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ABSTRACT

Water condensation and freezing on asphalt roads can lead to slippery conditions, which are
responsible for many winter accidents and have caused an overreliance on mostly environ-
mentally damaging and pavement degrading deicing chemicals and salt, which requires
active maintenance. Bitumen is a mechanically and chemically complex material mainly
consisting of various hydrocarbon-based chemicals groups. Additionally, bitumen makes
up approximately 5 wt.% of the asphalt concrete mixture because of its binder role and coat-
ing function of the aggregates, can control the bulk mechanical properties and surface
properties of the asphalt mixture. Condensation as the first step and later freezing phenom-
ena are investigated in this study and from ambient humidity toward understanding the fun-
damentals of icing on bituminous surfaces. Condensation experimental results show selective
wettability of chemically and mechanically district bitumen surface domains. The effect of
different bitumen modifiers of polyethylene terephthalate, polyamide (PA 66), polyacrylo-
nitrile, and Sasobit wax at 1 wt.% were studied on condensation freezing and bitumen water
affinity.
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Introduction

Alleviating ice formation on asphalt concrete (AC) is a multibillion-dollar activity, as
deicing requires time, energy, and equipment to ensure safe driving and reduce the risk
of winter accidents caused by icing.'™ Current approaches have caused an overreliance
on environmentally damaging deicing treatments. Engineering of the icephobic
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surfaces enables to prevent or delay ice nucleation and lower ice normal/shear adhesion.*® Most roads are
bitumen-based and consist of 5 wt.% of bitumen.® Despite the low percentage of bitumen, the binding and
coating function of the aggregates by bitumen makes bitumen surface properties one of the main parameters
affecting the wettability of asphalt mixtures, also affecting related phase change upon it. Therefore, for fun-
damentally understanding the water interaction with bituminous surfaces, detailed analysis and studies on
small scales are required.” Several theories and experiential techniques are used to analyze and categorize
bitumen molecules, and one of the well-known approaches is to divide bitumen into four main chemical
groups according to solubility, namely saturates, aromatics, resins, and asphaltenes, abbreviated as SARA
fractions.® The colloidal system is a description of bitumen at the smallest scales and mostly responsible
for rheological properties. Features at larger scales are described by the catana-peri model. Thus, the two
are not mutually exclusive, but complementary at their respective scales. Because of this complex chemistry
and the presence of different molecule types, the free surface of heat-cast bitumen features three main micro-
scale domains of varying chemistry and topography.” Catana domain, also referred to as bee structures, are
wrinkled domains that are surrounded by waxy coarse peri domains. Peri domains are also spread on the
smooth neighboring para domain; however, the study and characterization of these domains is still an on-
going subject of research.'®”'* As a complex material, bitumen is composed of four main chemical groups
because of their solubility, namely saturates, aromatics, resins, and asphaltenes, abbreviated as SARA frac-
tions.® A variety of bitumen modifiers have been tested for their contributions to the mechanical performance
of bitumen."”™'® Among these are fibers that are either naturally abundant (e.g., cellulose) or are present in
large waste quantities (e.g., polyethylene terephthalate [PET]) and modifiers, including olefinic (alkene) plas-
tomers such as polyethylene (PE),'” which are of interest to the present work. Polymer-modified bitumen
(PMB) is now an industry standard, and it shows improved moisture resistance and higher cracking resis-
tance at low temperatures as both unmodified and plastomer/elastomer-modified bitumen have been dem-
onstrated to behave markedly different at freezing temperatures concerning the thermomechanical
behavior.'®"?

Water condensation rate on cold surfaces is closely tied to the wettability and hence to the hydrophobicity
or water-repellency of a surface. Hydrophobicity can be influenced through several distinct but interrelated
properties (a) surface patterning to obtain roughness on different length scales, (b) chemical properties that
influence the surface energy of the substrate, determining the heterogeneous nucleation energy barrier and thus
condensation rate.’”*' For the surface topography effect, it has been shown that wetting interactions and drop-
let morphology can be tuned using surface structuring.*? It has also been demonstrated that patterning of a
surface with both hydrophobic and hydrophilic regions can influence condensation and change the nucleation
energy barrier and rate.”> Although these domains’ exact chemical composition has not been unequivocally
established, studies point potentially to the balance of polar asphaltenes and nonpolar waxes as making up
surface domains.'®'>** Surface analysis showed that bitumen surface microstructures have different chemis-
try.”®> The surface energy (and thus intrinsic wettability) also has an effect on icephobicity, although super-
hydrophobic surfaces are not always icephobic, because icing also depends on nucleation thermodynamics,
introducing additional complexity not always compatible with superhydrophobic structuring recipes.*®
Indeed, substrate compliance can change wetting regimes.”” The drop-wise condensation of water on soft pol-
ymer substrates becomes especially relevant given the nature of bitumen and the variation in hardness.”*
Previous work has shown that by increasing the substrate compliance, the nucleation density increases, and the
droplet-induced deformation of the substrate at the three-phase contact line (TPCL) can lead to a wetting ridge
that possibly can prevent the merging of droplets.*!

In this research, we modified bitumen using PET, polyamide (PA 66), polyacrylonitrile (PAN) microfibers,
and commercial Sasobit wax. We then studied water condensation nucleation on different modified bitumen
surfaces in comparison to virgin bitumen in cold temperatures. We aimed to understand the effect of different
modifier additives on the water affinity of bitumen as a basis for understanding icing and its winter performance
in future work.

Copyright by ASTM Int'l (all rights reserved); Wed Aug 17 14:.300x 68ITebDesting and Evaluation
Downloaded/printed by
Library for the Research Institutes within the ETH Domain: Eawag, Empa, PSI & WSL (Library for the Research Institutes within the ETH Domain: Eawag, Empa, PSI & WSL) pursuant to License A



TARPOUDI BAHERI ET AL. CONDENSATION ON BITUMEN 1001

Materials and Methods

BITUMEN SELECTION AND SAMPLE PREPARATION

We fabricated modified bitumen mixtures using different additives and virgin bitumen of medium softness (Q8
penetration grade 70/100, EN 1426) as the base material. First, we melted the bitumen at 137°C in an oven for
30 min. Thereafter, a speed mixer (Hauschild DAC 150.1 FVZ) was used at 2,000 rpm for 2 min, and we modified
the bitumen samples adding 1 wt.% of different additives. This concentration was chosen to avoid significant
changes to the mechanical properties of bitumen. The modifiers were PET, PA 66, and PAN polymer fibers, all
with a diameter of 12-14 pm, and a length of 500 pm for PET (density 1.38 g/cm’)** and PA 66 (density 1.15 g/
cm?), and longer PAN (density 1.184 g/cm3) microfibers with 2,000-pm length. Sasobit wax beads (density
0.622 g/cm’)** were added directly, which subsequently melted and spread homogeneously during mixing.
To study the different bitumen samples under the optical microscope, we applied the modified bitumen onto
commercial coverslips. We withdrew a bead of bitumen with a laboratory spatula from a few millimeters below
the surface of the bulk mass of bitumen to avoid the surface layer that could be oxidized. We then spread the
bitumen on commercial circular microscope coverslips (20-mm diameter) over an area of 50-150 mm?, leading to
an approximate bitumen film thickness of 0.5 mm. This was followed by annealing at 110°C on a hot plate and
cooling in the refrigerator at 3°C+2°C, each time for 5 min. Samples have a thickness of several hundred microm-
eters, and this thickness is sufficient to avoid substrate contribution on the surface properties. Therefore, the cast
bitumen samples have enough required thickness with similar surface properties to the bulk bitumen. On the
other hand, as the bitumen material is thermally insulating, the several hundred-micron sample thickness shows
very low thermal resistance and a more uniform temperature distribution concerning the cooling stage temper-
ature. The virgin bitumen, which is used, has also gone over the same bitumen modification's thermal and
mechanical stresses.

EXPERIMENTAL SETUP

We utilized an atomic force microscope (AFM; nanoIR2 from Bruker) in tapping mode. This device was equipped
with a water coolant thermoelectric stage and used in conjunction with an environmental chamber to control the
sample temperature. We purged the chamber volume with nitrogen to maintain environmentally dry conditions
(RH < 3%) and prevent surface frosting at subzero temperatures. Optical microscopy was performed using an
Olympus BX60 microscope. Three configuration modes were available to acquire optical images: dark field (DF),
bright field, and differential interference contrast (DIC). In DF, where a ring of oblique light is projected onto the
sample, the only light that has been significantly scattered can reach the centrally located objective lens. As a
result, sample features of contrasting topography such as bee structures become more visible. On the other hand,
DIC, which detects the phase shift of polarized light as it is reflected from the surface topography;, is well suited for
the other surface structures. We first recorded condensation occurrences in DF mode and then allocated the
condensation sites to the different bitumen domains using the corresponding DIC images. Several studies have
confirmed that optical microscopy shows the same surface topography pattern as AFM scanning images,”**”
although not with the same resolution. Furthermore, the optical microscope equipped with a cryogenic stage
(fig. 1A) provides simultaneous observation of topography and water phase change on the bitumen surface.

EXPERIMENTAL PROTOCOL

We used atomic force microscopy in a high resolution of 1,024 scan points and 1,024 lines for a square scan area
of 5 by 5 pm. The scans were performed at two temperatures, 25°C and —10°C. Thereafter we analyzed the radius
of curvature of the AFM topography scans with the use of a Matlab script. For brief condensation experiments
under the optical microscope, samples were momentarily exposed to the humidified nitrogen stream at T, =
35°C +£0.5°C and RH =95 + 1 %. This condition provides P./P,; = 1.6 supersaturation condition on the sample,
where the vapor pressure is P, and the saturation vapor pressure at the corresponding temperature is P,,. Here,
it is of interest to observe the condensation of water droplets on the three main domains of bitumen: catana, peri,
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FIG. 1

Experimental setup and

bitumen surface enclosed environmental T and
; . chamber RH
domains. (A) Schematic optical  JRNANEN
drawing of the microscope’s
objective
experimental setup and NZ_ )
humidifier

nitrogen dispensing
system. (B) Bitumen
surface under an optical
microscope in DIC mode.
(O) False colored

bitumen
microstructures, color
code, red: catana
domain, green: peri
domain, remaining: para
domain. Scale bars: (B)-
(C) 10 pm.

(B) ©

and para (fig. 18 and 1C), where the catana domain or so-called bee structure is a wrinkled domain with hills and
valleys surrounded by a rough waxy peri domain, and the neighboring para domain is relatively softer than the
other domains.” The vapor exposure experiments were repeated for the same location and sample in order to
qualitatively verify the results.

In the second set of experiments, we investigated the susceptibility of supercooled condensation droplets to
freezing for the different modifiers. To do so, we continually cooled the samples at —25°C/min from 25°C to —10°C
(stage temperature). Immediately after reaching —10°C, another cooling rate of —1°C/min was used to cool the
sample to —30°C. The initial high cooling rate was intended to minimize condensation by minimizing the droplet
growth time in conditions where freezing was not expected to occur. These expectations are justified either by an
insufficient degree of subcooling at above-freezing temperatures or by an insufficient latent heat release of the con-
densing water vapor. The second, relatively slow cooling rate of —1°C/min ensured an accurate determination of
freezing temperature with a reduced thermal lag. The environmental chamber conditions at the start of each freezing
trial were set to 50 % RH at 21+1°C, as measured by the built-in environmental sensors.

Results and Discussion

Here we show the surface topography development of bitumen due to cooling. Figure 2A and 28 show the
contour plots of overlaid mean surface curvature (H) on the height profile as a surface plot based on high-res-
olution AFM scans of peri and para domains at the same location. The central flat area is the para domain (see
fig. 2A), which is surrounded by rough peri domain at 25°C as a consequence of cooling to —10°C; both domains
develop more roughness (fig. 28). The definition of the mean surface curvature H is given in figure 2C, showing
that it depends on the two principal radii of curvature R; and R,. In other words, the radius of curvature is the
radius of the circular arc that best fits in the normal section or combination of those on a 3D surface. Negative
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_________________________________________________________________________________________________________________________________|]

FIG. 2 Effect of temperature on the curvature of the bitumen surface. The mean curvature (H) is overlaid on the height
profile as a surface plot based on high-resolution AFM scan of peri and para domain at the same location, central
flat area, is para domain surrounded by rough peri domain (A) T=25°C and (B) T=-10°C. (C) Schematic shows an
arbitrarily curved surface in 3D, which principal radii of curvature are R; and R, projected to two perpendicular
plane. (D) Histogram plots the surface area fraction occupied by surface roughness with different radius of
curvature magnitudes. The para domain of the bitumen surface becomes rougher after cooling.
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values are for concave and positive for convex curvatures. Figure 2D shows a histogram of the surface area
fraction versus the surface radius of curvature, given by R = 1/H. The histogram of figure 2D presents the surface
area coverage percentage by different radius of the curvature size magnitudes for two temperatures of 25°C and
—10°C. Even though the radius of curvatures in the range of a few nanometers can boost initial condemnation and
because of the AFM probe (cantilever tip) and substrate interactions and viscoelastic nature of our studied
material, we could not measure surface roughness below 200 nm. Still, it can be seen that the area fraction
of the smaller micro-pits increases as a function of cooling (fig. 2D). A more remarkable topographical evolution
can be observed in the initial flat para domain than the surrounding, compared to the initially rough peri domain.

Bitumen’s three main surface domains of catana, peri, and para are detectable by optical DIC image (fig. 3A).
Figure 3B shows zoomed area of the selected section from figure 3A, and the corresponding DF image is shown
in figure 3C. Brief condensation experiments were performed at room conditions (T =21+1°C; RH =50 %) by
introducing hot vapor (at T, = 35+0.5°C and RH = 95+1 %) on the bitumen surface. Figure 3D shows a snapshot
of the condensation frame. Centers of the condensed droplets are marked with white plus marks in figure 3£ and
allocated to the different domains in figure 3F. The analysis of more than a thousand droplet condensation sites
captured for five repeatable experiments under the same conditions shows that almost 90 % of the droplets con-
densed on the para domain and approximately 9 % on the peri domain, and less than 1% on the catana domain
(fig. 3G). The results were normalized with respect to the area fraction of each domain, showing the para domain
remained the most favorable location for droplets to condense. Possible reasons for the observed preferential
condensation could be the development of micro-pits in addition to the intrinsic differences in the surface chem-
istry of these two domains.
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Figure 4 shows the percentage of the condensation sites relative to the bitumen surface domains. The virgin
bitumen condensation results show that the para domain has the highest probability for nucleation to occur, with
up to~ 85 %. This is in agreement with the expectation that para domains are composed of more polar para
aromatic molecules with higher water affinity.”® Also, the crystalized saturate waxes are expected to provide
higher resistance to nucleation and attraction to polar substances such as water.”” In the case of PA 66 modified
bitumen, the distribution of the condensation sites in favor of the para domains is not as extreme as the other
cases. Two brief condensation events ensure the validity of the results’ repeatability. This is despite the possibility
of small fluctuations resulting from the effects of time-varying humidity and temperature distribution on the
bitumen samples. Laplace pressure, which is the pressure caused by the curved interface of gas and liquid, could

accelerate this process, with water absorption in the para domain resulting in increased polarity and later
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FIG. 4 Percentage of condensation sites for each respective bitumen surface domain. Condensation probability of water
on four modified bitumen by PET, PA, PAN polymers or Sasobit wax at 1 wt.% concentration are compared with
control virgin bitumen on samples at room condition briefly exposed to water vapor at 7, = 35°C + 0.5°Cand RH =
95+1%. For each of the five bitumen types, the two condensation events were repeated for three different
samples, and the results normalized over the domain’s area fraction to account for sample variation.
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condensation events causing a higher water affinity and condensation.*® The mobility of the polar groups and the
polar attraction of the condensed water would then have to be assumed to be strong enough to align the polar
groups in the short time scales present and increase the surface polarity. In any case, previous research suggests
that water contact with bitumen can drive the migration of asphaltenes toward the surface.*

We can conclude that the nucleation density is higher for the para domain in PET modified and virgin state
bitumen followed by PAN, Sasobit, and PA in that order (fig. 4). PA 66 modifier shows the lowest condensation
nucleation density. The polar nitrile bond of the PAN fibers could explain the high condensation nucleation
density of PAN modified bitumen. Figure 5 shows the freezing nucleation temperature for the investigated ma-
terials. The results indicate that the only notable reduction in freezing temperatures was for PA 66 modified
bitumen. This could be caused by an increased contact angle, which itself reduces the surface area of the drop
contiguous to the substrate and lowers the condensation frequency, as reported in figure 4.

This not only lowers the probability of heterogeneous nucleation freezing but should also reduce heat trans-
fer following the reduced extent of the TPCL. This is the topic of an ongoing investigation.

Conclusion

This study showed that the bitumen surface domains have selective wetting properties, and the surface roughness
evolves at subzero temperatures. We showed that micro-scale roughness develops at cold subzero temperatures.
Condensation sites were detected for four types of modified bitumen as well as unmodified, virgin bitumen.
Repeated condensation also confirms that surface domains of different compositions and wetting properties keep
their initial water affinity. Results show a striking difference in the bitumen domains with respect to water con-
densation. PA 66 modifier improves the para domain’s hydrophobicity but has the opposite effect by comparison
on the peri domain. A noticeable decrease in the freezing temperature was only observed for the PA 66 mixture.
Further experiments on additional aspects of condensation of bituminous surfaces and their effect on frost for-
mation are underway, and additional materials such as SBS-modified bitumen will be the subject of future
investigations.
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