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Abstract: We experimentally demonstrate the presence of a capillary bridge in the contact between an ice particle and a smooth aluminum
surface at a relative humidity of approximately 50% and temperatures below the melting point. We conduct the experiments in a freezer with a
controlled temperature and consider the mechanical instability of the bridge upon separation of the ice particle from the aluminum surface at a
constant speed. We observe that a liquid bridge forms, and this formation becomes more pronounced as the temperature approaches the melt-
ing point. We also show that the separation distance is proportional to the cube root of the volume of the bridge. We hypothesize that the
volume of the liquid bridge can be used to provide a rough estimate of the thickness of the liquid layer on the ice particle since in the absence
of other driving mechanisms, some of the liquid on the surface must have been pulled to the bridge area. We show that the estimated value lies
within the range previously reported in the literature. With these assumptions, the estimated thickness of the liquid layer decreases from
nearly 56 nm at T=−1.7°C to 0.2 nm at T=−12.7°C. The dependence can be approximated with a power law, proportional to (TM−
T )−β, where β< 2.6 and TM is the melting temperature. We further observe that for a rough surface, the capillary bridge formation in the
considered experimental conditions vanishes. DOI: 10.1061/JCRGEI.CRENG-738. This work is made available under the terms of the
Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Practical Applications: Understanding the physics of ice and snow becomes vital as climate change accelerates. Ice exhibits exotic be-
havior since it is near its melting point. A liquid layer is present on ice surfaces, which is responsible for phenomena like the sticking of ice
particles. Complex experiments using for example advanced laser-based methods or advanced molecular dynamics calculations have previ-
ously been used to estimate the thickness of this liquid layer. Here, we observe the formation of liquid bridges between ice and a smooth
surface at temperatures well below the freezing point. We then estimate the thickness of the liquid layer on ice particles from the volume
of the liquid bridge and show that it is within the range observed previously. This can help to understand this liquid layer and its relation
to surface diffusion more intuitively.

Introduction

Michael Faraday (Faraday 1860) was the first to propose the idea of
the presence of a thin liquid layer on the surface of ice particles. The
idea was a source of controversies for decades, but it is widely ac-
cepted now and has been proven by many researchers, for example,
Nakaya and Matsumoto (1954) and Szabo and Schneebeli (2007).
Indeed, the breakage of the hydrogen bonds results in a jelly or
quasi-liquidlike (QLL) layer on the ice surface at temperatures
below themelting point whichmakes surface flow possible (Limmer
2016). The QLL has been extensively investigated by using differ-
ent experimental methods like X-ray diffraction, X-ray absorption,

or ellipsometry (Elbaum et al. 1993; Golecki and Jaccard 1977;
Döppenschmidt and Butt 2000; Goertz et al. 2009; Bluhm et al.
2002; Lied et al. 1994; Sazaki et al. 2012; Asakawa et al. 2016; Sán-
chez et al. 2017). More recently, the QLL has been studied theoret-
ically by using molecular dynamics (MD) simulation methods
(Limmer 2016) and Monte Carlo simulations (Pickering et al.
2018). A thorough review about the premelting of ice and the
QLL on ice has been provided by Slater and Michaelides (2019).

The presence of the QLL on the ice surface has a multitude of
implications and a strong effect on the friction of ice and snow. Fur-
ther, the QLL plays a crucial role in phenomena like ice sintering
(Szabo and Schneebeli 2007; Bahaloo et al. 2022) or snow meta-
morphism (Ebner et al. 2015). In addition, it has been suggested
that the QLL has a strong effect on the impact of chemical concen-
trations in snow (Waddington et al. 1996). Despite recognizing the
importance of the QLL, it has been alleged that the lack of quanti-
tative or even qualitative observations about the QLL prohibits it
from being related to the crystallization of snow (Libbrecht
2005). The sublimation condensation caused by the Kelvin effect
was proposed as the limiting factor for isothermal snow metamor-
phism (Ebner et al. 2015), but surface diffusion is also suggested as
a strong candidate (Kingery 1960; Vetter et al. 2010). Experimen-
tally, surface diffusion was identified as the driving mechanism in
ice sintering (Kingery 1960). Surface diffusion was also found to
be the dominant mechanism in snow metamorphism under isother-
mal conditions; however, for temperatures near the melting point,
the sublimation deposition is considered to be the main mechanism
(Vetter et al. 2010). Fluid flow was identified as the dominant
mechanism for relative humidities higher than 62% while for
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relative humidities lower than 37%, the diffusion effects were iden-
tified as more important (Lai and Li 2019). Recently, it was shown
that advective fluxes play an important role in the dynamics of the
QLL (Sibley et al. 2021).

In general, a capillary bridge can be formed between particles
due to contamination, adsorption, or lubrication (Gao 1997) and
this effect is responsible for the adhesion of small particles. This
phenomenon occurs at a relative pressure (or humidity) above
0.3 (Choi et al. 2001) and is related in most applications to the Kel-
vin effect when the pore sizes are on the nanoscale (Vitorino et al.
2018; Hsia et al. 2021; Deroche et al. 2019). Water vapor can also
condensate in the pores at temperatures below the freezing point to
form a liquid bridge. This phenomenon has been studied for the
case of hydrocarbons of the order of nanometers (Nowak and
Christenson 2009).

Surface characteristics of the ice as well as the presence of de-
fects and dislocations are known to highly affect the onset and char-
acteristics of the QLL (Slater and Michaelides 2019). Moreover,
the presence of asperities, as for a rough surface, alters or even hin-
ders the formation of the capillary bridge (Xiao et al. 2019). For in-
stance, it has been indicated that rougher surfaces are more slippery
due to the suppression of the capillary adhesion (Hsia et al. 2021;
Herminghaus 2005). The surface roughness is also thought to
have an effect on the formation of a liquid bridge between grains
(Herminghaus 2005).

The primary questions related to the QLL are the minimum for-
mation temperature and the temperature dependency of the thick-
ness of the QLL. There is a large discrepancy in the reported
experimental results, and MD simulations suffer from shortcom-
ings related to oversimplified structures and approximate molecular
interactions (Slater and Michaelides 2019). Consequently, the
problem of the thickness of the QLL and its onset is still an attrac-
tive scientific question.

In this paper, we observe a liquid bridge in the contact of ice
against a smooth surface and we hypothesize that the observed liq-
uid bridge cannot be explained by effects like the Kelvin effect or
by pressure melting, and that only the presence of a QLL moving
into the bridge region can be the cause of the observed liquid
bridge. We use this hypothesis to estimate the thickness of the
QLL. We also delineate the sensitivity of the liquid bridge forma-
tion to the surface roughness. Considering the mechanical instabil-
ity of the liquid bridge, we further relate the snapping height to the
volume at the time of rupture of the liquid bridge.

Materials and Methods

The experimental setup used in this investigation is an updated ver-
sion of the setup used in our previous study (Bahaloo et al. 2022). It

is phenomenologically presented in Fig. 1. In the experiments, we
press, with a constant speed, a semispherical ice particle against an
aluminum (AL) surface, keep them in contact for a certain amount
of time, and separate them with the same speed. We then observe
the liquid bridge that may form during the separation. Contact is
initiated by moving the ice particle upward toward the flat surface.
We use two types of AL surfaces named “smooth” and “rough,” re-
spectively. The root mean square roughness values for the smooth
and rough surfaces are Sq= 76 and Sq= 272 nm, respectively, as
measured on an area of 2mm2 using a 3D optical surface profiler
(Zygo NewView 7300, Lambda photometrics, UK). A semispher-
ical ice particle with the radius rice≈ 5mm fixed to a plate is used in
this study. Two perpendicular cameras are used to capture images
in perpendicular planes and are employed to calculate geometrical
quantities in the contact region. We kept the radius constant by add-
ing water when required. The ice particle is connected to a linear
servo controller (E625 series, Physik instrumente) and is pressed
against the metallic surface at a speed of 0.02mm/s during a tem-
poral duration of 30 s with a fixed compressive force of 20mN
measured by a FUTEK LSB200 loadcell (FUTEK, Advanced sen-
sor technology Inc.). The separation of the ice particle from the AL
surface is also done at a speed of 0.02mm/s. The experiments are
performed in a freezer with a minimum achievable temperature of
approximately −20°C.

The AL surface is glued to a Peltier element which is used to set
the temperature of the AL surface to minimize the temperature dif-
ferences between ice and aluminum to achieve a nearly isothermal
contact. A thermocouple is used within the ice particle to monitor
the temperature throughout the experiments. Another thermocouple
is located within the AL cube 1mm from the surface of contact. Fi-
nally, a third thermocouple is employed in the air and at a distance
of nearly 1 cm from the ice particle for monitoring the surrounding
air temperature.

We control the temperature in the freezer using a PID (propor-
tional integral derivative) controller (Shinko JCD series). Real-time
temperature variations in the ice, metallic surface, and air are
logged into a computer file using SignalExpress software (National
Instruments, version 2015) at a sampling rate of 0.04Hz. The var-
iation in the temperature readings during the overnight measure-
ments was less than ±0.75°C. The variations in the temperature
readings during each specific experiment was less than 0.2°C.
Throughout the entire measurement campaign, the humidity in
the freezer is kept at approximately 50% for all the experiments
and is measured by a hygrometer (type Testo 400, Testo Inc.).
The temperature accuracy of the hygrometer is ±0.2°C for a mea-
surement range of (−25°C to +74.9°C).

We employ two cameras (IDS uEye UI-314× series, 1,280 ×
1,024 resolution, IDS Imaging Development Systems GmbH and

(a) (b)

Fig. 1. Layout of the experimental setup: 1, light source; 2, diffuser plate; 3, AL plate and ice bed; 4, camera 1; 5, Bluetooth thermo and humidity
indicator; 6, camera 2; 7, servo controller; 8, temperature controller; 9, computer; 10, thermocouple wires; 11, freezer wall (depth of freezer is 60 cm).
(a) Layout of the experimental setup; and (b) details of ice and AL.
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IDS uEye UI-324× series, 1,280 × 1,024 resolution, IDS Imaging
Development Systems GmbH) with a pixel size of 4.8 μm in or-
thogonal directions (x–y) to acquire high resolution video files dur-
ing the experiments. The frame rate of the imaging is 50Hz. We
used a telecentric lens with 1:1 magnification. The images are cap-
tured in diffuse back-illumination from a light-emitting diode
(LED) light source. The whole experimental setup is mounted on
a rigid base.

Results

The layout of the liquid bridge which is formed during the separa-
tion of the ice particle from the smooth metallic surface is presented
in Fig. 2. When a bridge forms between the ice particle and the
smooth surface when in contact, it starts to deform and stretch dur-
ing the separation of the ice particle from the surface. Conse-
quently, its diameter decreases. Upon stretching to a certain
value, the bridge ruptures due to mechanical instability. The diam-
eters and height of the bridge right before the rupture are used to
calculate the final volume, V, of the bridge. After having calculated
V, we continue with calculating the thickness, tlq, of the QLL.

The bridge is considered as a hyperboloid of one sheet, which is
obtainable by rotating a hyperbola around its minor axis. The hy-
perboloid is considered to have a circular cross section with the di-
ameter d in the middle, diameter b at its base, and a height of Hc, as
presented in Fig. 2. The values of d, b, and Hc are calculated from
the acquired image frames using a MATLAB script where bound-
aries are detected using image processing tools, as depicted in
Fig. 3. Values for d, b, and Hc corresponding to the frame right be-
fore the rupture of the bridge are considered as the desired values
for the bridge diameters and height, respectively. From these val-
ues, the volume, V, is calculated as

V = 1

3
πHc

d2

2
+ b2

4

( )
(1)

The data obtained for the bridge height (equivalently called
snapping distance), Hc, smaller diameter, d, and larger diameter,
b, of the bridge at the rupture time are presented in Table 1. An in-
teresting observation is that as an overall trend, these parameters all
increase with temperature.

There is a theoretical solution for the dependence of the dimen-
sionless height of the bridge (Hc

* = Hc/rice) to its dimensionless
volume (Vc

* = V/r3ice) in the form of (Willett et al. 2000)

Hc
* ≈ Vc

*1/3 → Hc ≈ V 1/3 (2)
which may be used as a reference relation for a general behavior of
a liquid bridge.

The relation between snapping height, Hc, and volume, V, of the
bridge is plotted in Fig. 4(a). Included in the plot are results previ-
ously presented by Maeda et al. for the case of hydrocarbons
(Maeda et al. 2003). For their case, the separation was on the nano-
meter scale. It is seen that all values, including ours, end up on a
straight line with an inclination of roughly 1/3. By plotting, in
Fig. 4(b), the dimensionless snapping height versus dimensionless
volume, we verify that the observed data are in good agreement
with Eq. (2). The power of the proportionality is obtained as
0.303 by curve fitting, which is close to the theoretical prediction
of 1/3. In summary, we can verify that the the general relation in
Eq. (2) between the snapping height and the bridge volume is
valid also for water.

In the absence of other driving mechanisms and by roughly as-
suming that all of the liquid on the surface can be pulled into the
bridge location, the thickness, tlq, of the QLL can be estimated
by equating the volume of the liquid bridge to the volume of the
thin film on the ice particle. Assuming a semispherical shape for
the ice particle, the volume, Vlq, of the QLL on the ice particle
becomes

Vlq = 2πrice
2tlq (3)

Accordingly, from Eqs. (1) and (3), the thickness of the QLL on
the ice particle is then estimated to be

tlq = Hc

12

d

rice

( )2

+ 0.5
b

rice

( )2
[ ]

(4)

Fig. 2. Layout of the liquid bridge.

Fig. 3. Boundary detection of the liquid bridge in MATLAB; the width
of the image is 2mm.

Table 1. Temperature dependence of the liquid bridge geometry, with
parameters and notation according to Fig. 2

T (°C) d (μm) b (μm) Hc (μm) 106 ×V (μm3) H*
c 106 × V *

c

−1.5 171 293 294 8.791 0.0529 70.326
−1.7 147 288 298 8.104 0.0509 64.835
−2.1 102 226 196 3.579 0.0384 28.635
−2.5 117 206 181 3.214 0.0355 25.716
−2.6 73 144 167 1.329 0.0326 10.630
−3.6 49 144 132 1.016 0.0249 8.129
−3.8 73 91 127 0.438 0.0259 3.508
−6.0 54 91 122 0.437 0.0240 3.491
−9.2 29 58 54 0.0688 0.0106 0.550
−10.8 24 43 34 0.0196 0.0058 0.157
−10.9 24 48 49 0.0434 0.0096 0.347
−12.7 24 48 34 0.0304 0.0067 0.243

© ASCE 04023021-3 J. Cold Reg. Eng.

 J. Cold Reg. Eng., 2024, 38(1): 04023021 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

L
ul

ea
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 1

1/
13

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



The estimated QLL thickness using Eq. (4) is plotted in Fig. 5
together with results previously reported in the literature. With
this model, the thickness of the QLL reduces from approximately
56 nm at −1.7°C to nearly 0.2 nm at −12.7°C. Moreover, for our
experimental data, the thickness of the liquid layer versus the tem-
perature is given by tlq= 172.2(TM− T )−2.6 nm, with coefficient
of determination R2= 0.96, where TM= 0°C is the melting temper-
ature, T is the temperature of the ice, and tlq is in nm units. A power
law dependency was previously reported by Elbaum et al. (1993),
however, in their case, the estimated exponent was −1.2± 1 which
is approximately half of the value estimated in this study. A view
on some of the existing experimental results plotted in Fig. 5 re-
veals large discrepancies. It is notable that MD simulations were
also used to estimate the thickness of the QLL and generally the
values are much smaller than the experimental ones (Limmer
2016; Slater and Michaelides 2019).

For the surface with a higher roughness, no visible liquid bridge
is observed, and only sticking of ice to the AL surface is noted.
When the contact area has a larger radius of curvature like in the

case where the ice particle is pressed to have a plastic flow and
left to rest for a while to freeze, we observe the formation of mul-
tiple small bridges, as presented in Fig. 6. These are very similar
to what is reported by Maeda et al. (2003) for the case of
hydrocarbons.

Discussions and Conclusions

After the formation of the initial bridge, liquid accumulates in the
bridge area through either evaporation condensation, which is ex-
plained by the Kelvin effect (Kohonen et al. 1999; Christenson
1997; Nowak and Christenson 2009; Christenson 1995), or surface
diffusion of the liquid film (Gao and Bhushan 1995). The surface
roughness also affects at least the second mechanism significantly
(Gao and Bhushan 1995; Seemann et al. 2001). Further, pressure or
frictional melting are possible mechanisms. In general, it is difficult
to determine the contribution of each mechanism (Herminghaus
2005). The Kelvin effect, which is dominant when the gap distance

(a)

(b)

Fig. 4. Snapping height versus the bridge volume at the rupture time:
(a) snapping distance versus volume; and (b) dimensionless snapping
distance versus dimensionless volume.

Fig. 5. Thickness of the QLL versus temperature; there is a large dis-
crepancy in the experimental results published in the literature.

Fig. 6. Multibridges observed between a flat ice surface and a smooth
AL surface at temperature −5°C, the width of the image is 2mm.

© ASCE 04023021-4 J. Cold Reg. Eng.
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is very small, is given by

p/p0 = exp
γVm

rav�RT

( )
(5)

where p, p0, γ, Vm, rav, �R, and T are pressure, saturation pressure,
work of adhesion, molar volume, equivalent radius, universal gas
constant, and temperature, respectively. It is worth mentioning
that p/p0 is equivalent to the relative humidity, ϕ, which we directly
measure in this study using a hygrometer.

If we use an approximate work of adhesion of 0.85N/M (Israel-
achvili 2011), molar volume 18 cm3, gas constant 8.314 J/mol-K,
and temperature of 263K, we can verify that rav can range from ap-
proximately 6 to 600 nm for relative humidities of 0.3 to 0.99, re-
spectively. The larger of the obtained radii is approximately ten
times smaller than the observed radius in these experiments, as pre-
sented in Table 1. In this paper, we therefore conclude that the Kel-
vin effect cannot be the dominant mechanism in the formation of
the liquid bridge under the conditions considered. Frictional melt-
ing can also be excluded immediately since we only consider nor-
mal contact and there is essentially no tangential movements.

Pressure melting cannot be the reason for the observation of a
liquid bridge either since the imposed force during the contact of
the ice particle against the aluminum surface is 20mN, which re-
sults in a contact stress of approximately 1MPa using Johnson–
Kendall–Roberts (JKR) contact model (Shull 2002). According
to the Clapeyron equation (Borgnakke and Sonntag 2022), a com-
pressive stress of approximately 13.5MPa is required to lower the
melting point by one degree. Pressure melting can therefore be
ruled out as the reason for the formation of the liquid bridge.

The only remaining mechanism is surface diffusion or flow of
the film. We therefore hypothesize that the flow of a liquid or quasi-
liquid layer on the ice particle toward the contact region is the main
mechanism responsible for the observed capillary bridge. Using
this hypothesis, we estimate the thickness of the QLL on the ice
surface using the volume of the observed liquid bridge, as given
by Eq. (4).

With the initiation of the contact and formation of a meniscus, a
resulting negative Laplace pressure is created in the film in the
proximity of the contact because of the concave shape of the menis-
cus, which will pull the thin film into the contact area. Conse-
quently, if we consider the volume of the bridge to be equivalent
to the spread volume of the film on the surface, we obtain an esti-
mation of the QLL on the ice particle. Such a calculation of the
QLL thickness predicts that at approximately −13°C, a layer of
the thickness of approximately a bilayer of water molecules ema-
nates from the bulk ice. This is similar to the previously published
results of Sánchez et al. (2017) where a surface-specific vibrational
sum frequency generation (SFG) spectroscopy method was used to
estimate the film thickness. In that study, a sudden change in the
SFG spectra occurred at approximately −16°C suggesting that
one or two layers of molten bilayers emanate on the surface of
the ice. Moreover, the estimated thickness of the QLL is well inside
the observed results in the literature, as presented in Fig. 5, and de-
creases sharply with the temperature. In fact, the thickness changes
from approximately 56 nm at −1.7°C to nearly 0.2 nm at −13°C, as
presented in Fig. 4. The observed distribution is similar to those
previously obtained using X-ray scattering (Lied et al. 1994). In
the literature, the dependence of the thickness of the QLL to the
temperature has previously been modeled in a logarithmic (Lib-
brecht 2005; Lied et al. 1994) or power form (Elbaum et al.
1993). We find a power form dependence with the power of depen-
dence of −2.6.

Another interesting observation is that for a “gentle pushing”
and “slow” separation, the ratio of the height of the bridge at

snapping distance when plotted against the volume of the bridge
follows an experimentally verified, theoretical formula. Based on
such a formula, we expect a dependency of the snapping distance
proportional to the cube root of the volume of the bridge. The ob-
served behavior is presented in Fig. 4(a). The observed results are
an extension of results previously presented for hydrocarbons.
Therefore, our results indicate that the mentioned theoretical for-
mula is applicable for water and on much larger length scales
than previously reported.

The model we used in this study is an approximate model, and
the volume of the liquid film modeled in Eq. (3) is a rough estima-
tion. The weak part of the model is the assumption that the entire
liquid film on the ice surface flows into the liquid bridge. Using
contact experiments between tipless cantilevers and a silicon
wafer on an atomic force microscope (AFM), the growth mecha-
nisms of a water bridge at different relative humidities was inves-
tigated by Lai and Li (2019). With the aid of potassium
hydroxide (KOH) coatings, a “radius of collection” of 23.6 μm
was obtained for which the film certainly moves toward the contact
area. The cantilever width of Lai and Li (2019) was 60 μm while
the radius in the current experiment is approximately 5mm. A lin-
ear scaling provides an estimation for the expected radius of collec-
tion of 5 × 23.6/30≈ 4mm which is of the order of the radius of the
ice particle. Moreover, since the relative humidity in this study is
high enough, ≈50%, the flow mechanism of the QLL dominates
over the surface diffusion effects, as explained by Lai and Li
(2019), and advective effects are important. It is most likely that
the model still underestimates the film thickness in general and in
particular for lower temperatures since the fluidity will be less
due to the increased viscosity. The film thickness, as predicted
by Eq. (4), will therefore be a lower bound for the actual film thick-
ness and the power dependence of (TM− T )−2.6 will be an overes-
timation of the temperature dependence. The relation should
therefore be written as (TM−T )−β, where β< 2.6. Determining a
correct value for β will require more detailed experiments.

The formation of multibridges or something called “nano-
bridges” was previously reported in experiments related to hydro-
carbons with nanometer scale separations (Maeda et al. 2003).
Here, we can also see such a behavior, as indicated in Fig. 6, if
the contact area is locally flattened by reasons like the previous
plastic deformations. In this case, the preferred location for the for-
mation of the bridge can be literally anywhere in the flat area and
consequently multiple bridges are expected to be observed.

As it is known, the surface structure and surface conditions of
the ice, along with the presence of the defects and dislocations, af-
fect the onset and behavior of the QLL significantly (Slater and Mi-
chaelides 2019). The presence of the liquid bridge in this study is
sensitive to the surface roughness either on the metallic or ice sur-
face. We observe here that the presence of a small roughness ob-
structs the formation of the bridge. This behavior can be related
to the fact that surface roughness can hinder the movement or trans-
fer of the surface layer and consequently the liquid bridge fails to
form. We employed two different surface roughnesses for the Al
surfaces to show that roughness plays a significant role but we
did not quantify the effect or relate it numerically to identify the
minimum roughness that prevents the formation of the liquid
bridge at a given thickness. This can be a subject of an independent
study.

The presence of a liquid film responsible for the adhesion of ice
particles was inferred from the observed rotation of two bonded ice
particles upon separation (Nakaya and Matsumoto 1954), where
the adhesive behavior of the ice particles even after the breakage
of the bonds was related to the presence of a liquid layer on the
ice particles. The rotations appeared “sometimes” but not “rarely”
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during the experiments especially at temperatures above −7°C.
Similarly, in the separation of an ice particle from another ice
particle, a liquid bridge is reported to be observed at temperatures
near the melting point (Bahaloo et al. 2022).

The fact that we clearly observe a liquid bridge can be a proof of
the existence of a liquid film on the ice particles that is pulled into
the contact area due to the negative pressure at the bridge location.
We observe this behavior for the relative humidity of approxi-
mately 50%. Therefore, we suggest the possibility of the existence
of the QLL without the necessity of having supersaturated condi-
tions as reported by Asakawa et al. (2016).

The estimation of the thickness of the QLL using our method
has its own limitations. First, we did not study the effect of the rel-
ative humidity on the thickness of the QLL. The thickness is ex-
pected to increase with relative humidity, but an independent
study is required to quantify the relationship. Second, we did not
quantify the effect of the surface roughness on the size of the liquid
bridge, and we only observed the prevention of liquid bridge for-
mation for a surface roughness 3.5-times larger than the named
smooth surface. A gradual increment in the surface roughness is ex-
pected to affect the behavior of the liquid bridge and makes it more
local to the asperity areas or to generate multiple smaller bridges.

In summary, we have shown the formation of a liquid bridge
during the contact of an ice particle to a smooth metallic surface
under the application of a gentle pressure and we used the volume
of the observed liquid bridge to roughly estimate the thickness on
the liquid film on the ice. We hypothesize that the formation of the
liquid bridge is dominated by the flow of a liquid film into the con-
tact area and showed that such a film has a thickness that increase
sharply with temperature. We have also shown that the height to
volume ratio of the bridge at the time of bridge rupture follows
the expected theoretical relation. We finally observed that the
roughness of the surface greatly affects the formation of the liquid
bridge.
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