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Abstract

Bitumen is a widely used material employed as a binder in pavement engineering and as a surface
sealant in construction. Its surface microstructure and microscale properties have been shown to be
temperature-dependent, with effects manifesting themselves on surface composition and texture,
including the formation of the visually striking catana “bee”-like structures. Despite the importance of
a good performance of bitumen in sub-zero environments (< 0 °C), the behavior of bitumen surface
texture and composition at cold temperatures, affecting cracking, degradation, and road icing, has
received practically no attention. In particular, such knowledge is relevant to world regions
experiencing long periods of sub-zero temperatures during the year. Employing advanced atomic
force microscopy combined with infrared spectroscopy (AFM-IR) and an environmental chamber, we
demonstrate the ability to characterize surface structure and composition with nanoscale precision for
a broad range of temperatures. We show that cooling bitumen to sub-zero temperatures can have
several interesting effects on its surface micro-texture, nano-texture, and composition, especially on
its three surface domains, catana, peri, and para. We found that the para domain coarsens and extends
to form an interfacial transition domain (characterized by increasing surface roughness with peri
domain composition) between the para and peri domains. We show that the catana and peri domains
have a similar composition, but have different mechanical and chemical properties compared to the
para domain. The essential findings of this work improve our understanding of the behavior of
bitumen in sub-zero environments, aiding us in our quest towards attaining better road and sealant
performance.

Introduction

Asphalt concrete is a composite material containing conventionally ca. 5% bituminous binder and ca.
95% mineral aggregates by weight '. Even though only a small percentage of the asphalt concrete

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/jmi.12890.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1111/jmi.12890
https://doi.org/10.1111/jmi.12890
https://doi.org/10.1111/jmi.12890

Accepted Article

weight fraction is bitumen, due to its binding role, bitumen is indispensable and is mainly responsible
for the mechanical and viscoelastic properties of the asphalt concrete mixture '. Bitumen, a bi-product
of crude oil, has a complex chemical makeup and should maintain its desirable properties over a range
of temperatures and environmental conditions; this is an important aspect of pavement and sealant
design *. Previous work has shown that the bitumen surface develops three distinct microstructural
domains after annealing: The “bee” structure or catana domain is wrinkled, with hills and valleys, and
owes its name to the Greek words: cato (low) and ano (high). The catana domain is surrounded by the
waxy peri (Greek meaning “around”) domain. The final domain is named para (Greek meaning
neighboring) and is softer relative to the other domains *. The peri domain consists mostly of
lightweight saturates (waxy, thin film in nm scale) *. Crystallization of lightweight waxy saturates (n-
heptane insoluble components °) on the surface during cooling creates a thin film °. Previous work
showed that during cooling, the material surrounding and underlying the wax shrinks, compressing
the film, and beyond a critical strain, forces it to buckle and to form wrinkles **. After exposure to
high temperatures, the surface composition of bitumen can change *'*. The so-called “surface

» #1718 and the properties of bitumen are also affected by temperature. Bitumen
19,20
It

microstructures
behaves like a Newtonian fluid above its melting point and as a viscoelastic material below it
consists of four main hydrocarbon fractions, saturates, aromatics, resins, and asphaltenes, each having
different physiochemical and thermal properties®'. These are termed SARA fractions, based on
increasing molecular weight and molecular polarity *' . Aromatics play an essential role in
microstructure formation **. To date, the distribution of SARA fractions in the different surface
domains of bitumen remains unclear.

Developing higher resolution microscopy techniques—especially chemical imaging—enable us to
understand the complex surface chemistry and the rich surface microstructure of bitumen better.
Previous works have used TOF-SIMS (time of flight secondary ion mass spectroscopy) to perform
chemical characterization of bitumen based on molecular mass. While TOF-SIMS has excellent depth
resolution (nanoscale) *°, the main drawback of TOF-SIMS for imaging of bitumen is that it operates
under vacuum, so to assure stability of a volatile sample like bitumen the sample is normally cooled

to -80 °C, which is far from the conditions of interest for many applications ***!

. In comparison to
AFM, it also has a lower resolution of 1 um, which is not sufficient to capture all the chemical details

of bitumen surface submicron-structures.

Other works on chemical imaging of bitumen used the s-SNOM (scattering-type scanning near-field
optical microscopy) technique, which has a lateral resolution of 10 nm and a depth resolution of ~1-
10 nm **!, Previous reports that used s-SNOM to characterize bitumen found a distinguishable
chemical difference between the para and peri domains and showed that concentrations of
sulfoxide and carbonyl groups are different in the peri and para domains *%; however, the IR spectra
of these domains are not reported. The s-SNOM technique depends on the complex optical
properties of the sample, tip, and underlying substrate of the sample to measures the amount of the
scattered light from sample **. Therefore s-SNOM performs best on rigid materials that also
efficiently scatter light. However, it is more challenging to characterize, soft and high coefficient
light-absorber materials such as bitumen, with s-SNOM 3 while materials with significant thermal
expansion coefficient (0y,) and small thermal conductivity are generally easy to measure with AFM-
IR *.

The AFM-IR technique uses the quick and short local thermal expansion of the under investigation
material recognized as a force impulse for the cantilever and drives the cantilever into simultaneous
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multiple oscillatory modes (i.e., Eigenmodes). The cantilever oscillation amplitude is directly
proportional to the absorbed IR light amount and absorption coefficient ****>". The deflection of the
cantilever in the AFM-IR technique provides a direct measurement of the absorbed light, and it
provides some advantages in comparison to other techniques, as discussed in the sequel. AFM-IR is a
model-free IR absorption spectroscopy without band distortions and peak shifts, and the results of this
technique are suitable for the analytical characterizing of the chemical composition of organic and
polymeric materials such as bitumen with an excellent correlation to conventional FTIR (Fourier-
transform infrared spectroscopy) results *. A recently published study’® on bitumen using a similar
AFM-IR device and sample preparation method reports on the chemical composition of the surface of
bitumen at the nanoscale. Specifically, the authors report on topography maps, phase maps, functional
group distribution maps, and infrared spectra of base bitumen samples before and after aging. The
results strongly suggest that the chemical fractions of each phase on the bitumen surface are quite
similar and have a higher polarity than that of the bulk material.

The main advantage of the AFM-IR technique in comparison to the ones mentioned above is that it
allows investigating the chemical composition of the surface of bitumen with nanoscale resolution
independent of surface complex optical properties and under environmental conditions that were more
relevant for bitumen applications. Therefore, we chose the AFM-IR technique to perform cold
temperature studies on bitumen samples in simulated winter conditions. The method has the potential
to give insight into the mechanisms responsible for morphological and compositional changes of
bitumen with temperature. Only a few works have investigated the relationship between surface
topography and composition as a function of temperature. In addition, those that did, focus on high

temperatures '>°* with limited knowledge existing for colder temperatures.

Here we show how the surface texture and composition of bitumen at the micro/nanoscale can
undergo significant changes when cooled to sub-zero temperatures (< 0 °C). Employing AFM-IR, we
observe a change in surface roughness at the para-peri interface during cooling, which we term the
interfacial “transition” domain. We show that, chemically, the transition domain is similar to the para
domain. We also show that within the para domain, certain island-like rougher features appear during
cooling, which is termed “sal” sub-domain . At high cooling rates, the para domain is rich in sal sub-
domains, but at slow cooling rates, the transition domain is dominant. The para domain was found to
be chemically and mechanically distinct compared to the other surface domains. These findings
advance our understanding of bitumen surface behavior, in particular as it relates to its use at cold
climates.

Materials and Methods

Materials

We used bitumen of medium softness (penetration grade 70/100, EN 1426, from the Middle East
origin). This bitumen contains natural wax, with a needle penetration of 82 (0.1 mm), a softening
point of 45.8°C, and dynamic viscosity of 163 Pa-s at 60°C. Inter-laboratory studies on this bitumen
using differential scanning calorimetry (DSC) at heating/cooling rate of 10°C/min have shown a glass
transition temperature Tg of ca -20°C and a melting peak of ca 28°C. The SARA factions reported are
3.8,59.6, 22.2, and 14.6 respectively **. The DSC results depend on the cooling rate as reported and
discussed in the SI.
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The usual sample preparation methods for AFM studies of bitumen include heat ** and solvent casting
*_The heat-casting method has less of an effect on bitumen’s initial properties as it uses no solvent;
therefore, we used it for sample preparation in this study **. To avoid a thin oxidized top layer, we
always extracted bitumen samples (1.5+£0.5 mg) with a laboratory spatula at room temperature from a
few centimeters below the surface of a bitumen bucket and spread it on a microscope coverslip. This
created a thin bitumen film that covers an area of ~4 mm” with 500 pm thickness (see Figure Sla and
related supplementary information (SI) section for calculation details). We then covered the bitumen
samples with a Petri dish and annealed them on a hot plate (110 °C) for five minutes. Then, we
transferred the samples to a refrigerator (3 = 2 °C) for 5 min to quench them to room temperature. We
chose this time and temperature to minimize high-temperature aging and to ensure a sufficiently
smooth sample surface for subsequent AFM scans ***>*°. Thermal history plays a significant role in
the molecular reorganization of bitumen components®; therefore, following the above protocol was
important in order to obtain consistent results. AFM scans were conducted on the prepared samples a
few hours after preparation.

Bulk chemistry characterization

We characterized the chemistry of bitumen with the ATR-FTIR (Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy) method using a Bruker Tensor 27 system (wavenumber range: 600
cm™ to 3600 cm™; resolution: 4 cm™). Each final spectrum represents an accumulation of 32
individual spectra of the bulk material. First, the diamond detector surface of the FTIR device was
cleaned with acetone. Then, a small quantity of bitumen was applied on the detector crystal at room
temperature covering an area of ~2 mm”. Before running the measurement, the lid of the FTIR device
was closed, squeezing the bitumen on the diamond detector to create a thin uniform film.

AFM-IR Characterization

The AFM-IR technique can measure absorption spectra locally and can be used to chemically
characterize a material with nanometer resolution in addition to the standard capabilities of an AFM.
Both IR mapping and nanoscale IR spectra were carried out with a nanolR2 device from Anasys
Inc./Brucker at a suitable IR range of 892 cm™ to 1958 cm™ wavenumbers for characterizing organic
materials such as bitumen.

Figure 1 presents an overview of the AFM-IR technique used in this study. It demonstrates chemical
characterization measurements of the bitumen surface microstructures. Figure 1a shows an example of
an AFM phase scan of bitumen at -20 °C (false-colored), revealing several microstructural domains.
The bee-like striped area (yellow line indicates its boundary in Figure 1a) is the catana (wrinkled)
domain, surrounded by the peri domain. The false-colored green area is the transition domain, and the
blue area is the para domain. The red highlighted areas within the para domain are the sal sub-
domains. The sal sub-domain and transition domain emerge exclusively as a result of cooling to cold
temperatures.

Figure 1b shows a schematic indicating the position of the bitumen sample in the enclosed chamber
while performing AFM-IR scans under controlled humidity and temperature conditions. We used
aluminum and copper disks to elevate the sample position for the AFM-IR measurements. The
environmental chamber position is under the AFM head to make an enclosed space for cantilever
probe and sample to run AFM-IR scans in controlled conditions. A thermoelectric, water-cooled
device under the sample holder controls the sample stage temperature. The circulating water
temperature never goes below its freezing temperature, and to prevent condensation and frost on
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the sample surface, all AFM scans were performed under continuous Nitrogen flow resulting in a dry
environment (RH < 3%, T3=20 * 3 2C). Since we cannot monitor the surface temperature (T2) during
scanning, we calibrated the sample surface temperature (T2) versus the stage temperature (T1)
using a T-type thermocouple for similar conditions. Stage temperature T1 goes to -35 °C, T3 (which
measures the Nitrogen gas temperature) remains close to room temperature since we are
continuously flooding the chamber with N2 at room temperature. Moreover, the AFM tip is
oscillated at a resonance frequency, in tapping mode, and intermittently contacts the surface.
Therefore we do not expect cantilever properties to change due to temperature.

The sample was cooled stepwise from room temperature (T1: 25 °C, 15 °C, 0 °C, -10 °C, -20 °C, -25 °C,
-30 °C, and -35 °C). We cooled the stage with a high cooling rate (~ -90 °C/min), to reach the next
temperature of the stepwise cooling cascade and then held that temperature constant for a
minimum of 15 minutes (extra time might be needed for cantilever tuning) before performing the
scan. After scanning at T1=-35 °C, we heated the sample in two stage temperature (T1) steps: 0 °C
and 25 °C, to complete the temperature cycle and recover the samples to the initial conditions. For
further investigating the cooling rate effect, we examined slow (~ -1.5 2C/min) and fast (~ -90
2C/min) cooling rates for continuous cooling within a large temperature range, from T1=25 °C to
T1=-20 oC. We first scanned samples at T1=25 2C, and then in a single step, the sample was cooled to
T1=-20 °C. For AFM-IR scans conducted at T1=-20 2C, we waited a minimum of an hour to ensure
that the observed effect is only due to cooling.

Bitumen is a soft, sticky material; therefore, to prevent cantilever tip contamination, we used
AFM-IR in tapping mode as is commonly done for bitumen *_The tapping cantilever (Figure 1c)
follows the surface and generates the topography scan. The AFM phase scan contrast is generated
by the differences between the oscillation phase of the driving signal sent to the AFM cantilever in
tapping mode and its measured real mechanical oscillation response from the reflected laser **°
(Figure 1d). It contains information on varying elasticity, friction, adhesion, viscosity, surface
electrical charges, or chemical polarity. This measurement can provide qualitative information about
how such properties vary over a surface. In particular, this is very relevant for bitumen imaged at
different temperatures as its behavior can vary between elastic and viscous depending on the
temperature. If more than one of these properties varies over a surface, then the phase image will
measure the combination of the different contributions. Due to the fact that there is a combination
of effects that give rise to the contrast in a phase image, it is not easy to attribute the contrast to
one material property. Therefore, we alternatively use terms of “stiff” and “compliant” to represent
any of these material properties, and we refer to the AFM phase image, "phase map" such as Figure
1d.

We conducted all scans in an enclosed environmental chamber at the scan rate of 0.7 Hz for a
scan area of 15 um by 15 pm with the resolution of 500 scan points and 250 scan lines. During the
conditioning time before each scan, the AFM cantilever was set back to its free oscillation distance
(100 wm) to prevent tip contamination as bitumen has high volumetric variation during cooling and
heating. Each AFM scan takes ~5 min. For each of the reheating steps, we quickly raised the sample
temperature to reach the target temperature, and then, after about 30 min of the conditioning time, we
performed an AFM scan with the same scan setting.
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The schematic drawing in Figure 1e shows that the absorbed IR pulse by the sample during the AFM-
IR scan causes a photothermal expansion. This results in an external impulse force, which causes an
increase in amplitude at an alternate second oscillation mode of the cantilever. These two
mechanical resonance modes occur simultaneously when the pulse frequency rate of the blinking IR
laser, at a favorable IR absorption wavenumber for the sample material, is approximately equal to
the frequency difference of the cantilever second and first mechanical resonances.

These data are used to map the surface chemistry (IR mapping and local IR spectra). IR maps
are generated by the response intensity of each scan point of the material to the absorbed IR
wavenumber. The absorption units, in volts, show the amplitude deflection of the cantilever in its
second mechanical resonance mode, due to the local thermal expansion of the substrate material after
reacting to the blinking IR laser beam. The absorption units are not quantitatively calibrated according
to the concentration of each chemical functional group. Qualitatively, the more responding materials
to the selected absorbed IR wavenumber show relatively higher absorption units in volts.” In order to
highlight the inhomogeneity of the material and domains, we plotted the offset value of the IR map
contrast. The offset function sets the average IR absorption units equal to zero, and therefore, the
initial intensities below average become negative.

The acquired AFM-IR spectra have high spatial resolution due to the fact that the cantilever probe
has a sharp tip (~10 nm diameter) and high spectral resolution because of the sensitive laser feedback
loop, which is able to detect fine cantilever deflections. When the bitumen surface absorbs a laser
pulse, it expands deflecting the cantilever tip. The cantilever oscillation amplitude is proportional to
the absorbed energy in sample *°. The cantilever oscillation peaks are collected for different IR laser
wavelengths, Fourier-transformed, and plotted as amplitude versus wavenumber. Nanoscale IR
spectra show characteristic peaks at specific wavenumbers, which are used to define chemical
functional groups.

Image analysis: area fraction calculation

Traditionally, the contrast in the AFM phase images is used to define qualitatively the borders
separating the para and peri domains. Several device and set up specific effective parameters can be
identified for the thresholding value defining the border, such as a difference in mechanical properties
of each cantilever, energy, and force (set point) of the tapping cantilever; and substrate surface
mechanical compliance as a function of temperature effects. As these parameters are setup-specific, it
is not possible to report a single value for the phase scan to threshold the boundary of domains.
Moreover, the existence of a high phase contrast in the catana (bee) domains disturbs the automatic
thresholding procedure of the other domains. Therefore, the values reported here are selected to be
specific to the experiments performed.

The phase contrast fades, and its sensitivity decreases at the colder temperatures because the
stiffness of the tip-sample contact gets closer to the cantilever's stiffness. Darker colors in the phase
map indicate phase lag between the driving and response frequencies. This occurs mainly in the
relatively compliant parts of the sample. However, it is not feasible to convert phase map information
to quantitate mechanical properties. For qualitative purposes, approximately the boundary of peri and
para domains shows values in the range of zero to 0.5 degrees, which is the boundary of the relative
stiff peri domain and compliant para domain while phase degrees of 0.5 deg or larger indicating a
substantial change in stiffness.
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Based on the AFM phase map analysis, we measured the surface area fraction for each of the
domains. Even though half a degree of contrast in the phase image is sufficient to define peri and para
domain boundaries, we measured the maximum contrast between these two peri and para domains to
be 30-40° degrees. However, from the AFM phase contrast (an example shown in Figure 2e and g),
the para domain always has negative values (phase lag), but peri domain has heterogeneous phase
value (shown as a non-uniform color contrast in visualized image). Sal sub-domain and transition
domain also have heterogeneous phase makeup but close to para domain phase contrast. We recorded
AFM in trace (forward) scans. These are left to right scans in the standard AFM scan configuration.
Therefore, the narrow shadow at the boundary of transition and para domains, as well as the sal sub-
domain and para domain, is darker than both domains at the left-hand side and brighter at the right-
hand side (Figure 2f and h). This narrow shadow between domains helps to define the boundaries of
transition domain and sal sub-domain from the para and peri domains. The darker boundary around
the para domain that emerges at cold temperatures we term as the transition domain (Figure 2f and h),
and we identified the round dark islands in the para domain as the sal sub-domain. False colored para,
peri, and transition domains and calculated the area fraction of each domain (A sequence of results for
domain identification is shown in Figure S3).

Sources of error include AFM scan resolution, tip sharpness, and operator error during post-
processing that are inevitable. To determine the error of the area fraction measurements, we ran 6
trials to calculate the area fraction for each domain for one randomly selected case (see example in
Figure 4d, sample shown with the filled square symbol (m) at stage temperature T1=-20 °C). For small
area fractions, such as those found for the sal-sub domain, the area fraction errors can be as high as
27%, but this value is less than 10% and 3% for the transition and para domains, respectively.

IR spectra analysis

Bitumen is a chemically complex mixture that has more than a thousand different types of molecule
" Its IR spectra have peaks corresponding to certain chemical functional groups. To determine IR
indexes for such chemical groups around IR peaks. We chose a straight baseline for each peak passing
through the intersection of each spectrum with the liming vertical lines around each peak. The
selected range around each peak and the availability of the chemical functional groups for the bitumen
SARA fractions are reported in Table 1.

Results and discussion

The wax content of bitumen plays a pivotal role in its low-temperature properties °'. The investigated
bitumen has a natural wax content of 1%, as mentioned above. When bitumen is cooled from an
annealing temperature, in this case, 110°C, certain nano and micro-structures and domains emerge on
the surface of heat casted samples in most bitumen types. The catana (bee) structures mentioned
earlier, for example, are attributed to a waxy surface film * as they disappear when the sample is
heated above the melting point of waxes at ca 60°C **, (Figure 2a). Furthermore, they are indicators of
the surface waxy layer mechanical mismatching with the bulk bitumen *.

The glass transition of the material reflects its bulk properties when the material undergoes during
cooling a change from a viscous fluid to a glassy state *. In the case of bitumen, once the sample is
further cooled to the region of its glass transition temperature (in this case ca -20°C **), there is a
further evolution of these micro and nanostructures. As bitumen is a composite material, different
components tend to phase-change at different temperatures. This is reflected in Figure 2a and Figure
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2b that show AFM topography images of bitumen for the same location at T1=25 °C and T1=-20 °C,
respectively, selected as an example from the sequential stepwise stage temperature cooling. Figure 2¢c
and Figure 2d show magnified regions of Figure 2a and b, respectively. Figure 2e and Figure 2f are
AFM phase images (phase map) for the same location at T1=25 °C and T1=-20 °C, respectively,
where positive and negative values indicate relative higher and lower material stiffness, respectively.
Figure 2g and Figure 2h are magnified regions of Figure 2e and Figure 2f, respectively.

The phase images, reflecting the sample interaction with the tip of AFM, corroborate what has been
reported in literature * and shows at both temperatures there is a distinct difference between para and
peri domains indicating the relative stiffness and adhesion of the domains increasing from para to
peri. The softer part of the material has a more substantial interaction with the AFM tip resulting in
the darker image. The peri domain is hard and rough, and its surface coarsens at colder temperatures.
In contrast, the para domain is relatively soft and based on the corresponding topography scan, it is
also smooth. Figure 2h shows that with cooling, there is less contrast between the domains as they
reach their glassy state, and furthermore, two main evolutions of the surface microstructure take place.
The first in the para domain, where we see the appearance of protruding islands, the so-called sal sub-
domains " and second in the peri domain the formation of an interfacial “transition” region at colder
temperatures.

Previous studies have shown that different SARA fractions of bitumen have different glass transition
temperatures (Tgs) that are affected by their composition, ranging from -88°C to 60°C, increasing
from low molecular weight saturates to high molecular weight asphaltenes . This has the
consequence that different microstructures appear at different temperatures. In addition, similar
studies have shown that the sal sub-domain contains the lowest molecular weight amorphous alkane
of the para domain and remains amorphous, not crystallizing at deeply subfreezing temperatures .
We also see that with cooling, the para domain stiffens relative to the peri and catana domains, but
the transition domain and sal sub-domain remain noticeability soft relative to the peri and catana
domains (see Supporting Information, Figure S3, and Figure S4). During stepwise cooling, the sal
sub-domain can grow to about 1 um diameter. The transition domain has 0.5+0.1 um rather uniform
width with some locations, such as sharp corners featuring a higher width of 1-2 um. For a high
cooling rate of ~ -90 °C/min, an individual sal sub-domain equivalent diameter is limited to ~100 nm
beads, while the transition domain is narrower and has a width of a couple of hundred nanometers. In
the case of a slow cooling rate, ~ -1.5 °C/min, it is difficult to detect the sal sub-domain, and the
boundary of the para and peri domains features a diffuse transition domain.

Figure 3a and b show representative bitumen AFM topography scans at two different temperatures,
T1=25 °C and T1=-20 °C, respectively. Also shown are the paths traveled by the AFM tip along the
surface, crossing a catana structure, and the emerging transition domain defined earlier. These paths
are chosen at practically the same location of the same sample and produce the topography landscapes
of Figure 3c, showing the effect of reducing the temperature from T1=25 °C to T1=-20 °C on the
microstructural. It can be seen that a typical catana domain has a length of 4+3 pm and a maximum
amplitude of 100+£50 nm. Cooling causes the material to shrink, and therefore the distance between
surface microstructures changes and the bee structures to shift (marked with a circle) at cold
temperatures in comparison to their original location at room temperature. It is clear that cooling
affects the surface texture of bitumen in all areas and in particular, the emerging sal sub-domains and
transition domains (see Figure S5 where domains are defined on the topography plot based on the
corresponding phase scans). After cooling, the amplitude and length of the bee structure decreased by
10-20% while the wavelength varied around its initial value, Figure 3c. (For more details see Figure
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S7 in the SI document). The profile also shows the drift of the microstructures as a result of the
cooling. One possible explanation for the appearance of the sal domains was discussed by Masson et
al. *(Masson 2007) is that the sal sub-domain and the transition domain have less volumetric changes
than that of their surroundings, due to the fact that they have a different composition and as a result
different Tgs.

Bitumen is highly temperature-sensitive, the evolution of the microstructures is further demonstrated
in Figure 4a, b and c, which are examples of AFM phase images of the stepwise temperature cycles
starting at T1=25 °C, cooling down to T1=-35 °C and reheating to T1=25 °C. We conducted each
sequence of scans at practically the same location and repeated the scans at the same conditions on
three fresh samples. Considering the formation of new domains at colder temperatures, the impact of
the cooling on the area fraction of these domains was further studied. Figure 4d shows the area
fractions of the sal sub-domain (red), transition domain (green), and para (blue) domain, at the
bitumen surface and T1 and T2 vs. time. In addition to T1, the temperature cycles were measured at
the surface of the bitumen (T2) and shown (recall the locations of the thermocouples for T1 and T2 in
Figure 1b). The temperature history for T1 and T2 measurements are depicted by dashed and straight
black lines, respectively. A comparison of the surface temperature T2 with the stage temperature T1
indicates that thermal lag within the sample is negligible, and the selected conditioning time for each
step is sufficient to reach thermal equilibrium (see Figure S1 in SI for thermal resistance calculation).

We see that the para area fraction decreases with decreasing temperature while the transition and sal
area fractions increase with decreasing temperature. Initially, the para domain area fraction decreases
while, simultaneously, the new transition domain and sal sub-domain emerge. Accordingly, the area
fractions of the sal sub-domain and transition domain increase and eventually plateau (see a sequence
of the image analysis, Figure S3). As mentioned earlier, the sal sub-domains contain the lowest
molecular weight amorphous alkanes within the para domain, which precipitate and protrude from the
surface between -10 °C and -19 °C . The width of the affected area around the protruded zone is
about 2-4 um and the height of about 20 nm.

Figure 5a, b, and ¢ show topography, phase, and chemical IR mapping (at wavenumber 1456 cm™;
main H-C peak of bitumen) of the sample at T1=25 °C, respectively. Figure 5d, e, and f show the
same information at practically the same location, but for T1=-20 °C, after cooling at a relatively slow
cooling rate (~ -1.5 °C/min) directly from T1=25 °C to T1=-20 °C). Figure 5g shows the absorbance
spectrum vs. wave number for bulk FTIR (~23 °C); local nanoscale IR spectra of the peri and para
domains at T1=25 °C; and the peri, para, and transition domains at T1=-20 °C. The locations where
local nanoscale IR spectroscopies were performed are shown with squares in Figure 5b and e.

Previous studies showed that the IR spectra of the SARA fractions have high similarity *', but their
concentrations are different at the bitumen surface microstructures °. The straight vertical line (Figure
5g) shows the location of the 1456 cm™ wavenumber on the IR spectra. The peri domain is already a
crystalized domain at 25 °C, as it has a higher percentage of paraffinic and saturated compounds *.
The peri domain shows a clear contrast with the para domain at 25 °C. On the other hand, at colder
temperatures, the para domain becomes as stiffer as the peri domain and sal sub-domains, which
consist of the light molecules of the para domain'’. Stiffer para with the denser molecular arrangement
at -20 °C and sal-sub domain makeup result in an increase of the IR signal intensity and noisier IR
map of the surface domains at -20 °C (Figure 5e) compared to 25 °C (Figure 5b). The IR peak is
broader around 1456 cm™ wavenumber for the IR spectra of peri and para domains at 25 °C and the
transition domain at -20 °C compared to peri and para domains at -20 °C.
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AFM-IR is a mechanical technique; thus, the tapping IR spectra have inherent noise signals. To
facilitate the distinction of the trends, we smoothened the AFM-IR spectra by the Savitzy-Golay
function using a polynomial order of five, fitting six neighboring points (original spectra is reported in
Figure S9). Bitumen has reference characteristic IR absorption spectra peaks (1376 and 1456 cm™)
corresponding to the bending vibration of CH, and CHs aliphatic hydrocarbons ****. Owing to the
bitumen composition as a mixture of various hydrocarbons, these are present in all types of bitumen
>* These peaks are also strongly present in both the bulk bitumen FTIR signal (black line at Figure
5g), and the local nanoscale IR spectra from the different domains probed. Therefore, the wave
number 1456 cm™ was selected for the IR mapping. The results show that the peri domain has a
distinct chemical signature compared to the para domain (Figure 5c¢). In cold bitumen, however
(Figure 5e and f, at T1=-20 °C) the boundary of the peri domain is chemically and mechanically
practically indistinguishable from the para domain. At T1=25 °C, although the nanoscale IR spectra of
para and peri domains follow the bulk FTIR signal, there are also significant deviations around
wavenumbers 958-1049 cm™ and 1353-1394 cm™ and later from 1546 to 1626 cm™ and 1690 to 1710
cm’ (Figure 5g). As a consequence of cooling, the nanoscale IR spectra intensity of the para domain
at T1=-20 °C shifts upward around wavenumbers 958-1049 cm” (Figure 5g). IR peak values of 1030
cm’ are attributed to the sulfoxide functional group ** which are present in resins and asphaltene
fractions '

In order to quantify the intensity of the major peaks in Figure 5g, we integrated the different areas, A4,
under the curve around a band maximum (Ayeq) shows area under each band maximum and above
straight baseline crossing spectra at limiting wavenumbers). Based on previous studies ***>°° We
defined the FTIR indexes and the limits of integration as follows: sulfoxide (Ag3: 958-1049 cm'l),
aliphatic (Aj376:1353-1394 cm™ and A 456 1407-1500 cm™), aromatic (A 400: 1546-1626 cm™), and
carbonyl (Aj790: 1690-1710 cm’l) groups. The total area is defined as Y A= Ajp30 + A1376 T A1ase +
Aj00 T Aj70 for each spectra. By dividing the areas under the peaks by the total area Y A, we define an
index for each absorbance band, in order to make comparisons possible. Indexes show the relative
distribution of chemical functional groups for each spectrum. For some specific cases, the difference
of various domains is within the error bars and, therefore, not significant. These results, as well as the

21
7 are shown

availability of the chemical functional groups for each fraction of the SARA fractions
in Table 1 and Figure 6, respectively. As indicated, previous reports that used s-SNOM to
characterize bitumen found a distinguishable chemical difference between the para and peri
domains and showed that concentrations of sulfoxide and carbonyl groups are different in the peri
and para domains *’; however, the IR spectra of these domains are not reported. On the other hand,
a recent study”® on bitumen using a similar AFM-IR device and sample preparation method show that

the peri domain also contains sulfoxide groups.

In contrast to the bulk FTIR, Figure 6 shows that all the major bitumen bulk functional groups are
present in the para, peri, and transition domains. However, the relative amount varies with domain and
with temperature. Comparing the para and peri at 25 °C, it is apparent that the carbonyl functional
groups are considerably lower at the peri domain. At -20 °C, there is a shift in the functional groups
with the branched alkanes (1376 cm™) relatively lower value in para and higher in the peri domain. In
addition, there is a considerable increase in the aromatics in the peri at -20 °C. The transition appears
at colder temperatures showing strong aliphatic peaks. At cold temperatures, the para domain surface
functional groups change—A 430 and 479 increased while 4409 and (41376 + A1456) decreased
(aliphatic)}—with the emergence of the sal sub-domain and transition domain. It is also clear that the
spectrum of the transition domain lies between the peri and para domains.
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Figure 7a, b, c and d show topography, phase map, magnified phase map of the para domain, and
chemical IR (at wavenumber 1456 cm’l) images of bitumen at T1=25 °C, respectively. Figure 7e, f, g,
and h show the same results at practically the same location, but now at T1=-20 °C, after a fast
temperature reduction directly from T1=25 °C to T1=-20 °C with cooling rate of ~ -90 °C/min (i.e.,
continuous cooling from T1=25 °C to T1=-20 °C in half a minute). This cooling rate that can have a
direct effect on the Tg, as discussed in the SI, is limited by the fastest cooling rate capacity of the
water-cooled thermoelectric device of the environmental chamber. By comparing the magnified
panels of Figure 7 (Figure 7c and g), we observe that upon cooling, the para domain coarsens through
the nucleation of the sal sub-domain. Hence, a narrow transition domain develops between peri and
para domains after a fast cooling rate of -90 °C/min.

On the other hand, a slow cooling rate of -1.5 °C/min does not allow the development of a sizable sal
sub-domain at the para domain (Figure 5e). In contrast to the fast cooling rate (shown in Figure 7),
there is a reduced contrast between para and peri domains in a comparable slow cooling rate of -1.5
°C/min (Figure 5) due to the fact that the material does not have sufficient time for the development
of a sizable transition domain between the para and peri domains. Moreover, a sharp narrow
transition domain develops between peri and para domains, and numerous evenly spread sal sub-
domains emerge in the para domain after experiencing a fast cooling rate of -90 °C/min. It is shown
that the cooling procedure affects the distribution of the sal sub-domain as well as the size of the
interfacial zone; this is a function of temperature, sal nucleation, and transport phenomena.

Conclusion

Employing advanced AFM-IR imaging, we showed that cooling bitumen to sub-zero environmental
conditions causes significant changes in its mechanical, chemical, and topographical surface
properties. We also found that new surface domains emerge at cold environmental conditions,
namely, the transition domain between peri and para domains and the sal sub-domain, consisting of
distinct island regions within the para domain. Nanoscale infrared spectroscopy showed that the
transition domain has a chemical composition that is intermediate between those of the para and peri
domains. We also showed that the peri and para domains are mechanically and chemically distinct at
ambient conditions; however, when cooled to sub-zero conditions, phase imaging and nanoscale
infrared spectroscopy indicate that the properties in sample domains appear to become similar and
that the transition domain—which separates them—emerges and broadens. This can be expected
on the one hand as the different domains go through their respective glass transition and display
stiffer properties. however, when cooled to sub-zero conditions, phase imaging and nanoscale
infrared spectroscopy reveal that their properties become similar and that the transition domain—
which separates them—emerges and broadens.And on the other hand, the diminishing of phase
contrast is also a result of the sample becoming stiffer with cold temperatures —and therefore the
contact stiffness becoming larger, which means that the tip doesn’t penetrate the sample as much
and thus the phase is less sensitive to material properties and therefore the contrast goes down in
the phase images so that the AFM derived stiffness of different areas on the sample appear to be
similar. Their emergence and distribution are highly dependent on how the sample is cooled, and the
initial para domain size and shape. Also, very rapid, constant cooling rates over significant
temperature differences, hinder the migration of sal sub-domains from forming large transition
domains. Concerning chemical composition, we showed that the catana domain has the same
chemistry as the surrounding peri domain. The amplitude of the catana structures decreases as a
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function of cooling, but the wavelength remains practically about the initial value. The results of this
work significantly improve our fundamental understanding of the behavior of bitumen at sub-zero
environmental temperatures, which, in addition to its fundamental value, has implications for the
performance of bitumen in applications ranging from sealing to road engineering.
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Figures

Figure 1 Principles and findings of the AFM-IR technique. (a) Artificially colored phase image at
T1=-20 °C of a stepwise cooling sequence defined later. The highlighted regions with yellow stripes are the
catana domains, and their surrounding area is the peri domain, false-colored green is the transition
domain, blue is the para domain and red denotes the sal sub-domain islands. White scale bar: 1 pm. (b)
Schematic of bitumen sample on a glass substrate in the enclosed humidity and temperate chamber. We
used copper and aluminum disks (each 1 mm thickness) to elevate the sample. Color dots show the
location of three thermocouples, red dot: stage temperature thermocouple (T1), green dot: thermocouple
for surface temperature (T2), blue dot: thermocouple as environmental temperature sensor (T3) (c)
Drawing shows tapping cantilever following the surface profile to create the tapping AFM topography
scan in first mechanical resonance mode (T1=25 °C). (d) AFM phase image (phase map) detects surface
properties such as mechanical compliance. Softer substrate shifts oscillating cantilever phase and causes
phase lag, which corresponds to the darker phase contrast in the AFM phase scan (T1=25 °C). (e)
Schematic drawing of an AFM-IR scan. The pulse IR laser shifts the cantilever to its second mechanical
resonance by thermal expansion of the excited substrate with the IR laser at a favorable wavenumber.
Example of IR map at the same location scanned at 1456 cm™ wavenumber (T1=25 °C).
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Figure 2 Effect of cold temperatures on the surface properties of bitumen. AFM tapping surface topography
scans on bitumen at steps (a) T1=25°C and (b) T1=-20°C during the stepwise cooling sequence and their
magnified areas are shown in (c) and (d), respectively. (e)-(f) Corresponding AFM phase images of the same
locations as in a and b, respectively. (g) The enlarged area of e showing three domains: catana, peri, and para.
(h) Magnified view of f, showing five domains at low-temperature in addition to the other three domains in (g).

para peri catana sal transition
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Figure 3 Effect of temperature on surface roughness in specific domains. AFM topography images at steps
(a) T1=25 °C and (b) T1=-20 °C of the stepwise cooling sequence. (c) Lines indicate topographies of bitumen at
T1=25 °C (red) and T1=-20 °C (blue) in approximately the same location. The green asterisk is the zero point of
the line profile (Distance = 0 um). Marked points by circles are the valleys of the catana structures in the
vicinity through which the line passes, to show that microstructures shift their position relative to each other as a
consequence of the cooling.
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Figure 4 Effect of temperature on bitumen surface domains. Example of AFM phase image at the same
location, during the stepwise cooling cycle shown in the Figure 4d (right axis) (a) T1=25 °C, (b) T1=-35 °C, and
(c) T1=25 °C (reheated to the initial condition). (d) Sal sub-domain (red), para domain (blue), and transition
domain (green) area fractions vs. T1 (- - -) and T2 (—) vs. time. Symbols m, A, and ® ecach show an
independent AFM scan sequence on a fresh sample at the same location in dry conditions, showing qualitatively
similar behavior.
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Figure 5 Effect of the slow cooling rate on the faded boundaries of the bitumen surface
microstructure and determination of the chemistry of the transition domain. AFM-IR (a) topography, (b)
phase, and (c) IR spectroscopy images for wavenumber 1456 cm™ at T1=25 °C. (d) topography, (e) phase,
and (f) IR spectroscopy images for wavenumber 1456 cm™ of bitumen at T1=-20 °C (directly cooled from
T1=25 °C to T1=-20 °C at a slow constant cooling rate of ~ -1.5 °C/min). (g) AFM-IR spectra smoothened
by Savitzy-Golay function using a polynomial order of five fittings on six neighboring points. Spectra of
bitumen at T1=25 °C (para: orange line, peri: red line; see b for locations) and T1=-20 °C (para: cyan
line, peri: blue line, transition domain: green line; see e for locations) and the original bulk FTIR spectra
at 23 °C, black line. The straight vertical line shows the location of 1456 cm™ wavenumber.
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Table 1 IR index and wavenumber range of the bitumen chemical functional groups based on
FTIR and AFM-IR spectra. The availability of chemical functional groups is defined for each fraction of

SARA.
Functional groups

sulfoxide aliphatic aromatic carbonyl
Wavenumber limit 1353-1394

958-1049 1408-1500 1546-1626 1690-1710
Index

A1030 A1376 + A14s6 A1600 A1700

XA XA XA XA

SARA fl’acﬁon ———— Saturates —— o
(availability of the e Aromatic Aromatic —-
functional groups) Resin Resin Resin Resin
References: 257 Asphaltene Asphaltene Asphaltene -
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Figure 6 IR indexes of FTIR spectra and AFM-IR local IR spectra of the bitumen surface domains
show the concentration distribution of the chemical functional groups in bulk and nanoscale, respectively,
as a function of temperature. Functional groups are present around wavenumbers corresponding IR peak
values, sulfoxide: 1030 cm'l, aliphatic: 1376 em”! & 1456 cm'l, aromatic: 1600 cm™ and carbonyl: 1700 cm’
!. Each column bar shows average value with min and max values for at least three experiments. In cases
of peri 25 °C, and para -20 °C, the bar represents 4 and 5 data points, respectively. FTIR column bar is
an average of 32 measurements with a negligible error.
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Figure 7 Coarsening of the para domain and plentiful appearance of the sal sub-domain with a
narrow transition domain from very high cooling rates. AFM-IR results showing (a) topography, (b) Phase
map (AFM phase), (¢) Magnified phase map view of the marked area by the white square (see b), and (d)
IR spectroscopy images for wavenumber 1456 cm™ of bitumen at T1=25 °C. AFM-IR (e) topography, (f)
phase map (AFM phase), (g) Magnified phase map view of the marked area by white square (see f)and (h)
IR spectroscopy images for wavenumber 1456 cm™ of bitumen at T1=-20 °C (directly cooled from T1=25
°C to T1=-20 °C at an extreme cooling rate of ~ -90 °C/min). Densely emerged sal sub-domain (see g) with
limited transition domain, because of the fast cooling rate.
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