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� PCM microcapsule modification can
delay frosting on bitumen in
repeatable cycles.

� Condensation deposit forms around
freezing droplet while its
temperature jumps 0�C.

� Bitumen temperature and RH controls
initial condensation regardless of
cooling rate.

� Water freezes on bitumen at lower
temperatures at low RH or fast
cooling rates.

� Cascade freezing expands across
supercooled droplets, ice bridging
links droplets.
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a b s t r a c t

Freezing of atmospheric water on bituminous construction and road surfaces is a recurring event during
winter. However, droplet freezing on bitumen and passive inhibition methods are poorly understood.
Here we investigate relative humidity and substrate cooling effects on condensation freezing on subzero
temperature bituminous surfaces and find that droplet freezing is explosive, with rapid local heating. We
explain the related physics and find that relative humidity and cooling rate can affect droplet sizes and
freezing temperatures. We then rationally embed phase change material microcapsules in bitumen, har-
nessing their latent heat to significantly delay freezing, demonstrating a viable option for frost mitigation.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In countries with severe winter weather conditions, the clear-
ance and maintenance of roads, roofs, and runways in winter is
essential to ensure safe driving, living, and transportation condi-
tions. Roads and many construction surfaces are commonly
bitumen-based, and roads usually contain ca. 5 wt% of bitumen
(less than 20% by volume fraction) [1]. Despite its low percentage,
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bitumen is the costliest portion of the mixture and due to its role as
a binder and coating of aggregates, it has an important role on the
overall mechanical and surface chemistry properties. Ice accumu-
lation on bitumen-based surfaces, and in particular roads, is a
multimillion-dollar problem with hidden costs such as asphalt
road degradation (especially bitumen), and it has strategic and eco-
nomic ramifications and drawbacks ranging from delays in the
delivery of goods to an increase in vehicular fuel consumption
[2,3]. Furthermore, several studies have shown a connection
between road accidents and weather and pavement conditions in
winter [4–8].

To address this problem, winter maintenance methods are
employed, which can be categorized into two groups: passive
methods (i.e., real-time maintenance is not needed) and active
methods (i.e., site operation is needed). Conventional winter main-
tenance methods are mostly limited to active methods, which
include chemical deicers, brine, and salt (predominantly sodium
chloride). Salt is used to melt snow and ice, and is most effective
at temperatures above � 11 �C, close to the melting temperature
of ice [8,9]. The methods mentioned above may seem attractive
at first, according to their low initial capital costs and facility of
use [10], but eventually, salt and chemical deicers result in pave-
ment degradation, which shortens the pavement service life
[11,12] and can be harmful to the environment, for example
through freshwater salting [13]. Therefore, it is necessary to first
improve our fundamental understanding of freezing on bitumi-
nous surfaces at the microscopic level, starting with dropwise frost
formation from the condensation of environmental vapor, and then
seek alternative, preferably passive methods for its deterrence. To
this end, a possible passive method of mitigating the day and night
temperature gradient leading to water freezing on bituminous sur-
faces, is to use phase change materials (PCM) in the bitumen com-
position, which act as thermal capacitors. It has been shown that
temperature variations of PCM modified asphalt, caused by the
daily temperature cycle, can be adjusted with the help of the latent
heat of fusion of PCM [14].

Herewe investigate the effect of environmental and surface tem-
perature, relative humidity, and substrate cooling rates on conden-
sation and ice formation and propagation on the surface of bitumen
using optical microscopy and infrared imaging techniques in a con-
trolled climate chamber. Our results show that the initial condensa-
tion temperature is sensitive to the environmental relative
humidity percentage (RH%); however, it is practically independent
of the cooling rate. After condensation, supercooled (an unstable
state of a liquid below its freezing point) droplets can remain in
the liquid state at lower subzero temperatures when, being cooled
at faster rates or are in lower relative humidity conditions, where
the droplets have smaller volumes. We then studied the physics of
the ensuing explosively rapid freezing process from the supercooled
water state and also capture and discuss an interesting mechanism
of natural ice bridging among freezing drops, leading to frost prop-
agation on a bituminous surface. Finally, we select and embed a
phase change material (PCM) in the bitumen, at high-enough con-
centrations that still do not significantly affect mechanical [15] or
surface properties, and study its heating effect upon solidification
in delaying frosting, using differential scanning calorimetry and
infrared imaging. We show that by rationally embedding PCMs
within bitumen, we can markedly suppress and delay surface icing.
2. Materials and methods

2.1. Materials

This study was conducted on virgin bitumen Q8 70/100 (pene-
tration grade 70/100, density 1.029 g/cm3, of Middle Eastern ori-
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gin) with a medium softness range of 82 (0.1 mm) needle
penetration (EN 1426) and softening temperature (EN 1427) of
45.8 �C and dynamic viscosity of 163 Pa-s at 60 �C. For this type
of bitumen, differential scanning calorimetry (DSC) results show
a glass transition temperature of ca. �20 �C and a melting peak
of ca. 28 �C with reported SARA (saturates, aromatics, resins, and
asphaltene) factions of 3.8, 59.6, 22.2 and 14.6%, respectively
[16,17].

Direct tetradecane (a liquid PCM chemical) additives to bitumen
target the principal properties of bitumen, which are critical for its
performance in asphalt concrete [18]. Unlike the direct addition of
such a PCM chemical, which softens the original bitumen and
affects its principal properties [18], microencapsulated PCM can
survive the high temperatures and pressure that bitumen is
exposed to during the artificial aging process without compromis-
ing its properties. It has also been experimentally shown that
microencapsulated PCM safeguards bitumen from cold tempera-
ture cracks by releasing heat and improves bitumen’s mechanical
performance in subzero conditions [19]. PCM microcapsules can
affect the mechanical properties of the modified bitumen although
previous work has shown that PCM microcapsules at 25 wt% con-
centration in bitumen does not negatively impact the mechanical
properties of the bitumen binder at cold temperatures [15]. When
latent heat is released by PCM microcapsules during crystalliza-
tion, this can lead to bitumen softening at cold temperatures. Once
crystallized, the PCM microcapsules can increase the complex
modulus of bitumen, similar to filler minerals [15]. Concerning
the leakage of the microcapsules, the PCM wax could potentially
function as a rejuvenator oil for aged bitumen [15]. Microencapsu-
lated PCM particles can be added during different stages of asphalt
concrete preparation, and it has been reported that both wet
(added to bitumen) and dry (added to asphalt mixture) processes
alike have resulted in improved performance compared to non-
modified reference samples [20].

We selected a microcapsule PCM (lPCM-21) fabricated by
Microtek Labs, USA, to modify the bitumen in order to investigate
icing delay. The core of the microcapsules consists of tetradecane
(n-alkane C14H30), which has a melting temperature of ~ 6 �C and
is known as a low-temperature phase change material [15]. Its
average particle size is reported by Kakar et. al. [15,20] as being
21 lm with 0.834 g/cm3 density and 195.5 J/g heat of fusion. The
PCM material is encapsulated by a polymeric shell made of mela-
mine–formaldehyde [15].

2.2. Solution preparation and coating

As a first step, the virgin bitumen was melted at 137 �C (mixing
temperature) in an oven for 30 min. Then, the prepared dried
microcapsules (at 110 �C for 5 min) were added to the melted vir-
gin bitumen to reach 25% concentration by weight of the final
blend. (Figure S1 and Supporting Information, section ‘‘A.1” illus-
trate the resistance of the PCM microcapsules to chemical,
mechanical, and thermal stresses that they are exposed to during
sample preparation.) Each of the virgin and modified melted bitu-
men solutions were then mixed in a speed mixer (Speed MixerTM,
DAC 150.1 FVZ, Germany) for 2 min at 2,000 rpm. Next, 1 g of bitu-
men (virgin or PCM microcapsule modified) was removed with a
spatula, and diluted in 4 ml toluene at 25 �C (Sigma-Aldrich
99.8%), then the entire solution was mixed using a shaker (Hei-
dolph Multi Reax) at 2,000 rpm for 2 min. (Figure S2 in Supporting
Information, section ‘‘A.2”, shows a schematic drawing of the steps
undertaken for the preparation of the sample.)

To fabricate thin virgin bitumen coatings, (termed ‘‘thin” virgin
bitumen samples), we used a solvent casting approach. Here,
150 ml of the virgin bitumen solution was dispensed on a 22 mm
diameter circular glass coverslip (Figure S2). The liquid drop cast



Fig. 1. Experimental setup for constant cooling rate. a) Condensation freezing
setup. Schematic of the inlet nitrogen gas supply system in the dashed line box (not
to scale). The location of the thermocouple in the copper stage, T1, and the cryogenic
stage feedback cryogenic stage, T2, temperature sensors are shown as green and red
dots, respectively. The environmental sensor records chamber environment tem-
perature Tenv and relative humidity percentage RH. The location of the optical
microscope objective or IR camera lens is shown as ‘‘objective”. b) Copper pin under
the optical microscope at 5X magnification (without sample) and c) the same
copper pin shown as seen from the IR camera (without sample). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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sample was left under a fume hood in ambient conditions until
most of the toluene solvent evaporated, which we observed to
occur within half an hour. Next, the samples were heated on a hot-
plate at 115 �C for 5 min, which is above the bitumen softening
temperature and the toluene boiling temperature at 111 �C, to
ensure uniform and smooth surfaces. Thereafter, the samples were
placed in a refrigerator for 5 min at 4 ± 2 �C to cool and solidify the
bitumen layer on glass coverslips. Based on the mass and geometry
of the sample and density of bitumen, the final bitumen thickness
is expected to be �100 mm. This was further measured using an
optical microscope (see Supporting Information, section ‘‘A.2”
and Figure S3). This sample preparation method produces a
smooth bitumen surface. We note that it is different from real-
world conditions, where the surface of bitumen can be contami-
nated by foreign substances. Such idealized surfaces are useful
for gaining fundamental insight into the effect of bitumen alone
on ice formation.

To highlight the PCM effect, thicker bitumen samples (termed
‘‘thick” bitumen samples) were cast using layer by layer drop-
casting technique to obtain a ~ 1 mm sample thickness as
explained above for the thin films. Such samples were fabricated
in Petri dishes, which had a diameter of 29 mm and a height of
10 mm. The final sample comprised four layers, with each layer
originally containing 1,000 ml of virgin or PCM-modified solution.
After the application of each layer, the sample was heated to
115 �C for 5 min to evaporate the solvent. After the fourth layer,
the Petri dish samples were cooled in a refrigerator (4 ± 2 �C) for
5 min. To ensure that the solvent evaporated, the samples were
given approximately 24 h of conditioning time at room tempera-
ture before the experiments were conducted.

2.3. Experimental setup: Constant cooling rate

‘‘Constant cooling rate” experiments were used to study how ice
formed on the thin virgin bitumen samples. The designed sample
holder controlled the sample temperature by means of a
central ~ 1 mm diameter copper pin section installed on a Linkam
BSC 196 cryogenic stage (Fig. 1a, Figure S4a, Supporting Informa-
tion, section ‘‘A.3”). The probability of ice nucleation is much
higher at colder temperatures [21]. Therefore, to ensure that we
can observe the first droplet freeze, we opted to cool a limited
region that we could visualize completely. Here, the sample should
have a somewhat lower temperature relative to its surroundings,
which also helps avoid the sample edge, which can affect conden-
sation. The copper pin guarantees the initial condensation location,
and freezing nucleation occurs in the field of view. Fig. 1a shows a
schematic drawing of the experimental setup with the location of
the copper pin, which was used to locally cool the thin bitumen
samples from the center of the region of study. The red and green
circular symbols show the location of the cryogenic stage temper-
ature (T2) and the copper temperature sensor (T1), respectively. To
control humidity, nitrogen gas flow passes through the water bub-
bler, and humidified nitrogen mixes with the bypassed nitrogen
line to regulate the relative humidity (RH) of the outlet via flow
control valves. The use of a clean and controlled environment pre-
vents the surface of bitumen from being contaminated by dust and
foreign particles. Such particles can promote both condensation
freezing nucleation and increase the complexity of the process on
bituminous surfaces. Condensation freezing experiments were per-
formed at five experimental conditions consisting of three cooling
rates of 1 �C/min, 10 �C/min, and 20 �C/min at RH 50% and three RH
conditions of 20%, 50%, and 80% at 10 �C/min. The cryogenic stage
operates at constant cooling based on the temperature feedback
loop from T2 (stage temperature). All experiments were initiated
from T2 = 25 �C after stabilization of the environmental tempera-
ture (Tenv = 21.5 ± 0.5 �C) and the defined RH condition (20%, 50%
3

or 80%), this setting remained untouched until the end of the
defined constant cooling rate at T2 = -50 �C, considering 2 min of
conditioning time at T2 = -50 �C. Over the course of the experiment
we also continuously recorded RH, Tenv, T1 and image frames (at
constant frame per second rate); later we also synchronized frames
with T2. We note that the maximum temperature difference
between T1 (copper pin) and T2 (stage temperature) in all cases
was less than 0.5 �C. Fig. 1b, c are images of the copper pin from
the optical microscope and infrared (IR) cameras.

The reported ‘‘condensation temperatures” were extracted from
the corresponding frames of optical microscopy at the moment of
detection of the first condensed droplets on the dry virgin bitumen
surface (approximate resolution of 1 mm/pixel). We only recorded
freezing events when supercooled droplets froze within the field
of view, and the temperature of the corresponding frame is defined
as the ‘‘freezing temperature”. Optical microscopy was performed
using an Olympus BX60 optical microscope at 5X magnification
and constant illumination in dark field mode for the condensation
freezing experiment and 100X magnification in bright field mode
to capture ice bridging. In a separate equivalent cryogenic stage
configuration and experiment conditions, a FLIR SC7000 infrared
camera was used to study the condensation freezing. (The location
of the optical microscope objective or IR camera lens is shown as
‘‘objective” in Figure S4a.)
2.4. Experiment setup: Constant cooling flux

The aim of the ‘‘constant cooling flux” experiments was to study
ice formation on bitumen samples containing PCM. This was due to
the fact that during constant cooling rate experiments, the feed-
back correction loop would compensate the heat released by the
PCM. The constant cooling flux provides similar conditions without
the existence of any correcting temperature feedback loop, thus
capturing the heat released by the PCM microcapsules. We oper-
ated the thermoelectric element at constant input power, while
the hot side of the thermoelectric element was kept at a constant
temperature to reach stable constant cooling flux conditions on
the cold side [22] (Figure S4b). To do this, another large tempera-
ture stage (CP-200HT-TT device from TE Technology Inc.) was used
to keep the hot side of the thermoelectric element at 0 �C (see Fig-
ure S4b in Supporting Information, section ‘‘A.3”). At the given con-
ditions, a thermoelectric element from Laird technologiesTM (PC6-
12-F1-4040-TA-W6) operated with constant 5 V DC inlet voltage
provides a nominal cooling flux of 6 [W] (online datasheet [23]).
Here, thick bitumen samples were used (thickness � 1 mm).
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Optical and IR cameras were installed at a 30� angle with respect to
the vertical, enabling simultaneous visualization (Figure S4b). The
IR camera measurements allowed us to acquire the average surface
temperature of an approximately 3 mm by 4.5 mm sample area.
Fig. 2. Condensation freezing on the bitumen surface. a) optical image of the
supercooled water droplets during freezing. The droplet in the white dotted circle is
an example of a freezing water droplet. b) Infrared image of a freezing droplet. Due
to the released latent heat of fusion at the moment of freezing, the temperature of a
supercooled droplet jumps to the equilibrium water freezing temperature of 0 �C.
2.5. Differential scanning calorimetry (DSC)

DSC experiments were performed using a PerkinElmer� 7, 1993
device. The DSC analysis was conducted using 11.75 ± 2.50 mg of
both virgin and PCM-modified bitumen. In addition, experiments
were conducted on the bitumen specimens with ~ 1 ml (1.22 ± 0.
11 mg) of a single water droplet placed on top of a bitumen sub-
strate in DSC sample molds under the same nitrogen purged envi-
ronmental conditions of the DSC device (DSC baseline information
when both sample holder were empty is provided in Figure S5 of
Supporting Information, section ‘‘A.4.1”.) We were interested in
capturing material behavior at the cold temperature ranges with
and without water. We performed the DSC measurements in a
broader temperature range from 40 �C to �50 �C with two minutes
of conditioning time at the limits of each thermal cycle. Three tem-
perature cycles were performed in two 10 �C/min and 20 �C/min
rates after initially heating samples to 40 �C from ambient temper-
ature and conditioning for 2 min at 40 �C. (DSC analyses of virgin
bitumen, PCM modified bitumen, and water [24] are reported in
Figure S6a, b, and Figure S7, respectively, of Supporting Informa-
tion, section ‘‘A.4.2”.)
3. Results and discussion

Bitumen, as a pavement and sealing material, is always
expected to be in direct contact with water. There are many man-
ifestations of such interactions, but here we are interested in
studying water droplets initially formed as condensate from a
humid environment, which can subsequently freeze upon reduc-
tion of atmospheric temperature. Water condensation forms on
cold surfaces below the dew point. Supercooled water droplet
freezing is a complex phenomenon [25,26]. Upon cooling below
its freezing point, condensed water is in a metastable, supercooled
state, and in order to freeze, growing nuclei must overcome a free
energy barrier to nucleation. Once overcome, further growth is
energetically favorable, and such freezing is non-equilibrium and
proceeds explosively fast (in the present study of the order of mil-
liseconds) [26]. During this time, the droplets only partially solid-
ify, as latent heat is released as ice grows [25,27]. Full solidification
is completed in a subsequent markedly slower step (of the order of
seconds; see Supporting Information, section ‘‘A.5.1” and Figure S8),
which is governed by the balance of the released latent heat and
heat removal [25,27].

Fig. 2 shows a micrograph and a temperature map of super-
cooled droplets condensed on bitumen. It can be seen that many
droplets are still in a liquid state at temperatures far below 0 �C
(surface temperature ~ -15 �C), while some droplets have frozen.
Fig. 2a shows a droplet that has just started to freeze and is marked
with a dotted circle. Fig. 2b shows an IR micrograph of a water dro-
plet that has just started to freeze, and demonstrates that upon
freezing—due to the rapidly released heat of fusion—the droplet
actually attains a much higher temperature (the freezing equilib-
rium temperature of 0 �C) than its surroundings, which are still
at �15 �C (Fig. 2b). Further implications of this heating phe-
nomenon and its impact on droplet evaporation and freezing prop-
agation will be discussed later in the paper.

Fig. 3 shows five selected timeframes of vapor condensation and
freezing on virgin bitumen surfaces. Extracted synchronized
frames from optical microscopy at temperature steps of 5 �C,
�10 �C, �25 �C, �35 �C, and �50 �C at the �10 �C/min cooling rate
4

experiments, which started from 25 �C and proceeded until the tar-
get temperature of �50 �C was reached (see Video 1 in Supporting
Information, section ‘‘B” for a full sequence of surface frosting). The
continuous humidified nitrogen stream provided three relative
humidity levels of 20%, 50%, and 80% (at Tenv = 21.5 ± 0.5 �C), in
Fig. 3a, Fig. 3b, and Fig. 3c, respectively. The ambient relative
humidity changes the dew point; therefore, condensation is trig-
gered at a warmer substrate temperature (earlier) in higher RH
conditions for the same cooling rate (Fig. 3b, c). The size of the con-
densed droplets is larger under higher RH conditions (Fig. 3b and
Fig. 3c) compared to low relative humidity conditions, such as a
RH of 20% (Fig. 3a). The dotted area in the �35 �C temperature pan-
els show the extent of the frozen areas in the field of view. We see
that more frost grows faster for higher RH and the freezing temper-
ature is also warmer, and denser frost forms at higher RH condi-
tions after freezing (Fig. 3, -50 �C frame panels).

Fig. 4a and Fig. 4b show plots of condensation temperature vs.
relative humidity (cooling rate = -10 �C /min) and condensation
temperature vs. cooling rate (RH = 50%), respectively. Fig. 4c and
Fig. 4d show plots of freezing temperature vs. relative humidity
(cooling rate = -10 �C/min) and freezing temperature vs. cooling
rate (RH = 50%), respectively. Fig. 4a shows that there is a correla-
tion between relative humidity and condensation temperature.
However, at the same RH, there is little correlation between cool-
ing rate and condensation temperature, Fig. 4b. (We do observe
that for different cooling rates, with constant RH = 50%, the final
volume of the condensed droplets was larger at a slower cooling
rate of �1 �C/min due to the longer residence time on the cold sub-
strate in comparison to the faster cooling rate of �20 �C/min, Fig-
ure S9 and Supporting Information, section ‘‘A.5.2”.) We see that as
RH increases, for constant cooling rate, so too does the freezing
temperature, Fig. 4c. We attribute this to the fact that under these
conditions, more water can condense on the surface of bitumen
when the relative humidity is higher, which increases the probabil-
ity that a supercooled droplet will freeze. (Fig. 3c and Figure S9a
show that for high relative humidity or low cooling rates, larger
droplet-substrate contact diameters were observed just before
freezing: ~600 to 1600 mm; Fig. 3a and Figure S9b-c show that
for low relative humidity or intermediate or fast cooling rates,
droplet-substrate contact diameters were ~ 50–60 mm, demon-
strating the effects that cooling and relative humidity can have
on condensed droplet sizes.) We also observe that the freezing
temperature decreases with increased cooling rate, Fig. 4d. We
attribute this to the fact that as the surface gets colder faster, it
has less time to condense water on it—decreasing the overall vol-
ume of supercooled water on the surface—that in turn decreases
the likelihood of freezing and therefore reduces the freezing
temperature.



Fig. 3. Condensation and freezing on the surface of virgin bitumen under different environmental relative humidity (RH) conditions. Five temperature steps of 5 �C , �10 �C ,
�25 �C ,-35 �C , �50 �C (synchronized time steps) at �10 �C/min constant cooling rate under three different environmental RH conditions (Tenv = 21.5 ± 0.5 �C) are shown. a)
RH = 20% b) RH = 50% c) RH = 80%. Dotted regions at �35 �C panels show the extent of the frozen areas with different degrees of surface frosting: a, initiation (RH 20%), b,
partially frozen (RH 50%), c, mostly frozen (RH 80%).

Fig. 4. Condensation and freezing on the surface of virgin bitumen under different conditions. Initial condensation temperature a) under three RH conditions of 20%, 50%, and
80% at �10 �C/min cooling rate. b) at three cooling rates �1 �C/min, �10 �C/min, and �20 �C/min at RH = 50%. Initial freezing temperature c) a) under three RH conditions of
20%, 50%, and 80% at �10 �C/min cooling rate. d) at three cooling rates �1 �C/min, �10 �C/min, and �20 �C/min at RH = 50%. (For all cases, Tenv = 21.5 ± 0.5 �C).
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Fig. 5. Microscopic ice bridging and freezing propagation on bitumen. a) Three
supercooled liquid droplets. b) Freezing of the large droplet forms condensation
deposits. c) An ice bridge grows while the condensation deposit and the smallest
liquid droplet evaporate. d) The ice bridge reaches the medium size drop and
freezes it.

Fig. 6. Thermal imaging of recalescence and cascade freezing. a) Condensed
supercooled water droplets on bitumen. The white dotted line shows the location
of the cooling pin below the bituminous layer. b) Rapid release of latent heat of
fusion during supercooled droplet freezing causes the droplet temperature to
increase to the equilibrium value. c-d) Ice bridging or freezing of the condensate
deposit, as discussed in Fig. 5, results in neighboring droplet freezing and ‘‘cascade
freezing”. Arrows show the direction of a cascading freezing event.
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Fig. 5a shows portions of three supercooled liquid droplets—one
larger, two smaller—on the bitumen substrate, and Fig. 5b-d illus-
trates the very interesting phenomenon of ‘‘ice bridging”, which
manifests itself during freezing on the bituminous surface and is
a mechanism facilitating frost spreading [27–30]. Previous work
has shown that when a supercooled droplet freezes, it rapidly
heats and evaporates, which here results in a condensation deposit,
Fig. 5b [27]. Depending on the properties of the substrate, this
deposit can freeze, forming a frost halo [27]. If there is a neighbor-
ing supercooled droplet, due to the high vapor pressure above it
relative to the frozen droplet (for the same temperature), vapor dif-
fusion can occur, resulting in an ice bridge forming between the
frozen and supercooled droplets, Fig. 5c [28,29,31]. If the neighbor-
ing supercooled droplet is not too far away and is large enough to
feed the growing ice bridge, then the ice bridge can form a connec-
tion between the two droplets and will cause the supercooled dro-
plet to freeze [30] (see Video 2 in Supporting Information, section
‘‘B” which shows the full ice bridging process on bitumen).

To this end, we see that at subzero temperature conditions, sud-
denly, the large metastable droplet (Fig. 5a) suddenly freezes
(Fig. 5b) with the mechanism discussed earlier. The simultaneously
released latent heat is a practically adiabatic process (no heat
losses within this very short time frame) [27]. This increases the
droplet temperature to the equilibrium freezing temperature of
0 �C, making it significantly warmer than its environment and
causing flash evaporation from the freezing droplet surface
[25,27]. The so-generated excess vapor radially diffuses outward
and subsequently condenses around the freezing droplet, forming
a condensation deposit (Fig. 5b) [27]. The condensation occurs in
the form of isolated supercooled micron-sized droplets, which
are visible in the optical microscope results, Fig. 5b. Local vapor
pressure gradients, substrate temperature, wettability, and sub-
strate thermal conductivity govern the state of the condensation,
whether or not this condensate deposit freezes, and desublimation
around the frozen droplet [27] occurs. During the second slower
stage of freezing (inner droplet freezing front propagation is not
shown), whose rate is controlled by a balance of heat removal from
the droplet into the substrate and latent heat of fusion, the droplet
further solidifies. As a result of the droplet interface becoming ice
and also eventually cooling, the evaporation rate also decreases
[27]. Afterwards, in the vicinity of the freezing droplet, the local
relative humidity gradually declines until it is locally in equilib-
rium with the ice. The vapor pressure above the ice is lower than
that above supercooled water at the same temperature conditions.
As a result, if there are supercooled droplets near the fully solidi-
fied droplet, the latter will act as a humidity sink to the former,
causing evaporation. Hence, condensate droplets on the surface
can evaporate and disappear altogether, Fig. 5c. Such vapor emitted
from liquid evaporating/evaporated droplets can diffuse toward an
adjacent ice droplet, deposit, and facilitate the formation and
growth of an ice bridge, starting at the base of the larger frozen
droplet, Fig. 5c. The ice bridge can act as freezing initiator for any
neighboring supercooled liquid droplet that it can reach, Fig. 5d,
leading to ice propagation and frost formation [29,30]. We see that
the liquid droplet freezes as soon as the ice bridge connects, trig-
gering the next iteration of bridging towards another liquid dro-
plet, Fig. 5d.

Fig. 6a shows supercooled water droplets on bitumen before
freezing (the dashed line shows the location of the cold pin). The
latent heat that is released due to freezing raises the temperature
of the supercooled droplets to their equilibrium freezing tempera-
ture, 0 �C (Fig. 6b-d). The evaporation rate of the droplet and the
vapor pressure above it increases as a consequence. Eventually,
the remaining surrounding supercooled droplets freeze. As dis-
cussed earlier, a plausible mechanism of the observed cascade
freezing is ice bridging (Fig. 5). Additional mechanisms have also
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been discussed in literature [32]. Finally, the frozen area spreads,
and frost covers the entire surface. (See also Figure S8 in Support-
ing Information, section ‘‘A.5.1” for a microscopic image sequence
showing recalescence and freezing propagation and also the
related Video 3 in section ‘‘B”.)

Based on the above, we have determined the environmental
conditions under which condensed droplets form and freeze on
bitumen. We now aim to use this knowledge and rationally select
and embed a phase change material in bitumen and study super-
cooled droplet freezing behavior and how this could be affected
by this modification. For this, we first studied the natural thermal
properties of virgin bitumen in contact with water droplets, which
is shown by the DSCmeasurements in Fig. 7a, b (see also Figure S6a,
and Supporting Information, section ‘‘A.4.2”). Here we see that over
this temperature range (-50 to 40 �C), the thermal properties of
water dominate that of bitumen. (The exotherm and endotherm
are attributed to supercooled water freezing and ice melting,
respectively.) To alter the freezing behavior of water on bitumen,
we opt to add PCM—with a melting temperature near the melting
point of water—to bitumen in order to produce a heating effect,



Fig. 7. DSC analysis of the virgin and modified bitumen when in contact with a 1 ml water droplet (positive heat flow indicates an endothermic process). a) Virgin bitumen at
10 �C/min rate, b) virgin bitumen at 20 �C/min rate, c) 25 wt% PCMmodified bitumen at 10 �C/min rate, and d) 25 wt% PCMmodified bitumen at 20 �C/min rate. Each plot has
three heating and cooling cycles.
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targeting the retardation of icing and aiding the significant heating
effect from the latent heat of the water. Here we study the effect of
embedded PCM microcapsules in virgin bitumen—at a concentra-
tion where it does not significantly alter the desirable mechanical
properties of it (25 wt%) [15]—which we find can actively release
heat over the temperature range of 1 �C to �20 �C, depending on
the cooling rate (Fig. 7c, d, see also Figure S6b, and Supporting
Information, section ‘‘A.4.2”).

Despite the nature of metastable subcooled PCM material
before crystallization, in the case of rapid PCM cooling (-20 �C/
min), the crystallization activation of the PCM started at about
the same temperature as the intermediate cooling (-10 �C/min),
but the active temperature range—where the PCM still releases
heat—depends on the time duration. Therefore, according to the
cooling rates, the convoluted time durations on the temperature
axis of the DSC results should be noted. (The measured PCM fusion
peak temperature values are in the range of the �4 ± 3 �C; see Sup-
porting Information ‘‘A00, Figure S6b and Fig. 7.) Kakar et al. [15]
showed for the same PCM microencapsulated modified bitumen
that we used here, the cold temperature mechanical performance
of the material was improved by embedding 25 wt% PCM in bitu-
men. Moreover, it has also been shown that this PCMmicrocapsule
remains stable in the bitumen mixture without agglomeration
[15]. The DSC analysis detected water freezing latent heat release
of 17 ± 9 J/g on both modified and virgin bitumen, while the
PCM heat of fusion at 25 wt% concentration is 48 ± 3 J/g, Fig. 7c,
d. It is noted that the freezing temperature of a 1 ml water droplet
on PCM modified bitumen is up to ~ 7 �C lower compared to a
water droplet freezing on control virgin bitumen specimens. We
attribute this difference to the fact that the PCM releases a signif-
icant amount of heat, warming the droplet, meaning that the sys-
tem is not isothermal and has to cool itself more in order to trigger
supercooled droplet freezing.
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Fig. 8a, b show the difference in frost development after 3 min
of constant flux cooling on the virgin bitumen and the PCM-
modified bitumen, respectively. Different degrees of frost forma-
tion and condensation indicate that there are differences in sub-
strate temperature at the same environmental conditions.
Analyzing the optical and infrared results of both surfaces shows
that condensed water requires almost twice as long to freeze on
the PCM-bitumen composite compared to the virgin bitumen at
the same cooling and environmental conditions (Fig. 8c). This
means that the latent heat of fusion from the PCM microcapsules
can delay the freezing of water on the bitumen surface. IR surface
temperature measurements reveal that the bitumen containing
PCM cools at a slower rate and has a significant effect on the sur-
face temperature of bitumen, Fig. 8d. PCM activation occurs grad-
ually as the cooling is done from the bottom of the bitumen,
manifesting itself as a kink in the temperature profile of the sur-
face temperature once the PCM effect reaches the surface. The IR
surface temperature history plots show that eventually, even after
releasing all stored PCM heat, the surface temperature of modi-
fied bitumen remained at least 10 �C warmer at similar time
steps compared to control virgin bitumen sample temperature
at �30 �C, Fig. 8d. We also see that the modified bitumen surface
remains warmer even after freezing has initiated, which has
implications for subsequent ice removal, as ice is known to
adhere stronger to substrates at colder temperatures compared
to warmer ones [33]. We note that in many applications, the sur-
face of bitumen may be contaminated—affecting and possibly
promoting condensation nucleation and freezing—and that the
present approach, which is based on embedding PCMs to enhance
surface heating and nucleation delay should also work to delay
freezing under such challenging real-world conditions since it is
based upon the bulk modification of bitumen and not the surface
alone.



Fig. 8. PCM can delay freezing on bitumen. Bitumen surfaces after 3 min cooling at the same constant cooling flux condition from 25 �C for two material states of a) Virgin. b)
25 wt% PCM-modified bitumen. c) Freezing initiation time on a bitumen surface plotted for virgin and 25 wt% PCM-modified bitumen in black and red colors, respectively. d)
Bitumen surface temperature measured by IR camera plotted for virgin and 25 wt% PCM-modified bitumen in black and red colors, respectively. PCM activation occurs
gradually as the cooling is done from the bottom of the bitumen. This manifests itself into a kink in the temperature profile of the surface temperature once the PCM effect
reaches the surface. Initial freezing nucleation temperatures are marked with blue circle symbols. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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4. Conclusion

The complex process of condensation and freezing of water on
bituminous materials was investigated. It was found that the initial
temperature at which condensation initiated is highly dependent
on the relative humidity and the available vapor above the cold
surface. Different substrate cooling rates have a minor effect on
the initial condensation temperature. However, for slow cooling
rates, where bitumen remains exposed to colder temperatures
for a longer period of time, water upon it freezes at relatively
higher subzero temperatures. At the moment of freezing, the
released latent heat causes the temperature of the supercooled
droplets to jump to 0 �C, the equilibrium freezing temperature,
causing local heating and evaporation. Subsequent local condensa-
tion of this vapor and its freezing among droplets initiates an inter-
esting phenomenon of ice bridging and frost propagation, which
we reveal with optical microscopy and high-speed infrared imag-
ing. Embedding PCM microcapsules with a melting temperature
close to that of water and at 25 wt% in bitumen—a concentration
that does not significantly alter mechanical properties—can mark-
edly delay supercooled water freezing and frost formation. It is
experimentally shown in the designed experimental condition
and 25 wt% concentration of the PCM microcapsules in bitumen,
that the average freezing time shifts from about 85 s on virgin bitu-
men to about 185 s on PCMmodified bitumen. This effect can post-
pone freezing incidence in constant heat flux cooling and maintain
ice-free bitumen surfaces. As discussed earlier, previous research
has shown that the microcapsules can stay intact during the fabri-
cation of asphalt concrete, as long as this is the case, the effect of
PCM’s is repeated through the melting and crystallization cycle
dictated by the natural temperature fluctuations. Future research
could focus on in situ performance of such novel additives.
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