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Abstract

:

It is well documented that most bituminous binders contain crystallisable material. This crystallisable fraction, often referred to as paraffinic or natural wax, is associated with the bitumen’s origin and has an influence on its rheological performance. In the literature, Differential Scanning Calorimetry (DSC) is the primary technique used to determine the melting and crystallisation behaviour of this waxy fraction. However, in bitumen, thermal transitions in DSC are typically very broad and can be combined with recrystallisation effects upon reheating. This work explores the potential crystallisation and melting process of a waxy and a wax-free bitumen via three different approaches: DSC, Wide-Angle X-ray Diffraction (WAXD) and Confocal Laser Scanning Microscopy (CLSM). The findings reveal that the DSC transitions of the waxy bitumen are in good agreement with the corresponding occurrence of WAXD signals and to some extent with the formation and disappearance of the surface microstructures which were followed at two cooling and heating rates. WAXD results additionally demonstrate that the crystalline material in bitumen is organised in an orthorhombic unit cell, typical for straight chain aliphatic structures. On the other hand, DSC and WAXD support the lack of crystallinity for the wax-free bitumen which could explain its featureless CLSM surface. Overall, the originality of this work resides in the disclosure of connections between crystallographic properties, thermal transitions and the surface micromorphology of bitumen.
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1. Introduction


Bitumen derived from crude oil serves as the desired material for road and roofing applications due to its superior viscoelastic and waterproofing performance compared to other alternatives [1]. With respect to its composition, bitumen consists of a cocktail of organic molecules which are commonly classified based on solubility-driven fractions, widely known as SARA as indicated by the names of the four fractions (Saturates, Aromatics, Resins and Asphaltenes) [2,3,4].



Apart from a solubility-based classification, bitumen may also be differentiated by the presence of paraffinic or microcrystalline waxes [5,6]. These waxes may be present in the heavy crudes used to process bitumen or they may be generated during certain refinery procedures, i.e., visbreaking or hydrocracking. Typically, paraffinic waxes consist of linear n-alkanes with at most a few branches, while microcrystalline wax is made up of aliphatic hydrocarbons with a considerable amount of iso- and cycloparaffins [7]. The paraffinic waxes crystallise upon cooling in large, thin, flat plates while the microcrystalline waxes form small micrometre-sized crystals. Differences between the two wax types are observed in the molecular weight and the boiling temperatures; microcrystalline waxes have a higher molecular weight and boiling range [8].



Although hypotheses about the mechanisms concerning the oxidation process in bitumen have been supported experimentally in recent works [9,10,11], the mechanisms governing the formation of certain microstructural patterns are yet to completely be understood. Different theories have been proposed concerning the internal microstructure of bitumen, varying from colloidal to dispersed polar fluid models. The most recent one, proposed originally for the asphaltene structures of crude oils, is the Yen–Mullins model, which is based on the formation of near-spherical nanoaggregates, consisting of six to ten molecules stacked together, followed by clustering of the nanoaggregates in higher concentrations [12,13]. It has been confirmed experimentally with small-angle neutron and small-angle X-ray scattering (SANS and SAXS) [14] that such nano-sized structures can be present in bitumen. On bitumen surfaces, on the other hand, micro-scale, wave-like patterns have been observed [15,16]. These have been referred to as bee structures and recent studies have attributed these bee structures to a crystallisation of the waxy components in bitumen [17,18,19,20,21].



From a practical point of view, in crude oils, the presence of wax may relate to undesirable effects such as precipitation and pipe plugging or deposition problems, depending on the applied temperature and pressure [22]. In bitumen, the presence of waxes affects, among other properties, the stiffness at low service temperatures which can induce slow hardening, increasing the risk for low-temperature cracking at the corresponding asphalt mixtures. On the other extreme, at high service temperatures, waxes in bitumen may result in binder’s softening, which increases the risk for permanent deformation [23,24,25,26]. These indicate the importance of wax crystallinity and gaining knowledge about the melting and crystallisation temperatures in bitumen.



To that end, previous scholars have utilised various calorimetric tools to determine the presence and properties of crystalline waxes. The most common tool to evaluate thermal transitions in bitumen is the Differential Scanning Calorimetry (DSC), allowing glass transitions, exo- and endothermic phenomena to be determined [19,27]. However, for bitumen, these DSC signals are typically very broad, they can be combined with exothermic transitions upon reheating and the thermal history of the samples before testing may significantly affect the DSC signals. Because of this, in the literature, these thermal transitions have been interpreted in different ways and have been attributed also to other phenomena not related to crystallisation or melting [28]. Alternative tools that are able to complementarily provide deeper insights into the wax crystallinity exist, but are rather uncommon for bitumen [29]. For example, Wide-Angle X-ray Diffraction (WAXD) has hardly been used to characterise the presence and chemical composition of crystallinity in bitumen [30]. In parallel, 13C Nuclear Magnetic Resonance and Gas Chromatography combined with Mass spectrometry have been used for the chemical characterisation of isolated waxes in bitumen [31].




2. Objectives


The aim of this study is first to compare the thermal transitions observed in DSC, associated with the melting and crystallisation behaviour of natural waxes in bitumen, to the crystallographic findings via WAXD, during cooling and heating in the same temperature range. To that end, two bituminous binders, one waxy and one wax-free, were used in this study. Secondly, as wax crystallinity has been related to the formation of various morphological structures on a bitumen surface, the surface microstructure of both binders was investigated. For the waxy bitumen, it was followed in a Confocal Laser Scanning Microscope (CLSM) during cooling and heating. The effect of an annealing at room temperature was also investigated in DSC and CLSM for the waxy bitumen.




3. Materials and Methods


3.1. Materials


For this study, based on a preliminary wax determination with DSC, a waxy bitumen A and a wax-free bitumen B were selected with the potential to observe differences in crystallinity and surface morphology. Their empirical properties are summarised in Table 1. In this case, the selected bitumen A was the residue of a visbreaking conversion process, during which additional wax may have been formed, while bitumen B is a harder straight-run bitumen, originating from a different crude, containing no wax.




3.2. Thermoanalytical Techniques


3.2.1. Differential Scanning Calorimetry (DSC)


A TA Instrument, model 2920 DSC (New Castle, DE, USA) was used in the current study. For each test, samples of approximately 15 mg of the bituminous binders were hermetically sealed into a sample pan, then heated to 110 °C and kept at this temperature for 15 min. The data were first recorded during cooling to −110 °C and heating to 110 °C, both at a rate of 10 °C/min. To examine the effects of annealing temperature on the waxy bitumen, DSC thermograms were also acquired in the same cooling and heating cycles, after 24 h at 25 °C and the data of the heating ramp were recorded. The measured thermal characteristics of the waxy bitumen before and after the annealing period of 24 h include onset, end and peak temperatures as well as enthalpies for the wax crystallisation and melting. For the quantification of the enthalpies, integration of the area enclosed between the experimental DSC curve and a linear extrapolation from the melt data were performed. Additionally, the glass transition temperatures were reported both for the waxy and the wax-free bitumen.




3.2.2. Wide Angle X-ray Diffraction (WAXD)


To collect the WAXD patterns, a X33 double-focusing camera of the EMBL in HASYLAB was used on the storage ring DORIS of the Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany, at a wavelength of 1.5 Å [32]. The samples in their liquid state at high temperature were inserted in small sample holders and sealed with aluminium foil [33]. After cooling to room temperature, the samples were stored for 3 days at room temperature prior to collecting a WAXD pattern at 25 °C. In addition, for bitumen A, WAXD patterns were collected during a cooling/heating scan at 10 °C/min from 100 °C down to −40 °C and again up to 250 °C after 2 min at −40 °C. For this time-resolved measurement, patterns were collected in consecutive frames of 6 s, which corresponded to a temperature resolution of one pattern per °C. The temperature was controlled by a Mettler FP-82HT hot stage, flushed with cooled nitrogen to achieve the required cooling rate. After a background correction, the WAXD patterns were normalised to their integral to ensure a constant scattering mass. A crystallinity index was extracted from the normalised patterns by integrating the intensity of the 110 and 200 orthorhombic reflections, separated from the liquid scattering using linear sectors.



For the calibration of the scattering angles, the 110 and 200 reflections of a quenched linear polyethylene were used. The obtained data are represented as a function of the scattering angle but converted to the scattering angle expected in the case CuKα radiation would have been used (λ = 1.542 Å) instead of λ = 1.5 Å. Such a representation facilitates comparison with literature data, which most often make use of CuKα radiation.





3.3. Microscopic Techniques


Confocal Laser Scanning Microscopy (CLSM)


A Keyence VK-X1000 CLSM (Itasca, IL, USA), mounted with a VK-D1 motorised XY-stage was utilised for the recording of differential interference contrast (DIC) CLSM images with a laser and white light source on the surface of the bituminous samples. A DIC CLSM image has the advantage of introducing moderated contrast to optical images, producing a pseudo-3D effect. The Nikon Lens Plan Apo EPI with 150 times magnification, 5 nm lateral resolution and 10 nm axial resolution was chosen for this study. An in-house thermal fixture was also assembled (Figure 1), consisting of electrical variable resistors that were fixed accordingly to obtain the required temperature on top of a metallic plate. The temperature of this small heating element was adjusted based on calibrated thermocouples inserted in the bituminous sample on the glass plate. Investigations on the waxy bitumen’s microstructure were conducted in cooling and heating cycles, in a range of temperatures between 10 to 80 °C at a cooling/heating cycle of 1.25 °C/min and a lower cooling/heating cycle using 0.5 °C/min rate. Preliminary investigations showed featureless surfaces for temperatures above 65 °C in both cycles as well as for the wax-free bitumen B which was not investigated further. Additionally, the effect of annealing at room temperature was also investigated for the waxy bitumen after 24 h in a heating scan.



For the sample preparation, the procedure as proposed in [16] was adopted and a binder drop was spread out on a glass slide. This glass slide was placed on the heating element while being scanned with the CLSM. Image processing was performed with the software package VK MultiFileAnalyzer (version 2.2.0.93, Itasca, IL, USA), in order to obtain information about the bee structures’ area percentage by imposing height thresholds as described in [17].






4. Results and Discussion


4.1. DSC


DSC scans obtained during cooling/heating for both binders and heating after 24 h annealing temperature at 25 °C for bitumen A, are shown in Figure 2. The cooling scan of bitumen A shows an exothermic transition with a maximum at around +30 °C, which is attributed to the wax crystallisation. This transition is indicated by the area A in Figure 2a. It continues down to the glass transition which appears for bitumen A at around −30 °C. The cooling scan of the wax-free bitumen B confirms the absence of crystallisable components as no exothermic transition can be observed, whereas the glass transition temperature for this bitumen can be found around −15 °C.



In the subsequent heating ramp of the waxy bitumen A, denoted as “heating scan after cooling”, an endothermic transition can be clearly observed (area C), which is related to wax melting. The melting end temperature is much higher than the corresponding crystallisation onset temperature for this bitumen indicating the need of nucleation at a certain degree of undercooling. The heating scan of bitumen A also reveals a small exothermic signal close to the glass transition, which is associated with a cold crystallisation in the literature [34,35], denoted as area B in Figure 2b. Both heating and cooling scans of bitumen A show wide temperature ranges for crystallisation and melting, potentially indicating large differences between the crystals’ sizes and perfection. Changing wax concentrations in the liquid while the crystallisation is progressing may also have contributed to the width of the transition. Indeed, as the crystallinity progresses upon cooling, the remaining melt becomes wax-depleted, for which lower temperatures are needed to induce further crystallisation [36]. This effect, which is common for crystallisation from mixed melts is mirrored for melting upon heating. On the other hand, bitumen B appears to have no apparent transition phenomena that occur during the heating scan.



Furthermore, the melting scan recorded after the annealing for bitumen A presents a different shape, as illustrated by the green curve in Figure 2b. In this case, the melting signal consists of two peak temperatures, with the annealing temperature being located between these two peak temperatures of melting, indicating that during the annealing period, recrystallisation takes place forming crystals with a higher melting temperature.



In Table 2, the onset and peak crystallisation temperatures (Tc), the peak and end melting temperatures (Tm) and the crystallisation and melting enthalpies (ΔH) only of bitumen A are presented. The main difference between the crystallisation and melting enthalpy is mainly due to the additional cold crystallisation during the heating scan. The undercooling effects are again obvious since Tm-end is much higher than the Tc-onset. Furthermore, the melting temperature range of bitumen A before and after annealing slightly differs in accordance with the results of a Round Robin study where the same bitumen was used [19]. This past study also presented the repeatability and reproducibility between the different laboratories before and after annealing and the melting, crystallisation onset and peak of the current study lie adequately well within the previously reported range. In the current study, changes in the shape of the melting after the second heating were additionally observed, while the annealing procedure does not significantly influence the melting enthalpy.




4.2. WAXD


Initially, a WAXD investigation for both bituminous binders was performed at room temperature. As can be seen in Figure 3, in contrast to bitumen B, only bitumen A contains two sharp crystalline reflections in the WAXD patterns, which are due to orthorhombically organised paraffins as described by Bunn and of which the labelled 110 and 200 reflections are most prominent [37]. This is in line with the absence of crystallinity expected from the wax-free crude and initially confirmed with DSC.



In a second experiment, WAXD patterns for bitumen A, which showed crystalline reflections at room temperature, were recorded during cooling and heating. A representation of the temperature-dependent WAXD patterns during the cooling scan is shown in Figure 4, in which the scattered intensities are presented by means of a grey scale. It appears that the orthorhombic 110 and 200 reflections are present between roughly +35 and −40 °C and increase upon cooling.



From the integral of the 110 and 200 reflections, a crystallinity index can be obtained as described in Section 3.2.2. The index was arbitrarily normalised to its value at −40 °C during the heating run. In Figure 5 this crystallinity index is plotted during the cooling (black data) and heating (red data) scans. For better visualisation of the crystallinity evolution within bitumen A, a smooth sigmoidal fitting curve was added. At low temperatures, both the cooling and heating scans show a plateau of the crystallinity up to 10 and 30 °C, respectively, followed by a steep decrease in intermediate temperatures. At high temperatures, the wax within bitumen A is fully molten and the crystallinity equals zero. The end melting temperature is around 70 °C for the heating scan which is in agreement with the DSC reported temperature. Similar to DSC, undercooling effects are observed by WAXD and the onset of crystallinity at around 50 °C corresponds very well to the DSC temperatures. The starting value of the crystallinity in the heating run also seems to be slightly higher than the end value of the cooling run, indicating that additional crystallinity was generated during the short isothermal stay at −40 °C.




4.3. CLSM


With CLSM, the percentage of the bee structures (% of the total area) for bitumen A is given in Figure 6, within the temperature range between +10 and +80 °C, during cooling and heating at two different rates. Only the microstructure evolution of bitumen A was investigated, as the non-waxy bitumen B showed no microstructural characteristics in accordance with other studies [38].



The analysis of the CLSM images shows that during the faster cooling/heating rate, the bees start to form at +50 °C and their percentage increases quickly when cooling further between +50 and +30 °C. In the subsequent heating cycle, the bee percentage decreases in a slightly larger temperature range, between +30 and +60 °C. For the cooling and subsequent heating cycle recorded at a slower rate, the effects are very similar, but the temperatures are shifted to higher values. This indicates that during a slow cooling, there is more time to form larger and more perfect crystals, which, in the corresponding heating cycle, have a higher melting temperature. In addition, in the slower heating and cooling scan, the bee percentage seems to develop in two steps, a steep change between 0 and 2% and then a less steep change up to 2.7% bee area. At this moment, it is not fully clear how to interpret this observation. Some possible reasons for this observation could be related to the parallel viscosity increase/decrease in the binder upon cooling/heating, which, at a certain point, may start to hinder the crystallinity formation or the phase separation of the melt in the paraffin-rich and paraffin-poor phases before crystallisation.



The observations support that the appearance/disappearance of WAXD patterns coincide well with the observed changes in the bee structures and to the thermal observations in DSC. In particular, if one considers that the experimental conditions are not exactly the same, cooling rates are much slower in CLSM as compared to DSC and WAXD and that microscopy is following a surface feature while DSC and WAXD are measuring bulk properties.



In Figure 7 and Figure 8, selected temperatures of the cooling, respectively heating scan for bitumen A (rate 1.25 °C/min) are represented. It can be seen in Figure 7 that progressively the bee structures are formed during cooling. The bee structures appear at temperatures below 50 °C and they can be clearly seen at 45 °C. Similarly, as shown in Figure 8, the bee structures disappear at temperatures greater than 60 °C during heating, in line with the end melting temperature of DSC. Apart from the bee structure formation upon cooling, it was noticed that the surface becomes coarser upon further cooling, whereas any potential vertical-like artefacts are due to small sample movements.



For the sample that was annealed 24 h at room temperature (Figure 9), this was prepared by placing a drop of binder on a hot plate (120 °C) and cooling it almost immediately to room temperature. When heating this binder at 1.25 °C/min, the authors noted that in this case, the bees disappeared already at 55 °C, so even faster as observed in the case of Figure 7 and Figure 8, where a sample was first cooled and subsequently heated at 1.25 °C/min rate. Hence, it seems that the cooling rate before recording the heating scan, rather than an isothermal annealing, determines at what temperature the bees disappear in the subsequent heating scan.





5. Conclusions


This work investigated two bituminous binders, a wax-free and a wax-containing sample using three techniques: DSC, WAXD and CLSM. It attempted to give some answers for the reason behind the CLSM surface microstructure patterns, the so-called bee structures in bitumen, and also to relate thermal transitions to changes in the X-ray diffraction pattern.



The DSC results were as expected, the wax-free binder displayed a glass transition and no other thermal effects. The wax-containing binder showed an exotherm upon cooling followed by a glass transition, while upon heating a broad endotherm including some cold crystallisation, was obvious. There was an influence of annealing, after leaving this sample for 24 h at room temperature, as the shape of the broad endotherm changed, with a negligible effect on the melting enthalpy.



The WAXD results at room temperature showed crystalline diffractions, for the waxy binder only. The diffraction pattern showed that the crystalline material has an orthorhombic unit cell, similar to what is observed for polyethylene. Heating and cooling scans revealed that the WAXD pattern disappeared at around 70 °C during heating, and was formed during cooling at around 50 °C.



The CLSM indicates that on the surface of the waxy binder bee structures are formed, upon cooling, which disappear upon heating. Two cooling, respectively heating rates were studied, and this has an influence on the temperatures where bees are formed or disappear. In CLSM, the cooling and heating rates were much slower as compared to the DSC and WAXD study. The wax-free binder did not show any surface structure.



The correspondence between the various techniques and the temperature ranges where patterns are formed and disappear confirm that wax crystallinity is the reason for the endo- and exothermic transitions in DSC and also for the bee structure formation in bitumen. Finally, it is important to highlight the differences that exist between the techniques which can be related to the specifications and working principles of each technique; the bee structures via CLSM are a surface phenomenon, while the DSC and WAXD tests are related to bulk properties.
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Figure 1. Bituminous sample placed on the in-house heating element under CLSM. 
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Figure 2. DSC cooling scan (a) and DSC heating scan for bitumen A and B and heating after annealing at 25 °C for 24 h for bitumen A (b). 
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Figure 3. Normalised synchrotron WAXD patterns of bitumen A and B at room temperature (25 °C) where data are shifted along the intensity axis to avoid overlap and reflections are labelled with their Miller indices. 
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Figure 4. Time–temperature resolved synchrotron WAXD patterns during cooling at 10 °C/min from 100 to −40 °C for bitumen A. Darker regions correspond to lower scattering intensities while the 110 and 200 reflections are labelled accordingly. 
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Figure 5. Evolution of synchrotron WAXD-based crystallinity index of bitumen A during cooling and heating, where dots are experimental data points and full lines are sigmoidal guides. 
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Figure 6. Evolution of CLSM bee structures during heating and cooling scans. Markers are experimental data points, whereas full and dashed lines are polynomial guides. 
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Figure 7. CLSM-DIC images of bitumen A at selected temperatures during the fast cooling scan (1.25 °C/min). 
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Figure 8. CLSM-DIC images of bitumen A at selected temperatures during the fast heating scan (1.25 °C/min). 
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Figure 9. CLSM-DIC images of bitumen A at selected temperatures during the heating scan (1.25 °C/min) after 24 h annealing at 25 °C. 
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Table 1. Empirical properties of the bitumen sample.
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	Property
	Bitumen A
	Bitumen B
	Test Method





	Penetration 25 °C (0.1 mm)
	80
	16
	EN1426



	Softening point (°C)
	45.8
	61.1
	EN1427



	Penetration index, Ip
	−1.20
	−1.06
	EN12591
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Table 2. Summary of DSC thermal transition data.






Table 2. Summary of DSC thermal transition data.





	
Material

	
Cooling

	
Heating




	

	
Tc-Onset [°C]

	
Tc-Peak [°C]

	
ΔH

[J/g]

	
Tm-End [°C]

	
Tm-Peak [°C]

	
ΔH

[J/g]






	
Bitumen A

	
42

	
29.4

	
4.5

	
84.0

	
54.0

	
7.2




	
Bitumen A after annealing

	
-

	
-

	
-

	
91.0

	
52.6

	
6.7
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