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Study of remobilization phenomena at "reclaimed asphalt binder/virgin binder" interphases for recycled asphalt mixtures using novel microscopic methodologies
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Objectives are to understand remobilization phenomena which occur during the manufacture of recycled asphalt mixtures. Novel X-ray micro fluorescence and infrared microscopy methodologies have been customized to the "aged binder/virgin binder" interphase. Infrared Imaging ATR is the best technique to monitor the aged binder migration coupled to the carbonyl function as a distinguishable marker. Furthermore, the rejuvenator addition and a high aged binder temperature increase the blending zone length between binders. The carbonyl distribution profile slope assesses also the binders blend quality and directly depends on the aged binder viscosity. Another impacting factor could also influence the binder remobilization and could be based on molecular distributions.

Introduction 1.Background

In the road industry, the manufacture of Warm Asphalt Mixtures (WMA) incorporating RAP (Reclaimed Asphalt Pavement) represents an important ecological potential because the reference manufacturing temperature is reduced by 40 °C, what leads to significantly reduce gas emissions [START_REF] D'angelo | Warm-Mix asphalt : European Practice[END_REF][START_REF] Gaudefroy | Laboratory Assessment of Fumes Generated by Bituminous Mixtures and Bitumen[END_REF][START_REF] Rubio | Warm Mix Asphalt: An overview[END_REF]. Furthermore, recycling of asphalt mixtures allows decreasing the consumption of nonrenewable resources (bitumen, aggregates) because fine layers of aged bitumen around RAP materials are reused.

However, the RAP aged binder has a chemical composition which differs from the virgin one: the asphaltenes content increases with ageing and carbonyl C=O and sulfoxide S=O functions appear in bitumen. These changes lead to a more viscous binder and to a possible heterogeneous mixture between the RAP aged and virgin binder during manufacturing conditions. As a consequence, mechanical properties diverge in comparison with the predicted properties [START_REF] Nguyen | Effects of laboratory mixing methods and RAP materials on performance of hot recycled asphalt mixtures[END_REF]. In fact, mechanical properties of asphalt mixtures incorporating high percentages of RAP depend both on the RAP binder interaction degree with the virgin one and on RAP aged binder properties:

-On one hand, R.Mc Daniel has shown that for a conventional asphalt mixture manufacture, a "partial blending" occurred [START_REF] Mcdaniel | First Observation of Blending-Zone Morphology at Interface of Reclaimed Asphalt Binder and Virgin Bitumen[END_REF], what has been confirmed by H.V.Nguyen [START_REF] Nguyen | Effects of mixing procedures and rap sizes on stiffness distribution of hot recycled asphalt mixtures[END_REF]. This observation results from a complete study which has determined different mechanical properties of mixtures elaborated in different conditions: from the "black rock effect" (no RAP binder interaction) to the "total blending" situation (total RAP binder interaction). -On the other hand, even if the RAP incorporation has led to a better rutting resistance [START_REF] Guo | Laboratory performance of warm mix asphalt containing recycled asphalt mixtures[END_REF][START_REF] Lopes | Durability of hot and warm asphalt mixtures containing high rates of reclaimed asphalt at laboratory scale[END_REF][START_REF] Navaro | Cinétique de mélange des enrobés recyclés et influence sur les performances mécaniques[END_REF], studies have also outlined dispersed results in moisture resistance [START_REF] Guo | Laboratory performance of warm mix asphalt containing recycled asphalt mixtures[END_REF][START_REF] Zhao | Comparative evaluation of warm mix asphalt containing high percentages of reclaimed asphalt pavement[END_REF] and fatigue resistance [START_REF] Guo | Laboratory performance of warm mix asphalt containing recycled asphalt mixtures[END_REF][START_REF] Pérez-Martínez | Durability analysis of different warm mix asphalt containing reclaimed asphalt pavement[END_REF].

The blend between the RAP and virgin binder is also still misunderstood and it is important to determine the blending degree of recycled asphalt mixtures to guarantee efficient mechanical properties. The blending degree represents the total RAP binder percentage which is mobilized in an asphalt mixture [START_REF] Coffey | Determining the impact of degree of blending and quality of reclaimed asphalt pavement on predicted pavement performance using pavement ME design[END_REF]. Several studies have investigated it at the asphalt mixture scale [START_REF] Nguyen | Effects of mixing procedures and rap sizes on stiffness distribution of hot recycled asphalt mixtures[END_REF][START_REF] Rinaldini | Investigating the blending of reclaimed asphalt with virgin materials using rheology, electron microscopy and computer tomography[END_REF], at the intergranular space scale [START_REF] Cavalli | Multiscale imaging and characterization of the effect of mixing temperature on asphalt concrete containing recycled components[END_REF][START_REF] El Beze | Identification de traceurs d'homogénéité du mélange entre bitume vieilli et bitume neuf d'apport[END_REF] or by considering a stage method extraction on an asphalt mixture sample [START_REF] Delfosse | Performance Control of Bituminous Mixtures with a High RAP Content[END_REF][START_REF] Huang | Laboratory Investigation of Mixing Hot-Mix Asphalt with Reclaimed Asphalt Pavement[END_REF]. Other studies have also focused directly on the binders interphase in order to monitor the aged binder migration during the blend. X-rays micro tomography [START_REF] Druta | Laboratory Investigation of Reclaimed Asphalt Pavement Mixed with Pure Binder Using X-Ray CT Scanner[END_REF], Environmental Scanning Electronic Microscopy [START_REF] Cavalli | Multiscale imaging and characterization of the effect of mixing temperature on asphalt concrete containing recycled components[END_REF] or Atomic Force Microscopy techniques (Nahar et al., 2013) were used with specific markers to monitor the aged binder. The markers have respectively been attributed to iron oxide, titanium oxide or different bee-microstructures. These studies concluded that the mixing time improved the RAP spatial distribution [START_REF] Nguyen | Effects of mixing procedures and rap sizes on stiffness distribution of hot recycled asphalt mixtures[END_REF]. The manufacturing temperature also impacts the blending degree. Hot manufacturing temperatures (160 °C) lead to a faster RAP binder homogenization kinetics [START_REF] Navaro | Observation and evaluation of the degree of blending of reclaimed asphalt concretes using microscopy image analysis[END_REF] and a thinner RAP binder thickness [START_REF] Cavalli | Multiscale imaging and characterization of the effect of mixing temperature on asphalt concrete containing recycled components[END_REF].

However, blending mechanisms remain not completely understood. Indeed, the stage extraction method results [START_REF] Huang | Laboratory Investigation of Mixing Hot-Mix Asphalt with Reclaimed Asphalt Pavement[END_REF] have highlighted a double-coating of the RAP aggregate whose the formation has not yet be explained. Furthermore, during the RAP incorporation, the asphalt mix production step may imply a temperature difference between cold incorporated RAP materials and the virgin binder which is never taken into account in the previous studies. Finally, microscopic studies at binder interphase have used an external additive (iron, titanium oxides…) to assess the aged binder remobilization. A question about this methodology would be to verify if the external mineral additive impacts or interferes in the migration kinetics of the aged binder.

Objectives and experimental approach

Face to this interrogation, the objectives of this paper are to develop novel methodologies based on bitumen internal markers which allow investigating the bituminous interphase by considering a temperature difference between binders. Regarding the asphalt mixture recycling challenge, the second objective is to provide scientific answers about the influence of the RAP conditioning temperature and the rejuvenator use on the remobilization quality.

Remobilization represents ability for the virgin binder to make mobile again and disperse the RAP aged binder layer. For this purpose, several methodologies have been developed to monitor the aged binder migration: X-ray micro fluorescence, infrared microscopy in ATR (Attenuated Total Reflectance) and in Imaging ATR modes. Results are compared and the use of internal or external markers is discussed. Then, the research work is pursued with the most suitable methodology. The influence of the aged binder nature, the rejuvenator addition and the aged binder temperature is evaluated on remobilization.

Materials and techniques

Pure and additived bitumens

Several binders were tested:

-a Hard Virgin binder, noted H2V, with a 50/70 penetration grade according to EN 12591 standard -a Hard Aged binder, noted H2A, obtained after a RTFOT (EN 12607 standard, 163 °C, 75 min) + PAV (EN 14769 standard, 2,1 MPa, 20 h, 100 °C) ageing procedure of the H2V binder.

a Hard Aged binder (H3A), also obtained after a RTFOT + PAV procedure of a virgin binder H3V (35/50) which comes from a second refinery. This binder has been chosen to simulate a typical hardest RAP binder, coming from another origin.

Some additives were incorporated to binders, they correspond to a calcium carbonate filler CaCO3 (referred to as Ca) and a rejuvenator (referred to as REJ) which is based on fatty acid methyl esters compounds. These additives have been chosen because they are directly involved in the formulation of recycled asphalt mixtures and they display a distinguishable infrared response (figure 4). For the preparation, an amount of 0.5 % (by weight) of a rejuvenator agent has been incorporated to the H2V binder. An amount of 50 % (by weight) of calcareous filler has been incorporated to the H3A binder to simulate the presence of high filler proportions in the crushed RAP material.

The filler particle size is inferior to 63 µm. Additives were incorporated to respective binders which were first heated at 150°C. Mixes (H2V+REJ and H3A + 50% Ca) were mechanically stirred with a blade during 2 minutes at 200 rpm.

Before the interphase investigation, binders were traditionally characterized according to the penetration index (defined by the EN 1426 standard), the softening point (defined by the EN 1427 standard), asphaltenes content (defined by a procedure deriving from the NF T 60-115 standard). Binder viscosities were also measured using a Malvern Kinexus Pro rheometer at three temperatures (120 °C, 140 °C, 150 °C) with a cone-plate geometry and an oscillatory mode, fixed at 0.01 Hz. Results (table 1) show that the penetration index decreases and the softening point increases with bitumen ageing. The H2A binder is harder and displays a higher asphaltenes content as well as a higher viscosity in comparison with H2V. The aged binder comparison shows also that the H3A binder is harder than the H2A one due to a lower penetration index and a higher softening point. Furthermore, the H3A binder displays a higher asphaltenes content than the H2A one ( 1: Physicochemical properties of the selected binders (1) for penetration values inferior or superior to 50 (1/10 mm), repeatability equals respectively 2 and 4, as an orientation (EN 1426); (2) repeatability equals to 1.0 (°C) (EN 1427) 

Preparation of double-layered samples for analysis

For the interphase investigation, double-layered bituminous samples were elaborated in different manufacturing conditions in order to simulate a double coating effect (figure 1). A temperature difference was introduced between binders so that the virgin binder temperature is always fixed at 160 °C while the aged binder temperature varies. The associated temperature difference ∆T of 40 °C and 0 °C is respectively attributed to warm and hot conditioning temperatures of the aged binder.

For the preparation, the aged bituminous layer was firstly flowed in a silicone mold which was conditioned at a controlled temperature during at least 30 minutes. After this time, a second virgin binder layer was spread at 160°C on the first layer. Each layer weight amounts approximatively to 0.7 grams. The double-layered system was stored at room temperature during 2 minutes to allow a heat transfer. At the end of the preparation, molds were cooled in a freezer during 10 minutes to create a rapid quench. The sample cooling was then pursued at a slower way at ambient air to avoid bitumen retraction and obtain flat sample faces. The sample dimensions in the mold are 19× 13× 5 mm 3 (a× b ×c) (figure 1).

Figure 1 : Illustration ot the preparation of double-layered bituminous samples In the following parts, tested samples are codified according the nomenclature X/Y/Z where:

-X is the aged binder -Y is the virgin binder -Z is the temperature difference used for the sample manufacture 2.3. Techniques and methodologies Three microscopic methodologies have been developed to monitor the aged binder migration at the "aged binder/virgin binder" interphase:

1) X-ray micro fluorescence, 2) Infrared microscopy in ATR (Attenuated Total Reflection) mode 3) Infrared microscopy in Imaging ATR (Attenuated Total Reflection) mode For the measurement principle, X-rays micro fluorescence is based on the elements excitation with a X-rays source and provides a presence probability of inorganic elements from spectrum peak heights. Inversely, infrared techniques (in ATR and Imaging ATR modes) rely on the vibration of organic bonds with an infrared light and estimate the organic bonds concentration in the sample from peak areas on respective spectra.

Nevertheless, the analysis principle remains identical for three methodologies. A 1D distribution profile is obtained across the bituminous double-layered sample (figure 2). The distribution profile shape assesses the migration degree of the aged binder.

From this analysis principle, three methodologies are complementary, they differ by their analysis zone and their precision degree to obtain the 1D distribution profile:

• For infrared microscopy in Imaging ATR mode (figure 2C), the observation zone is focused on some hundred micrometers because the crystal tip diameter amounts to 600 µm and the contact must be permanent during the analysis. The two other techniques (figure 2A andB) don't require a permanent contact and the observation zone can be enlarged to the sample dimension by displacement of the sample's contact area (around 13000 µm).

Figure 2 : Illustration of the analysis principle for each used technique

• The measurement precision varies due to the beam size. For the non-destructive micro fluorescence X technique (figure 2A), the acquisition step amounts to 25 µm. For microscopy in ATR mode, the "crystal/sample" contact provides a spectrum on a 100-µm spot (figure 2B) while a spectrum can be given on each 1.56 µm (pixel size) of the observation zone for microscopy in Imaging ATR mode (figure 2C).

Therefore, all techniques allow studying the aged binder migration at different observation scales. The sample analysis was acquired with a M4 Tornado Bruker: defined acquisition parameters correspond to a low 20 kV voltage and a low intensity of 200 µA in order to avoid bitumen heating during the analysis which occurs at room temperature. The "H3A+ 50% Ca" binder has been used for this experiment. The calcareous filler (CaCO3) plays the marker role to monitor the aged binder migration. On the profile line provided on the sample white arrow (figure 3 top), a calcareous (Ca) distribution profile is obtained (figure 3 bottom). A moving average has been performed on original data to smooth curves with a series of 20 values, in order to better appreciate blending between aged and virgin binder.

X-ray micro fluorescence methodology

Identification of infrared markers by Fourier Transform Infrared

Spectroscopy (FTIR) in Attenuated Total Reflection (ATR) mode

Before using infrared microscopy (with 2 modes), studied binders were then characterized with Fourier Transform Infrared Spectroscopy (FTIR) in order to find specific markers which allow distinguishing the aged binder from the virgin one. The ATR mode (Attenuated Total Reflection) was used, its principle is more described in [START_REF] Karlsson | Application of FTIR ATR to characterization of bitumen rejuvenator diffusion[END_REF]. Spectra were acquired from 4000 to 400 cm -1 with 10 accumulations and displayed on figure 4. Results show that all binders display at least one distinguishable peak which differs from the H2V binder. Several markers can also be used and correspond to the carbonyl function around 1700 cm -1 and sulfoxide function around 1030 cm -1 for the aged binder. The rejuvenator presents a specific ester peak around 1743 cm -1 . Three peaks are also attributed to the calcareous filler around 1795, 1430 and 870 cm -1 and refer to the vibration of the carbonate bonds (C=O and C-O). The last peak at 870 cm -1 is the narrowest peak, it will be also used to monitor the calcareous migration.

Methodology of infrared microscopy in ATR mode

Distribution profiles lines have been then obtained thanks to an infrared microscope (Spotlight 400 (Perkin Elmer)).

An ATR accessory has been used and the "crystal/sample" contact provides an infrared spectrum which has been generated on a local 100-µm spot. As the observation zone amounts to the sample dimension (figure 2), the ATR accessory moves on each point which must be characterized. Six points have been analyzed all along the sample dimension and six infrared spectra have been obtained.

These spectra have been exploited to calculate the area of each specific peak (figure 4). A strict methodology has been set in order to be able to compare and connect absorbance areas to local positions on the 1D profile. For all infrared techniques, each spectrum peak area has been calculated using identical defined integration limits:

• 1720 -1665 cm -1 for the carbonyl function C=O

• 1070 -985 cm -1 for the sulfoxide function S=O

• 1755 -1728 cm -1 for the ester function of the rejuvenator marker (O-C=O)

• 895 -845 cm -1 for the calcium carbonate marker (C-O)

Then, absorbance areas (figure 5 Infrared microscopy in ATR mode allows zooming the blend interest zone (figure 5). In a second step, infrared microscopy in Imaging ATR mode was used to define precisely the interest zone in few hundred micrometers, where blend occurs.

Methodology of infrared microscopy in Imaging ATR mode methodology

For the Imaging ATR analysis, the infrared microscope was used with a dedicated ATR accessory for which the crystal diameter amounts to 600 µm. During the chemical mapping acquisition, the "crystal/sample" contact must be permanent because the linear array imaging detector acquires simultaneously thousands spectra on the defined observation zone. Selected acquisition parameters were fixed to: 1 scan/pixel, a pixel size of 1.56 × 1.56 µm 2 , a spectral resolution of 8 cm -1 . Mapping dimensions were fixed to 100 × 500 µm² or 100 × 400 µm 2 from an optical observation zone (figure 6A). Then, acquired spectra were treated and exploited on the chemical mapping: the area of each studied peak has been integrated using a "chemimap" treatment (valley to valley) and the same integration limits which were defined in the 2.3.3 part. The function absorbance area has been plotted as a color distribution on the observation zone (figure 6B). Redder the color is, higher the peak absorbance area and higher the concentration in carbonyl function (figure 6B). A 1D-profile has been obtained according to the chemical mapping length (figure 6C). Similarly, original data of carbonyl peak absorbance areas were averaged with a serie of 20 values in order to better appreciate carbonyl absorbance evolutions on the sample profile. The profile distribution shape provides the migration degree of the aged binder and the blend quality.

In order to identify blend and no-blend zones from distribution profiles, infrared responses of pure binders have been determined. Chemical mappings of pure binders were acquired with same acquisition parameters. Only mapping dimensions have been reduced to 100 × 100 µm². Chemical mappings were converted in a table of absorbance values. W columns were averaged on each L line and all W-averages were again averaged on L lines (see figure 6B). A final averaged absorbance value has been provided and is attributed to the pure binder infrared response when no blend occurs. The virgin (H2V) and aged (H2A and H3A) binders were also characterized, carbonyl and sulfoxide absorbance areas are given in the table 2.

Binders C=O absorbance (10 -4 ) (-) S=O (-) absorbance (10 -4 ) (-) Integration limits 1720-1665 cm Table 2 shows concentration differences in carbonyl and sulfoxide functions. For all binders, the sulfoxide peak area is higher than the carbonyl peak area. This result indicates that the H2V binder has already a non-negligible concentration in sulfoxide functions at the virgin state. Inversely, the H2V carbonyl area amounts almost to 0 because no peak is shown on the infrared spectrum (figure 4). In this case, the data exploitation has even led to negative values in some situations (around -0.0005) but absorbance data were reported to 0. After ageing, the carbonyl and sulfoxide absorbance areas increase, what suggests higher concentrations in these functions in the oxidized sample. These absorbance area differences between the virgin and aged binder allow validating the use of carbonyl and sulfoxide functions as specific internal markers of the aged binder.

It is also worth noticing here that both aged binders don't display similar infrared responses. Even if the sulfoxide absorbance area is similar for the H2A and H3A binders (table 2), the carbonyl absorbance area is lower for the H3A binder than for the H2A one. This result provides also supplementary information about the binder ageing state.

Results & discussion

Investigation of the bituminous interphase for warm and hot conditioning temperatures of the aged binder

The microscopic methodologies customized for the interphase study have been applied to a double-layered sample "H3A+50%Ca/H2V" elaborated by using warm and hot conditioning temperatures of the H3A +50% Ca binder. The figure 7 compares distribution profiles which were obtained both on a 12000-µm observation length by X-rays micro fluorescence (figures 7A and 7B) and infrared microscopy in ATR mode (figure 7C) for warm (left) and hot (right) conditions.

Concerning X-rays micro fluorescence results, figure 7A shows calcareous distribution profiles for warm temperature (left) and hot temperature (right) conditions. From figure 7B, results highlight the presence of several inorganic elements and metals in bitumen such as sulfur (S), vanadium (V), nickel (Ni) and zinc (Zn) which can be also used as markers because the element presence probability is higher in the virgin binder H2V than in the aged binder H3A+ 50% Ca. In both warm and hot conditioning temperature of the aged binder (left and right), all distribution profiles highlight the presence of a transitory zone (black dotted lines) and a composition gradient (figure 7A and7B). This composition gradient refers to a blending zone which is enlarged in hot temperature conditions for all elements. By comparing markers together, the external calcareous marker (figure 7A) evolves in a similar way than the sulfur and vanadium markers (figure 7B), conversely, for nickel and zinc, the blending zone is more enlarged.

Regarding infrared microscopy in ATR mode data, results provide distribution profiles in carbonyl, sulfoxide and calcareous functions for the same samples (figure 7C). For a warm conditioning temperature (7 left), results show the presence of a transitory zone and a composition gradient for infrared markers (figure 7C). By comparing figures 7B and 7C, the transitory zone is comprise between 900 and 1800 µm for micro fluorescence results while the transitory zone is estimated to 1500 µm for infrared results. Both techniques also indicate that the blend interest zone length is around 1000 µm in warm conditions. Concerning hot conditions, the composition gradient is more diffuse for infrared results (figure 7C right), what leads to a better blend. In this condition, no strict separation is visualized between binders. The sulfoxide and carbonyl profiles are relatively homogeneous and stable in contrast with the calcareous profile which presents a higher absorbance area at 3500 µm (figure 7C right). That may imply that the calcareous marker content doesn't evolve in a similar way than oxidative functions in these experimental conditions. profiles of carbonyl, sulfoxide and calcareous functions have been compared in warm (figure 8) and hot conditions (figure 9). On figures 8 and 9, each chemical mapping refers to a color scale. On each chemical mapping, the color difference is confirmed by a composition difference which is visualized on two spectra (peak absence or presence). The distribution profile is also available and respective slopes are represented by dotted lines. Results show that the composition gradient is better outlined for the carbonyl function profile (8A right and 9A right) than for other sulfoxide and calcareous markers. No clear conclusion can be drawn about the sulfoxide function evolution because absorbance fluctuations are present on the profile (8B right). Even some absorbance fluctuations, the calcareous composition gradient can be still visualized (8C right and 9C right) but the calcareous filler migration doesn't evolve in a similar way (figure 9C) than the internal carbonyl function (figure 9A).
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Warm

In a more refined way, figures 8 and 9 highlight that the binders blend is also improved in hot temperature conditions.

Discussion of methodologies used for bituminous interphases study

Selection of the most suitable marker

X-ray micro fluorescence and infrared microscopy ATR results have provided respectively distribution profiles of:

-five inorganic markers: calcium (Ca), sulfur (S), vanadium (V), nickel (Ni) and zinc (Zn) elementary atoms (figure 7A andB) -three infrared markers : C=O, S=O, C-O organic vibrating functions (figure 7C).

Concerning X-ray micro fluorescence, results have highlighted presence probability of some metals which is estimated to some ppm: sulfur, vanadium and nickel presence is linked to bitumen composition [START_REF] Lesueur | The colloidal structure of bitumen: Consequences on the rheology and on the mechanisms of bitumen modification[END_REF] while zinc presence may be explained by its antioxidation use [START_REF] Lesueur | The colloidal structure of bitumen: Consequences on the rheology and on the mechanisms of bitumen modification[END_REF][START_REF] Petersen | A Review of the Fundamentals of Asphalt Oxidation (E-C140)[END_REF] or its catalyst role [START_REF] Le Guern | Physico-chemical analysis of five hard bitumens: Identification of chemical species and molecular organization before and after artificial aging[END_REF] in crude refinery techniques. Their presence is particularly interesting in this study due to a higher metal presence probability in the virgin binder. The probability presence difference between binders allows estimating a blending zone length for each marker. Nevertheless, results highlight that the blending length is more enlarged for nickel and zinc elements than for sulfur and vanadium elements (figure 7B). These migration differences of metals may correspond to kinetics differences of molecules where these metals are involved in the bitumen composition, such as complexes and metalloporphyrins [START_REF] Branthaver | Binder characterization and evaluation[END_REF][START_REF] Lesueur | The colloidal structure of bitumen: Consequences on the rheology and on the mechanisms of bitumen modification[END_REF]. These inorganic complexes could also play a specific role in the remobilization kinetics, due to their specific molecular size. Thereby, X-ray micro fluorescence appears as an interesting complementary technique to estimate remobilization kinetics in a larger observation zone. Nevertheless, the role of these inorganic molecules size on remobilization kinetics should be validated and clarified in the future.

By comparing then migrations between internal and external markers, the migration kinetic of the calcareous element (figure 7A) remains similar to sulfur and vanadium migration kinetics (figure 7B) because the distribution profiles are similar, what induces that the particle size is similar between carbonates grains and bitumen molecules.

It's not the case for microscopy ATR results which show a higher calcareous absorbance area at the distribution profile extremity while carbonyl and sulfoxide distribution profiles are homogeneous and stable all along the sample (figure 7C right). The migration difference between external and internal carbonyl markers is also confirmed in hot conditions by microscopy in Imaging ATR results (figure 9A and9C). Indeed, infrared microscopy in Imaging ATR indicates in a more refined way that the external calcareous marker doesn't evolve in a similar way than internal carbonyl and sulfoxide markers. Furthermore, calcareous absorbance fluctuations have been observed on associated profiles (figure 8C and9C) and may be due to the high filler concentration and to the possible agglomeration of grains in the aged binder. These absorbance fluctuations are also observed on the sulfoxide distribution profile (figure 8B) and may be explained by distorted peak integration: the proximity of the intense calcareous peak (at 870 cm -1 ) may lower or go back up the spectrum baseline and hence modify the sulfoxide peak area (at 1030 cm -1 ).

Therefore, the use of calcareous filler (in these proportions) isn't recommended for infrared studies because it doesn't evolve in a similar way than the aged binder marker. Concerning internal markers, the carbonyl function is the most suitable to monitor the aged binder because tendencies and concentration differences are more appreciated between virgin and aged binders.

Selection of the most suitable investigation technique for the interphase study

Three methodologies have been developed to monitor the aged binder migration at the bituminous interphase whatever the measurement precision which is respectively attributed to 25, 100 and 1.56 µm for X-ray micro fluorescence, microscopy in ATR mode and microscopy in Imaging ATR mode. The influence of the aged binder temperature is confirmed by identical distribution profiles evolutions. The binder blend is more favorable for the hot aged binder conditioning temperature than for a warm conditioning temperature. Figure 7C left have outlined that the binders blending appeared in a 1500-µm zone. Therefore, infrared microscopy in Imaging ATR mode is the most suitable technique to investigate remobilization. Microscopy in ATR mode serves to refine the blend interest zone. X-ray micro fluorescence would be also an interesting investigation alternative but literature has reported that a binder film thickness was estimated between 1 to 6 µm [START_REF] Cavalli | Measuring the binder fi lm residues on black rock in mixtures with high amounts of reclaimed asphalt[END_REF][START_REF] Cavalli | Multiscale imaging and characterization of the effect of mixing temperature on asphalt concrete containing recycled components[END_REF].This latter technique is also insufficient to describe precisely binders blend in asphalt mixtures due to its 25-µm-diameter beam size.

Selection of the most suitable indicator to assess remobilization

For Imaging ATR mode, the data exploitation provides a chemical mapping which shows the carbonyl function repartition in the 2D observation zone from absorbance area values. The carbonyl absorbance area repartition is color-scale coding. In the paper, the color scale limits were fixed in order to compare easily chemical mappings together (figure 8A and9A). In this context, few differences were observed between chemical mappings, suggesting the precision limit of the tool. Distribution profiles have been privileged tools. C=O BZL slope -The profile slope (figure 10 left) in µm -1 , the profile inclination indicates to what extent blend occurs. In this study, the profile slopes are always negative due to the aged binder orientation during the analysis. To facilitate the remobilization assessment, the absolute value of the profile slope will be then considered. -The blending zone length (BZL) (figure 10 right) in µm. The blending zone length is determined from a tangent method.

In the next part, microscopy in Imaging ATR mode has been also applied to answer to some asphalt recycled mixtures issues including the rejuvenator influence. Distribution profiles, profile slopes and blending zone lengths (BZL) are compared.

Interest of

Imaging ATR to answer the main asphalt mixtures recycling issues

Influence of the aged binder nature and temperature

During the power-plant manufacture of recycled asphalt mixtures, stocks of RAP materials may have different origins and come from different pavement layers. To simulate the RAP stocks variability, the study has focused in priority to the aged binder nature influence. A same virgin H2V was used and double-layered bituminous samples were prepared. They correspond to "H2A/H2V" and "H3A/H2V" pairs. The aged binder temperature influence has been studied on remobilization and distribution profiles are obtained. Figure 11A and 11B present the aged binder temperature influence on "H2A/H2V" and "H3A/H2V" pairs. Results show that the" H2A/H2V" carbonyl profile is already homogeneous from a temperature difference of 20 °C while the "H3A/H2V" profile reaches barely this same homogeneous evolution for the temperature difference of 0 °C. Remobilization is also more easily reachable for two binders coming from the same crude oil. These results are also outlined on the figure 11C for a same warm temperature difference (∆T: 40 °C). By comparing profiles slopes and BZL together, the table 3 indicates that a lower temperature difference (∆T: 20 and 0 °C) leads to a higher blending zone length and a lower slope, what suggests a better remobilization. The blending zone length is lower for the H3A binder than for the H2A one, what means a less favorable remobilization quality for a binders nature difference.

Influence of the rejuvenator addition in the virgin binder in warm temperature conditions

As remobilization is less favorable for a nature difference between binders, the rejuvenator influence has been studied on this pair. Distribution profiles of the"H3A/H2V/40" and "H3A/H2V+REJ/40" pairs are compared in same warm temperature conditions (figure 12).

∆T: 40 °C BZL (µm) Slope (10 -6 ) (µm -1 ) H3A/H2V 158 11 H3A/H2V+REJ 306 5 Table 4 : Rejuvenator influence on blending zone lengths and slopes ∆T : 40 °C

C

Results show that the distribution profile is more diffuse on the 400-µm profile length (figure 12) for the couple with the rejuvenator addition. The blending zone is multiplied by 2 and the profile slope is also lower (table 4). These results mean that the rejuvenator addition (in the virgin binder) improves the remobilization of the aged binder. By comparing respective distribution profiles, the "H3A/H2V+REJ/40" profile is similar to the "H2A/H2V/40" profile (figure 11A) and is almost equivalent to the "H3A/H2V/20" profile (figure 11B). Therefore, these observations highlight that the rejuvenator addition allows smoothing out both the effect of the temperature reduction and the effect of the nature difference existing between a virgin and a RAP binder, leading also to same favorable remobilization conditions.

Identification of factors impacting remobilization

Face to previous observations, the investigation on the aged binder temperature and viscosity influence has been pursued in order to identify factors impacting remobilization. Blending zone lengths and profile slopes have been plotted according to the binders temperature difference on figure 13A and 13B. The blending zone length is higher and the profile slope is lower for lower temperature differences. The distribution profile slope seems to be linearly governed by the temperature difference (figure 13B) but depends also on the aged binder nature. Concerning BZL evolutions (figure 13A), a difference of 20°C separates evolutions for both binders pairs for lower temperature differences. Then, data were correlated to the aged binder viscosity for temperature differences comprised between 0 and 40 °C (figures 13C and 13D). No correlation is observed for the blending zone length (figure 13C) but results show that the slope is the most impacted indicator by the aged binder viscosity, as shown by the correlation index of 0.88 (figure 13D). However, the correlation (figure 13D) has been performed for aged binder temperatures superior to 120°C (∆T: 0 to 40°C). Other behaviors probably exist for lower aged binder temperatures (inferior to 80°C) (figure 13A) for which the viscosity is considerably increased. Therefore, more experimental points should be measured to confirm this observation.

Thus, the aged binder viscosity influences directly the profile slope, what leads to a better remobilization. However, in warm conditions, the aged binder viscosity isn't the only impacting factor because distinct remobilization qualities have been observed on figure 12 for studied pairs profiles using the same H3A aged binder. On figure 12, the rejuvenator addition in the H2V virgin binder leads to enlarge the blending zone length. But the virgin binder viscosity doesn't seem to play a significant role because H2V and H2V+REJ viscosities are identical (table 1). Some interrogations can be also raised about this no-variation of viscosity and about the stability degree of the rejuvenator, it may have degraded during the sample manufacture at 150 °C. To verify the rejuvenator presence in the sample, carbonyl and ester peak areas have been integrated on the observation zone by using defined integration limits (2.3.3). Carbonyl and ester distribution profiles have been obtained on the "H3A/H2V+REJ/40" sample and are displayed on figure 14.

Figure 14: Carbonyl and ester distribution profiles of the "H3A/H2V+REJ" sample in warm conditions (∆T:40°C)

Figure 14 shows a positive and homogeneous absorbance in ester functions on the profile length, what confirms the presence of a rejuvenator amount. In relation with the rejuvenation effect, another factor also influences remobilization and may correspond to a chemical compatibilizer effect, as Tabatabaee defines it [START_REF] Tabatabaee | Rejuvenation vs . Softening : Reversal of the Impact of Aging on Asphalt Thermo-Rheological and Damage Resistance Properties[END_REF]. The rejuvenator would have special affinities for certain bitumen fractions and molecular weight distributions would be impacted [START_REF] Tabatabaee | Rejuvenation vs . Softening : Reversal of the Impact of Aging on Asphalt Thermo-Rheological and Damage Resistance Properties[END_REF]. Therefore, a hypothesis would be that the rejuvenator separates asphaltene clusters and reduce molecular weights. Small molecules could migrate more easily than big clusters, what could induce a better remobilization. This observation is similar to observed migration kinetics of metals (figure 7B) which has been related to the possible molecular size of metal-complexes molecules (see part 3.2.1). Future work should be pursued to validate this hypothesis and the influence of the molecular size distribution on remobilization. In this study, the study has been concentrated on a model aged binder thickness of 200 µm in order to understand remobilization phenomena. However, a RAP thickness is generally around some micrometers (≈ 6 µm) in recycled asphalt mixtures. The methodology adaptation to a 6µm-RAP thickness will lead to a shortening of distribution profiles. In this case, only the profile slope remains the relevant parameter.

For microscopic studies, a profile slope value can be also defined to consider a total remobilization. By comparing results, a partial remobilization quality has been observed for the "H3A/H2V/40" sample (figure 11B) whereas a total remobilization quality has been outlined for the "H3A/H2V/20" sample. As profiles slopes of these two pairs correspond respectively to 11.10 -6 and 5.10 -6 µm -1 , remobilization can be considered total for a profile slope inferior to 6.10 -6 µm -1 .

Conclusion

The objectives are to understand remobilization phenomena occurring between a RAP aged and virgin binders during the manufacture of recycled asphalt mixtures. For this purpose, 3 novel microscopic methodologies have been customized to investigate the "virgin binder/aged binder" interphase: X-rays micro fluorescence, infrared microscopy in ATR mode and in Imaging ATR mode. Results have shown that infrared microscopy in Imaging ATR mode using the carbonyl function as indicator, is the best methodology to monitor the aged binder remobilization. From carbonyl distribution profiles, a blending zone length and a profile slope have been introduced, as indicators, to quantify the remobilization quality in different manufacturing conditions. The developed methodology has been then used to answer to key issues of asphalt mixtures recycling. Results highlight that the high aged binder temperature increases the blending zone length. The rejuvenator addition allows improving remobilization and smoothing out the effect of the temperature difference and the binder's chemical composition due to the origin and the ageing level. Furthermore, the carbonyl distribution profile slope depends directly on the aged binder viscosity. Another factor could also impact the binder remobilization and could be based on molecular distributions and molecules size. Future work should be pursued to verify this final hypothesis.
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 3 Figure 3 : Definition of a horizontal profile line on a doublelayered sample (white arrow, top) and determination of its associated distribution profile with the calcareous marker (bottom)
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 4 Figure 4: Identification of specific markers on studied bitumens, the H2A and H3A spectra are similar
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 5 Figure 5: Definition of a horizontal profile line on a doublelayered sample (top) and determination of its associated distribution profile with the carbonyl marker (bottom)

Figure 6 :

 6 Figure 6 : Profile distribution in carbonyle functions according to the profile length (µm)
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 7 Figure 7 : Comparison of distribution profiles obtained by X-ray micro fluorescence (A and B) and by infrared microscopy in ATR mode (C) for warm (left)and hot (right) conditioning temperatures
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 89 Figure 8 : Comparison of chemical mappings and distribution profiles for carbonyle (A), sulfoxide (B) and calcareous (C) functions in warm temperature conditions
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 10 Figure 10 : Introduction of 2 remobilization indicators: the profile slope (left) and the blending zone length (BZL) (right) on a profile From these profiles, two indicators (figure 10) are introduced to better determine a remobilization quality:

  Figure 11 : Influence of the aged binder crude and of the temperature difference on remobilization (A, B), comparison of distribution profiles in warm temperature conditions (∆T: 40°C) (C)
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 12 Figure 12 : Rejuvenator influence on carbonyl distribution profiles in warm temperature conditions

Figure 13 :

 13 Figure 13 : Influence of the binders temperature difference (A, B) and of the aged binder viscosity (C, D) on the blending zone length and the profile slope

  of the remobilization quality definition to the RAP thicknessBy considering all observed distribution profiles, the remobilization quality can be finally defined as the penetration degree of the virgin binder in the aged binder thickness. It is evaluated by a composition profile which indicates to what extent the virgin binder has diffused in the aged binder (figure15). Remobilization is total when the virgin binder has reached the RAP aggregate. In this case, the blending zone length amounts to the aged binder film thickness and local properties are intermediate between both pure binders (figure15).
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 15 Figure 15 : Definition of the aged binder remobilization quality from composition profiles

  

  

table 1

 1 

	). Higher viscosities of the H3A binder are also

Table 2 :

 2 Infrared studied peaks areas of tested pure binders using infrared imaging ATR

	-1	1070-985 cm -1