the multi-scale comparison, these observations lead to explain the continuity of the P1 wetting regime because P1 zone is mostly composed on sodium smooth phases.

It is worth noticing that a line comes across 9B and 9C mapping. It corresponds to an exterior potassium inclusion and isn't included in the dominant mineralogical composition.

On the contrary, EDX analysis on P2 at different magnifications (×25 and ×200) shows that the local mineral zone P2 contains a smooth sodium phase and a magnesium textured phase. Fig. 10A highlights magnesium phase dispersion in a continuous sodium phase. The focus (blue frame in 10A) indicates that sodium phase corresponds to a smooth surface. Magnesium zone is attributed to a textured phase which presents cavities (Fig. 10B).

As a consequence, Fig. 10A highlights a dispersion of a textured magnesium phase in a smooth sodium phase. It allows explaining the 
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high contact angles dispersion during water drop spreading because the image length corresponds exactly to the drop diameter.

WCA depends on the nature of included phases at the mineral surface when the triple point goes into contact with each phase.

Application to asphalt wetting on substrates at 130 °C 3.6.1. Influence of substrate heterogeneities on dynamic wetting regime

In a similar way, it is necessary to estimate the role of substrate heterogeneities on asphalt wetting for road applications. S2V drops were deposited on a mineral slide (R5 on Fig. 1) with visible heterogeneities (Fig. 11) and a biphasic visual organization. According to the drop position (on black or white local zones on Fig. 11A), contact angle evolutions were plotted in function of time in Fig. 11B.

Dynamic wetting evolutions expose very high contact angle dispersions (11B), what suggests the presence of important substrate physico-chemical heterogeneities. Fig. 11C indicates that each zone is considered as a biphasic zone which presents various wetting properties. On the black zone 1, θ 1 and θ 2 are associated to 18°and 23°w hereas on the grey zone 3, θ 1 and θ 2 equal to 15 and 19°. These results imply that no correlation exist between visual heterogeneities and wetting regimes. Heterogeneous zones are located at a microscopic scale.

Furthermore, different local wetting properties suggest the presence of local attachments points which promote preferentially asphalt adhesion and which could also better resist to water stripping at long term.

Influence of asphalt on wetting at equilibrium time

The influence of asphalt characteristics has been determined on wetting at the interface with both selected substrates (GS, R6, R7 on Fig. 1) at a WMA temperature of 130 °C. It was considered that R7 contains one black phase S 1 and R6 contains a black phase S 1 and a white phase S 2 . Data were summarized in Table 7 and have allowed identifying influent factors on asphalt wetting.

For both studied substrates, Fig. 12 displays relationships between equilibrium contact angles and asphalt viscosity (A), saturates content (B) and asphaltenes content (C).

On glass, asphalt contact angle varies from 21 to 28°(Table 7) and depends on the saturate contents (Fig. 12A). Conversely, it's not the case for PMS which depends mostly on asphalt viscosity (Fig. 12B). Figures A andB show that there is a balance between saturate content and the rheological property according to the substrate. Furthermore, asphalt contact angle on PMS is influenced by asphaltenes content while the same binder wetting is unaffected on GS (12C).

Asphalt doesn't react similarly according to the substrate. For a good adhesion quality, it is thus important to consider "asphalt/substrate" combinations.

On Fig. 12C, B1 and B2 designate asphalt coming from different crude oils 1 and 2. It is worth noticing that the crude oil has an impact on equilibrium contact angles whatever the considered substrate. For a same asphaltenes content, asphalt from the crude oil 1 wet better on any tested substrate.

Concerning associated equilibrium times, results display significant standard deviations which are more important for asphalt wetting on PMS. These high standard deviations can be explained by PMS heterogeneity degree. Fig. 13 exposes relationships of equilibrium times in function of asphalt characteristics (polarity and viscosity) on tested surfaces (GS and PMS). On GS, equilibrium times are impacted by asphalt polarity and viscosity. Fig. 13A and C highlight linear trends according to each factor. On Fig. 13A, equilibrium times are longer for viscosity superior to 0.5 Pa.s and evolve linearly according to asphalt polarity. Fig. 13C also shows that equilibrium times are shorter for highly polar asphalt (P > 18%). For low polar asphalt, equilibrium times are related linearly to asphalt viscosity.
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Inversely, on PMS, equilibrium times are not affected by asphalt polarity (Fig. 13B) but by viscosity. Similarly to kinetics on GS, equilibrium times are shorter for viscosities below 0.3 Pa.s. By relating asphalt viscosity to PMS equilibrium times, Fig. 13D highlights not only linear trends but also the impact of substrate heterogeneities on equilibrium times. Equilibrium times are shorter for samples containing two phases S 1 S 2 than for homogeneous samples containing S 1 . For mineral homogeneous substrates containing S 1 , equilibrium times evolve linearly according to asphalt viscosity.

However, these linear tendencies are only available for optimal viscosity conditions (<1 Pa.s). Due to its highest viscosity, the H2A equilibrium time doesn't evolve linearly as other samples and its equilibrium times seem to be stabilized for both substrates (Fig. 13C andD).

Whatever the substrate, asphalt viscosity plays a predominant role on wetting kinetics in optimal coating conditions (viscosity < 1 Pa.s). The viscosity factor is combined of either asphalt polarity on GS or presence of structural phases on PMS (Fig. 13).

Therefore, asphalt characteristics impact wetting kinetics and react differently according to the substrate. That's why asphalt/substrate couples must be well-selected for the process optimization of warm asphalt mixtures.

Discussion

The main objective of this paper is to identify parameters impacting wetting evolutions in order to better understand adhesion phenomena at the interface asphalt/aggregate and to predict asphalt mixture performance. As recycling process is a key parameter for road construction, a special attention has also been paid to influence of asphalt ageing on wetting behaviors.

Key parameters in wetting regimes

Results indicate that surface tension was highly dependent on aromatics and asphaltenes contents according to satisfactory linear regressions coefficients (R 2 = 0.88) (Fig. 3). It highlights that surface tension will also decrease with ageing, as observed on Table 3. Whatever asphalt origin, ageing reduces surface tension. Findings are related to J. Wei results [START_REF] Wei | Influence of aging on surface free energy of asphalt binder[END_REF] that also suggested consequences of such a reduction. As surface tension decreases during long term ageing, asphalt cohesion work would decrease and the asphalt binder may crack.

Concerning wetting on substrates, the contact angle value is impacted by asphalt viscosity on PMS (Fig. 11A). A satisfactory linear regression (R 2 = 0.87) has been found between the asphaltenes content and the equilibrium contact angle (Fig. 11C). This result is not surprising because asphaltenes greatly contribute to the surface activity of asphalt adhesion on mineral aggregates [START_REF] Fischer | On the interfacial interaction between bituminous binders and mineral surfaces as present in asphalt mixtures[END_REF].

Furthermore, the contact angle value differs according to the crude oil origin whatever the tested substrate. For same asphaltenes content, asphalt contact angles are lower for crude 1, what could imply a distinguished asphaltenes structuration in crude oil or the influence of other molecules like waxes and natural surfactants. A hypothesis would be that asphaltenes are better stabilized by natural surfactants. The amount of natural surfactants depends namely on the crude source [START_REF] Lesueur | The colloidal structure of asphalt: consequences on the rheology and on the mechanisms of asphalt modification[END_REF]. The way surfactants stabilized asphaltenes would be the cause. No migration of polar constituents may occur at the interface according to C.W. Curtis [START_REF] Curtis | Fundamental Properties of Asphalt-Aggregate Interactions Including Adhesion and Absorption[END_REF]. This observation should be confirmed with other studies at the interface. Nevertheless, it appears probable that the way asphaltenes organize in the crude oil has direct consequences on aggregates coating. For GS, asphalt contact angle is not related to asphaltenes content but to asphalt viscosity and saturates content.

As for wetting kinetics, asphalt characteristics play an important role on substrate wetting. For more homogeneous materials like glass, equilibrium time is governed by asphalt viscosity and polarity. In optimal coating conditions (viscosity < 0.3 Pa.s), equilibrium times are shorter (Fig. 13A). Fig. 13C also implies that highly polar asphalt will quicker wet homogeneous substrates in these conditions. Low viscosity and high asphalt polarity are also two impacting factors which allow coating rapidly smooth siliceous minerals. Low viscosities (<0.3 Pa.s) are also necessary to spread rapidly more heterogeneous substrates (Fig. 13B). A higher viscosity leads to a longer spreading time for both substrates.

But whatever the substrate, the equilibrium time seems to be stabilized for more elevated viscosities (>1.4 Pa.s) as the H2A kinetics illustrates. To confirm the typical effect of high viscosity on equilibrium times, H2A wetting experiments were performed on GS between 120 and 160 °C. Viscosity influence on H2A equilibrium times is assessed on Fig. 14.

As suggested before, equilibrium time evolves slower for higher viscosities (superior to 1.4 Pa.s). Equilibrium time is stabilized for high viscosities, what implies that viscosity influences asphalt wetting regime. This typical effect is also active on PMS wetting (Fig. 15) because asphalt wetting displays a continuous regime (like on glass) which is stabilized from 100 s (Fig. 15B). Asphalt spreading seems also achieved. The resulting equilibrium time is also shorter.

Furthermore, the positive influence of substrate heterogeneities is outlined on Fig. 15A for lower viscosities because the dynamic contact angle is reduced. That is hidden for the 1.3 Pa.s. viscosity because the equilibrium contact angle is higher and can't evolve anymore (Fig. 15B). Therefore, wetting is partial. Asphalt with high viscosities (from 1.3 Pa.s) leads to a non optimal wetting. Under low viscosities, substrate heterogeneities allow decreasing dynamic contact angles (Figs. 10 and15A) but they play also a significant role on wetting kinetics (Fig. 13D). For a same optimal viscosity, biphasic substrates (S 1 S 2 ) display lower equilibrium times that uniform substrates. Thus, substrate textural and chemical heterogeneities are important to gain a good wetting quality on aggregates, as it was confirmed by C.W. Curtis [START_REF] Curtis | Fundamental Properties of Asphalt-Aggregate Interactions Including Adhesion and Absorption[END_REF].

Selection of road materials for the optimization of WMA process

Obtained results highlighted that asphalt viscosity and substrate heterogeneities are two indicators to consider for a good wetting quality. Through the temperature reduction, warmer manufacture technologies reduce wetting quality. A special attention must be also paid to keep optimal viscosity coating conditions (<1 Pa.s). A relation has been also found between the asphalt contact angle and the asphaltenes content on PMS, what suggests that wetting of an aged binder will be also reduced. An increase in a range of 3 and 5°is noticed after a RTFOT + PAV ageing procedure. Future experiments should be performed with oxidized asphalts exhibiting more extreme ageing states in order to know the limit of oxidation degree acceptable and to assess impact on final wetting quality. Lastly, substrate heterogeneities play a very important role on aggregates wetting. They improve wetting kinetics and impregnation on mineral substrates. As a consequence, heterogeneous substrates are privileged in order to guarantee the best quality adhesion.

To assess heterogeneity degree of aggregates, WCA measurements are recommended as L. Boulangé suggests [START_REF] Boulangé | Physicochemical characterisations of the asphalt -aggregate interface to get a better understanding of stripping phenomena[END_REF]. It is also noticed that homogeneous substrates provide a continuous wetting regime (like glass). They contain a high percentage of Si/Na elements and these phases are considered smooth. On this kind of substrate, wetting is partial. At the inverse, heterogeneous substrates are identified as substrates which display a discontinuous wetting regime for WCA. They should contain several phases at their surface composition and present texture. As C.W. Curtis explains [START_REF] Curtis | Fundamental Properties of Asphalt-Aggregate Interactions Including Adhesion and Absorption[END_REF], the surface aggregates composition is crucial because asphalt can penetrate in pores and crevices. As a special mineralogical is often present (Fig. 10), it may be judicious to assess the dispersion percent of one phase in the continuous phase through SEM observations. This kind of aggregates displays a very important potential to improve wetting quality.

In a consequence, to obtain a great adhesion quality, final requirements are to select optimal viscosity conditions for asphalt and a high substrate heterogeneity degree for aggregates. As substrate heterogeneities are essential for wetting quality, it is advised to characterize thoroughly substrates.

Conclusion

The main goal of this paper was focused on the development of WMA mixtures incorporating reclaimed asphalt and, in particular, on the quality adhesion assessment of the "asphalt/aggregate" couple. The purpose was to fill the gap in the understanding of wetting phenomena at the interface "asphalt/aggregate". The role of asphalt characteristics (viscosity, ageing, composition) as well as the one of substrate was investigated.

According to substrate heterogeneity degree, the asphalt wetting behavior differs according to following impacting factors:

• For a smooth homogeneous substrate (like glass): asphalt viscosity, polarity and saturates content • For a mineral heterogeneous substrate (like PMS): asphalt viscosity and asphaltenes content Furthermore, substrate heterogeneities appear as a very important factor which improves considerably wetting quality. The tested min eral substrate has been identified as a biphasic material, its wetting regime has been validated by a CB OW model and a comprehensive approach has been proposed to explain asphalt wetting on heterogeneous substrates in correlation with SEM observations.

The CB OW model is essential to understand adhesion phenomena on heterogeneous road materials. It seems also to be a promising way to evaluate quality adhesion of "asphalt/RA" mixtures.

The contribution study of wetting regimes allowed understanding adhesion mechanisms at the interface "asphalt/aggregate". Using optimal viscosity conditions, a better adhesion quality occurs when substrate presents surface heterogeneities, leading to drops crushing on the surface and thus an improvement of the intimate contact between aggregates and asphalt. To conclude, contact angles measurements are recommended in order to better select materials for road applications and to improve environmental-friendly practices.

  : S for Soft and H for Hard which corresponds respectively to a penetration index of [160-220] × 0.1 mm and of [50-70] × 0.1 mm. -Y corresponds to the crude oil origin: 1 and 2 -Z corresponds to the ageing state: V for Virgin and A for Aged by the RTFOT + PAV procedure [RTFOT (EN 12607) (163 °C, 75 min) + PAV (EN 14769) (2,1 MPa, 20 h, 100 °C)]

Fig. 1 .

 1 Fig. 1. Presentation of tested PMS samples for wetting experiments. Three detectors were used and provide different types of signal. -The detection of secondary electrons (SE) indicates surface topography: brightness of the signal depends on the electrons number which reaches the detector. It depends on the angle at which electron beam meets the surface. Electrons are detected by an Everhard-Thomley detector. -The detection of backscattered electrons (BSE) results from elastic scattering. This technique provides information about the element composition. The signal depends on density and on the elements atomic number (Z). Heavy elements appear brighter in the image. BSE is useful to determine areas with different chemical organizations (crystallography). -X-rays (or EDX) is used to identify the composition of each observed area. This technique is semi-quantitative (1% error). It allows determining the spatial element distribution. Electrons were detected by a Bruker-Quantax detector.

  .9 mN/m -Diiodomethane: γ L = 50.8 mN/m; γ L P = 0.0 mN/m; γ L D = 50.8 mN/ m -Water: γ L = 72.8 mN/m; γ L P = 51.0 mN/m; γ L D = 21.8 mN/m

Fig. 2 .

 2 Fig. 2. Proposed methodology to obtain wetting indicators for asphalt wetting.

Fig. 3 .

 3 Fig. 3. Correlation between surface tension and asphalt physico-chemical properties.

Fig. 4 .

 4 Fig. 4. Evolution of water contact angles in function of time on GS (A) and PMS (B).

Fig. 5 .

 5 Fig. 5. Comparison of GS and PMS surfaces at a magnification of 200.

Fig. 6 .

 6 Fig. 6. SEM images of a local PMS zone at a magnification of 1500.
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 1 ϕ 2 = 1[START_REF] Rodríguez-Valverde | Wetting on axially-patterned heterogeneous surfaces[END_REF].

Fig. 7 .

 7 Fig. 7. Translation of dynamic wetting evolutions (A) in WCA statistical distributions (B) on R2.

Fig. 8 .

 8 Fig. 8. Water wetting regimes on two local mineral positions P1, P2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9 .

 9 Fig. 9. Observation by SEM of the local PMS zone P1.

Fig. 10 .

 10 Fig. 10. Observation by SEM of the PMS local zone P2.

Fig. 11 .

 11 Fig. 11. Wetting of the S2V asphalt at 130 °C (η = 0.25 Pa.s) on white and black local PMS zones.
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Fig. 12 .

 12 Fig. 12. Influence of asphalt characteristics on equilibrium contact angles on GS and PMS.

Fig. 13 .

 13 Fig. 13. Influence of asphalt characteristics on wetting kinetics for both tested substrates.

Fig. 14 .Fig. 15 .

 1415 Fig. 14. Influence of the H2A viscosity on equilibrium times on GS.

Table 1

 1 Comparison between asphalt physico-chemical properties.

		Penetration index (1/	Softening point	η at 130	°C	C O	S O
	Sample	10 mm)	(°C)	(Pa.s)		(-)	(-)
	S1V	178	38.6	0.28		1.8	1.5
	S1A	60	51.8	0.65		3.8	7.4
	S2V	170	40.6	0.25		0.0	2.1
	S2A	53	50.6	0.53		3.5	11.8
	H2V	50	50.6	0.66		0.0	2.9
	H2A	18	67.4	1.72		3.7	11.6

Table 2

 2 Comparison of asphalt SARA fractions and resulting ageing indexes.

	Binder	MALTENES	ASPHALTENES

Table 3

 3 Asphalt surface tension γB and respective dispersive γ D and polar γ P parts at 130 °C.

	Binder γB (mN/m)	ΘeqPTFE (°) γ D (mN/m) ⁎ γ P (mN/m) ⁎ Polarity (%)
	S1V	28.19 ± 0.13 56.3 ± 1.7	26.7	1.5	5.4
	S1A	27.94 ± 0.27 63.1 ± 4.8	22.8	5.1	18.2
	S2V	28.87 ± 0.01 67.3 ± 3.2	22.6	6.6	22.9
	S2A	28.46 ± 0.04 60.0 ± 3.3	25.3	3.1	11.0
	H2V	28.62 ± 0.36 55.6 ± 5.5	27.9	0.7	2.6
	H2A	27.88 ± 0.3	61.8 ± 7.0	23.4	4.5	16.1
	⁎ Dispersive and polar parts were calculated from following equations	
	,	[4,37].				

Table 4

 4 Surface free energy γS of both tested substrates using the Y OW approach.

	Y OW approach				
	Substrates	GS	PMS		
	Samples	G1	R1	R2	R3
	Contact angle	θeq (°)	θeq (°)	θeq (°)	θeq (°)
	Water	26.0 ± 5.4	16.9 ± 0.8	4.7 ± 1.2	12.5 ± 5.5
	Diiodomethane	57.9 ± 3.9	39.1 ± 0.7	36.4 ± 1.4	36.6 ± 1.4
	Ethylene Glycol γ P (mJ/m 2 ) γ D (mJ/m 2 ) γ S (mJ/m 2 )	34.4 ± 2.7 37.2 22.4 59.6	15.5 ± 3.4 34.5 31.0 65.5	17.4 ± 3.1 36.1 31.2 67.3	15.7 ± 3.5 34.9 31.7 66.5

Table 5

 5 Comparison of substrate roughness with 3D microscopy.

	Substrates	GS	PMS
	Real surface (mm 2 ) Projected surface (mm 2 )	59.20 58.35	58.65 58.34
	Roughness parameter "r"	1.01	1.01
	Arithmetic average "Sa" (μm)	6.20	94.64

Table 6

 6 Surface free energy γS of PMS using CB OW approach.

	CB OW approach						
	PMS						
	Samples	R1		R2		R3	
	Average contact angle	θ 1 (°)	θ 2 (°)	θ 1 (°)	θ 2 (°)	θ 1 (°)	θ 2 (°)
	Water	16.8 ± 0.4	19.3 ± 0.4	11.8 ± 1.9	14.3 ± 2.5	8.5 ± 5.0	15.6 ± 4.6
	Diiodomethane	37.5 ± 0.5	38.5 ± 0.5	35.0 ± 1.8	36.5 ± 1.7	35.5 ± 1.3	36.5 ± 1.3
	Ethylene Glycol	13.8 ± 3.9	14.8 ± 3.9	16.3 ± 3.1	17.3 ± 3.1	13.5 ± 2.4	14.5 ± 2.4
	Calculated Θeq * (°) with CB	Θeq * (°)		Θeq * (°)		Θeq * (°)	
	Water	18.1		13.1		12.6	
	Diiodomethane	38.0		35.8		36.0	
	Ethylene Glycol	14.3		16.8		14.0	
	Samples γ P (mJ/m 2 ) γ D (mJ/m 2 ) γ S * (mJ/m 2 )	R1 33.7 31.5 65.3		R2 34.5 31.8 66.3		R3 34.7 31.9 66.6	

Table 7

 7 Evolution of wetting indicators of asphalt on siliceous substrates at 130 °C.

	Binder GS		PMS		
							Predominant
		Θeq (°)	teq(s)	Θeq (°)	teq (s)	PMS	phase
	S1V S1A S2V S2A H2V H2A	21.8 ± 1.2 46.1 ± 18.3 22.8 ± 2.1 56.9 ± 22.0 30.0 ± 1.9 2.5 ± 1.5 26.3 ± 4.7 75.2 ± 20.8 27.4 ± 1.3 108.3 ± 20.1 11.0 ± 0.9 138.7 ± 30.9 R6 7.3 ± 2.1 35.0 ± 37.4 R7 11.0 ± 1.4 105.4 ± 58.7 R7 9.2 ± 1.6 35.3 ± 17.6 R6 9.9 ± 3.3 112.7 ± 43.4 R6 28.4 ± 1.5 53.0 ± 29.3 16.1 ± 0.5 141.3 ± 18.3 R6	S 1 S 2 S 1 S 2 S 1 S 1 S 1 S 1
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