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Abstract

Ice adhesion on exposed structures remains a major operational challenge, motivating the search for
passive, material-based anti-icing strategies. Molecular Dynamics offers a controlled way to
investigate ice-surface interactions beyond the limits of experimental setups. In this work, we develop
a simulation framework to model the impact of solid hexagonal ice droplets on metallic substrates.
Ice impacts are simulated across a range of velocities (10-120 m/s), temperatures (120250 K), and
face-centered cubic surface materials (gold, copper, silver, aluminum, and nickel). Using LAMMPS,
mW water force field, EAM/Alloy metal potentials, and Lennard-Jones water-surface interactions, we
quantify phase evolution through angular order parameter and quasi-liquid layer measurements,
complemented by the CHILL+ algorithm in OVITO. By isolating all external factors, we show that
melting increases with velocity and temperature and correlates with substrate properties: metals with
high thermal diffusivity and low Young’s modulus tend to decrease post-collision ice melting. The
ratio of the former to the latter, a derived index of merit Y, significantly correlates with melting
percentage and identifies silver as the most effective anti-ice material examined. Statistical analyses
strongly suggest that these surface properties influence interfacial melting, supporting the use of this
modelling framework for screening and designing anti-icing materials.

Keywords: hexagonal ice; molecular dynamics; LAMMPS; surfaces; solid-solid interactions

1. Introduction

Ice adhesion to the surface of aircraft wings and fuselage is a crucial engineering issue in relation
to the safety and efficiency of aviation [1,2]. Ice accumulation on these structures can not only create
losses in aerodynamics and flight stability, but also cause major accidents [3,4]. This problem is not
limited to aviation: other external structures can be affected [5]. In winter, solar panels and wind
turbines see their productivity decrease due to ice accretion [6], a major problem that will become
more frequent with the ongoing transition to alternative energy sources.

Current commercial de-icing strategies are predominantly centered on surface treatments using
chemical fluids, with propylene glycol being among the most widely applied agents, especially in
aviation [7]. Propylene glycol functions as a freezing-point depressant, lowering the temperature at
which ice forms and enabling easier removal of ice and snow from surfaces [8,9]. However, despite
it being considered less toxic than alternatives like ethylene glycol, its widespread use still poses
environmental risks. For example, as these fluids enter soil and surface waters, they are degraded by
microbial organisms, a process that requires the use of oxygen. This then depletes oxygen reserves in
the receiving waters, decreasing its bioavailability and affecting aquatic organisms [9,10]. In addition
to these direct ecological impacts, the transportation and application of large quantities of de-icing
fluids contribute further environmental costs through fuel use, emissions, and infrastructure [11].

Given these challenges, considerable effort has been directed toward the development of
material-based icephobic surfaces aimed at preventing ice accretion or reducing ice adhesion. Studies
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on anti-ice surfaces have multiplied in recent years [12,13] ; however, much of this work remains
experimental and is often limited by the lack of access to atmospheric ice conditions for validation.

Computational-based studies have often relied on static simulations, testing ice adhesion
strength once a water droplet has frozen on a surface [14-18]. These works essentially test the
performance of superhydrophobic materials in facilitating ice removal by increasing the contact angle
between the substrate and the water. As the contact angle determines surface wettability [19], the
more hydrophobic a surface is, the less the adhesion strength between it and newly formed ice [14].
Studying this phenomenon considers liquid water falling onto a static cold surface and freezing, a
phenomenon that does occur often. However, some ice accretion occurs upon impact while an aircraft
or wind turbine is moving and when the droplets are solid, such as in hailstorms. These hail events
have become more common over the last few years with the rise of climate change-related effects,
although the link between the two has not been entirely established [20]. In the United States, almost
7000 hail events have been reported in 2023 [21], while causing reportedly $14 billion in damages in
2020 [21]. This phenomenon thus deserves more attention, and we believe that modelling is the
correct tool for this objective.

Experimental work employing atmospheric-type ice has been attempted, notably by using an
ultrasonic levitator [22] and freezing water droplets with a cryogun placed above them, blowing cold
air [23] until secondary nucleation occurs [24] and the droplet becomes solid. The levitator was then
turned off, which allowed the droplet to be sped up by gravity until it hit a surface [25]. Several
surfaces were tested, and the impact dynamics were analyzed with a high-speed camera [25].

Unfortunately, this experimental work has significant variability between experiments, as it is
difficult to not only control the temperature of both the surface and the droplet, but also the
environment surrounding the droplet during the drop and collision [26]. Gusts of wind, air currents,
or instabilities in the levitator can introduce rotation, which is often invisible or hard to measure with
a high-speed camera. Any changes in temperature or pressure can also provoke premature melting
before the collision occurs [27], which severely impacts the results’ reproducibility. Finally, given the
high-speed camera’s extremely limited focal plane paired with variation in rotation [28], it is
challenging to obtain reproducible experimental results within a reasonable timeframe. As expected,
rotation alters the downwards trajectory of the droplets, which pushes them out of the camera’s focal
plane often. This effect is multiplied as the droplet height is increased, which severely limits the
velocities that can be tested in experimental work, especially since the droplets can only be
accelerated by gravity in a setup that is not immensely resource intensive [25].

Simulations can work with much higher, more realistic velocities than several previous physical
studies [25,29], and give additional environmental controls that eliminate many experimental
limitations. So far, dynamic impact-based simulation work have either strictly used subcooled water
[30] or test whether the ice droplets could cause plastic deformation on the surface [31]. In our work,
we are interested in developing a system that can evaluate how well a surface prevents solid ice
droplets from melting. This is useful since ice accretion typically occurs in the winter, the surface is
usually cold, and melted ice tends to refreeze, which increases the surface area (and thus the
adhesions strength) of ice, thus making it much harder to remove. A modelling-based framework
capable of simulating ice-surface interactions across a range of materials, velocities, and
temperatures could provide a cost-effective and streamlined approach for evaluating anti-icing
performance of potential surface compositions.

The main objectives of this study are to (1) develop a molecular dynamics framework for
simulating the impact of a solid hexagonal ice (ice Ih) droplet on metallic substrates; (2) determine
the phase evolution of ice and quantify energy transfer and temperature progression of the droplet
during impact over velocities ranging from 10 to 120 m/s and system temperatures between 120 and
250 K on five different metal FCC surfaces; (3) statistically assess the impact of material properties on
anti-ice performance and post-collision ice melting; and (4) experimentally validate the model.

The paper is organized as follows. We start by describing the computational techniques used to
design the droplet-substrate system, with its associated force-fields. Then, we describe in depth the
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effect of temperature, velocity, and metal type on the droplet’s phase transition and energy balance
before, during, and after collision. We then link the results from the materials tested to their
mechanical and thermal properties by undergoing a statistical analysis and relating them to literature
data. Finally, we relate the model with experimental data through a morphological and droplet
structure comparison and analysis of the quasi-liquid layer (QLL).

2. Materials and Methods

The LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [32,33] and
Moltemplate [34] softwares are used for these simulations, with visualization being done with OVITO
[35]. The boundary conditions in the x- and y- directions are shrink wrapped, while the z-direction
employs fixed boundary conditions. Shrink wrap was chosen because it lets the lateral box
dimensions adapt to the instantaneous particle positions, avoiding the computational requirements
of semi-infinite periodic cells while permitting small adjustments in lateral stress [36]. This dynamic
adjustment helps stabilize pressure in this solid-solid system, as the system is not constrained by
strictly fixed boundaries. Its use in this type of system is also supported by literature [30]. The
simulation box dimensions are 180 A x 1754 in the plane perpendicular to the collision. The
metallic substrate has a thickness of 30 A and contains 80,200 atoms in a face-centered cubic (FCC)
lattice arrangement. 1% of the FCC structure is composed of vacancies, which is a high but reasonable
estimate for these metals [37,38]. The lattice constant of the substrate is changed depending on the
metal simulated, which induces minor changes to the thickness. The center of the droplet is 170 A
from the top of the substrate and consists of ice Ih. The ice has a lattice constant of 4.521 A in the x-
direction, 7.832 A in the y-direction, and 7.362 A in the z-direction [39], and the droplet’s diameter
is 60 A. This droplet thus has approximately 3470 unit cells each containing 8 molecules, which gives
a total number of 27,606 water molecules. This gives enough of a sample size to reach meaningful
conclusions [40] without requiring immense computational resources. Since hexagonal ice’s
proportion of vacancies varies significantly [41], we have chosen 1% vacancies as a reasonable
estimate [42]. The ice and surface defects are introduced to mimic imperfect real-life crystal structures
and are often used in MD [43]. The modelled system used in this research is presented in Figure 1.

—y

H——DH

Figure 1. System model picture.
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2.1. Water Model

Widely used atomistic models such as TIP4P/Ice [44] and TIP5P [45] are relatively accurate in
reproducing many properties of experimental ice, such as melting temperature and density.
However, they are computationally expensive and fail in reproducing accurately certain attributes,
such as ice’s heat capacity [46,47], or viscosity [48], requiring corrections. To solve these issues, the
coarse-grained monoatomic water (mW) model can be used, as it reduces computational time by up
to 99% [49] while being as accurate or even more accurate than atomistic water models [49,50]. While
mW water is less accurate in predicting experimental water’s diffusion coefficient due to a lack of
hydrogen atoms, it outperforms most models in other parameters, such as melting point, density, etc.
[49]. However, diffusion is not a consideration in this work, thus there is no requirement to have an
accurate depiction of this parameter in the system. The Stillinger-Weber (SW) potential, used in
silicon models, is the basis for the mW model. Like water, silicon forms tetrahedral crystals with
surrounding atoms at atmospheric pressures [51]. Similarities between silicon and water do not end
there: both of their liquid states are denser than their solid ones [52], and their subcooled liquid
densities increase as pressure increases, an anomalous behavior [53]. Long-range electrostatic
interactions present in atomistic water models are not present in mW water, but Molinero and Moore
argue that the short-range interactions that are present are sufficient to accurately represent
anomalous behavior found in experimental data [49]. The SW potential, as a function of distance
between particle pairs (r;j,7;) and angles between particle triplets (6;;), can be represented as

[49,54]:
E= ZZ¢2(rij)ZZZ¢3(rij'rikr 6:j) 2.1

T j>i T j=i k>j
02 = 4e[B(2) = () [ewr (=) 22)
¢3(r,5,0) = Ae[cos 6 — cos B,]% exp (r Zaacr) exp (s Ziw) (2.3)

where A = 7.049556277,B = 0.6022245584,p = 4, ¢ = 0,y =1.2,a =1.8,0 =109.47° . The
variables e (dielectric constant), o (interparticle distance where E = 0), and A (tetrahedrality) are
tuned to produce the monoatomic mW model from the base silicon SW model. To obtain mW water,
€=10.2684 eV, o = 2.3925 A, and 1 = 23.15, which have been shown to give the best possible fit to
experimental data [49].

2.2. Surface Model

The most frequently used model to represent interactions between metal atoms is the empirically
derived embedded atom method (EAM), which computes pairwise interactions between atoms in a
pure metal or alloy. By fitting these metal models to experimental data on sublimation energies, lattice
constants, vacancy-forming energies, and heats of solution, we can obtain a model that accurately
reproduces a variety of bulk and surface properties of the desired metal or alloy [55]. The EAM
potential follows the expression:

1
Ei=F, (Zjiipﬁ(rij)) MR bap (7)) 24

where F, is the embedding energy of atom type a, pg is the atomic electron density for atom type
B, 7; is the distance between atoms i and j, and ¢gp is the pair potential interaction. The pair
potential is defined as:

r-¢=272-0529-2;-7; (2.5)
where Z; and Z; are the effective atomic charge of atom types i and j. Since EAM is a many-body
potential, specifying each metal’s potential requires an input file containing interaction data. For this
experiment, five metals with different mechanical and thermal properties were chosen to obtain as
much variety as possible in their interactions with ice to test this framework’s applicability and
experimental relevance: softer, more conductive metals (silver [56] and gold [57]), intermediate
strength and conductivity ones (aluminium [58] and copper [59]), and a harder, less conductive one
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(nickel [60]), with the references attached to the metals being the source of the EAM data simulated
[61,62]. These metals, while infrequently used in their pure form, are often part of structural alloys
[63,64] or icephobic coatings [65-67]. In this work, the performance of a metal is measured by how
much they prevent the ice droplet from melting on the surface, which can also be defined as inhibiting
ice accretion. This is a common metric used to quantify icephobicity [68], since the melted ice will
refreeze at low temperatures and have a stronger adherence to the surface [69]. Thus, a more
icephobic metal is one that minimizes the post-impact melting of ice, while a less icephobic one tends
to provoke more melting. These metals all have in common their lattice structure (FCC), the topology
of the surface (flat), and the number of defects present (1%, attributed at random). By providing
reproducible models of the metals at various conditions, we have isolated the chemical nature of the
substrate and the interactions each metal atom has with water molecules as the main source of
variation across metal types.

2.3. Surface-Ice Interactions

The Lennard-Jones (L]) potential with the Lorentz-Berthelot (LB) mixing rules is used to
characterize interactions between mW water molecules and metal atoms. The LB mixing rules have
previously been used in literature with similar ice-solid systems [70,71]. mW-metal interactions can

be approximated as oxygen-metal interactions in literature [72]:
12

o 0\
E = 4e [(7) - (;) ],r < (2.6)
EMe-mw = / €EMe—Me " €0-0 2.7)
Ope-Me T 00—0

Ovte-my = —EHEZZ00 (28)

with rc being the cutoff radius (10 &) [73]. The dielectric constant € and van der Waals radius o vary
depending on the type of metal and are presented in Table 1.

Table 1. Lennard-Jones parameters for interactions between metals and water.

Metal Dielectric Constant & (eV) van der Waals Radius o (A)
Gold [74] 0.026 3.600
Silver [75] 0.048 2.905
Aluminum [76] 0.053 2.858
Copper [77] 0.052 2.752
Nickel [78] 0.034 2.373

2.4. Simulation Procedure

The initial phase of the experiment is the system relaxation, where the droplet and surface are
both subjected to a canonical (NVT) ensemble over 1 ns with 2 fs timesteps, with sampling done every
1000 timesteps. This equilibration allows for the pressure to stabilize and the temperature to oscillate
around the setpoint with an acceptable amplitude. The damping factor for the surface’s temperature
is 100 fs, while it is 50 fs for the droplet, which are optimized to shorten equilibration duration. The
temperature setpoints vary for the entire system between 120 and 250 K. The temperature scale was
chosen to get a range of ice behaviors that goes from extremely minimal temperature effects to one
where natural temperature oscillation would make the droplet’'s bulk temperature approach 0 °C.
This approach was used to test the consistency of the tested framework and understand if changes in
the QLL thickness at low temperatures significantly alter the melting and energy transfer observed.
During this phase, the center of mass of both the droplet and the surface are fixed to prevent any
drift. The equilibration phase is part of the standard LAMMPS workflow to allow for system
relaxation and convergence [79]. The duration of the equilibration phase hinges on the stabilization
of the pressure, which is not controlled since no barostat is present in the NVT ensemble, and the
temperature, which is controlled by the Nosé-Hoover thermostat [80]. Pressure tends to naturally

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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oscillate once the system is defined, as the molecules move around and find the point of lowest
potential energy, steady state. As computational time is valuable, it is imperative to define a tolerance
at which the system is considered equilibrated. This is decided by running the simulation long
enough to observe when pressure oscillations achieve a consistent amplitude while not drifting away
from the mean (which should be around 0 bar, as it is a solid-only system). As for temperature, the
oscillations tend to keep the same amplitude through the equilibration throughout all setpoints. Thus,
the only parameter to account for is the pressure, which should stabilize around the setpoint. From
Figure 2, the equilibration duration was chosen to account for these conditions.

100

50

‘ HJL“A.‘ le“ “.hu‘ui l‘l T “J LA
’ ‘ | LI A M v s TR U

Pressure (bar)
o

-100

200
190
180
170

—
o
-
—_
a1
S

Temperature (K)
2

—_ =
W
o O

120

0 0.5 1 1.5 2 2.5 3 3.5 4

Equilibration time (ns)

Figure 2. Equilibration of the system at NVT (160K) with pressure (a) and system temperature (b). a) and b) share

the same x axis (simulation runtime).

Once this phase is over, the system stays at NVT, but through a different time integration
method. The micro-canonical (NVE) ensemble is activated, but temperature is still being controlled
by two thermostats: the Langevin thermostat controls the surface temperature with a 100-fs damping
factor, while the droplet’s temperature is explicitly rescaled every 200 timesteps to the target while
subtracting the center of mass velocity. The explicit rescaling allows for a better control of the
droplet’s temperature without considering its net velocity. Control is relinquished right before
impact as we track energy transfer. The centers of mass are released, a z-direction velocity is applied
to the droplet, and the collision occurs with velocities ranging from 10 to 120 m/s. The velocity scale
that was chosen for investigation corresponds with the terminal velocity of hail at various sizes
[81,82]. Small hailstones (under 5 cm diameter) have velocities ranging from 10 to 40 m/s, while larger
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ones can have terminal velocities higher than 70 m/s [82]. Solar panels are stationary and thus can
experience lower droplet velocities [83]. However, to account for airplane movement or wind turbine
rotation [84], the range has been extended to 120 m/s, which would be the highest theoretical impact
velocity to occur naturally. To evaluate structure disruption before and after collision (simplified as
“melting” in this work), we use the CHILL+ algorithm [85] in OVITO, which identifies the particles
taking part in the ice Ih structure and has been successfully used with mW water in previous work
[30].

2.5. Validation Process

To validate the model’s predictions about ice-surface interactions, section 3.4 compares the
morphology of the collision with experimental data, while section 3.5 quantifies the structural
disorder of the droplet through the angular order parameter (AOP), as defined by Tung et al. [86]

1 1,2\
AOP = NZ Z (|cosm|;]-,k|cosm|;,-,k + (— §) ) (2.9

=1 k=j+1

through:

where N is the number of particles, and ; is the angle at the central particle between bond j and
k. Since tetrahedrality is defined as having all angles be 109.5°, which has a cosine equal to -1/3, a
group of particles with an AOP close to 0 indicates bulk ice, while a group with a higher AOP
indicates a more disordered arrangement. As the AOP quantifies the “deviation from tetrahedrality”,
it lets us numerically track the thickness of the QLL (quasi-liquid layer) [87]. As this is a phenomenon
that has been extensively studied, it is possible to compare the results to experimental data, thus
validating the model beyond morphology. The QLL literature review is elaborated upon in section
3.5.1.

3. Results and Discussion
3.1. Temperature Effects on Collision Outcomes
3.1.1. Melting as a Function of Temperature

Melting is fundamentally linked to temperature, since the melting point is the temperature at
which the kinetic energy of water molecules overcomes the bulk’s attractive forces [88]. When close
to the melting point, even incremental increases of temperature substantially increase the rate of
phase change [89], which has profound consequences in collision dynamics. Since melting is linked
to local interfacial temperature, the section of the droplet that is in contact with the surface during
the collision will experience a significant increase in temperature, which may cause melting if the
bulk’s temperature is high enough. The lower the initial temperature, the lower the expected melting
percentage should be. This data is presented in Figure 3. Melting is quantified by comparing the
proportion of the droplet in the hexagonal ice phase before and after the collision using the CHILL+
algorithm [90].
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Figure 3. Droplet ice Ih fraction before (blue) and after (orange) a 30 m/s collision at three system temperatures
(160, 190, and 250 K).

The initial bulk ice content for the first two temperatures is broadly similar (76.7% for 160 K and
76.4% for 190 K). However, we notice a significant difference after the collision, as this content is
reduced to 72.2% at 160 K (melting 4.5% of the droplet) and 69.1% at 190 K (melting 7.4% of the
droplet). The higher mean particle kinetic energy thus induced 62% more melting at 190 K versus 160
K, a difference that is accentuated at 250 K. At that temperature, the initial bulk ice Ih content is 71.1%,
and drops to 52.1% after the collision, thus melting 19% of the droplet, an increase of 158% from 190
K.

3.1.2. Material-Dependant Melting Behavior

As expected, higher temperatures cause the droplet to be closer to the melting point, pushing
some of the molecules out of the solid state as the collision injects more kinetic energy into the droplet.
This effect is not distributed equally amongst surfaces. A more icephobic surface will melt the
material less, which will allow the droplet to be more easily sheared off. In contrast, a less icephobic
material will melt more ice, causing it to resolidify and increase its binding energy to the surface
[91,92]. The tested metals and their associated melting are shown in Figure 4.
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Figure 4. Decrease in droplet ice Ih percentage before/after collision as a function of temperature for each metal
type for an impact velocity of 30 m/s.

At lower temperatures, the surface’s chemical type does not have an important effect on the
melting observed after collision. This is due to the low overall melting observed at this temperature,
which leads to low sensitivity and little to no significant difference between metals. However, as
temperature increases, there is more separation between the melting observed as overall melting
increases. Since the topography, the crystalline structure, and the number and nature of defects stay
the same between each surface, it is possible to isolate the chemical nature of the metal as being the
sole reason for these observations. Aluminum, gold, and silver are the most icephobic (causing lower
melting) metals at temperatures above 190 K, while copper and nickel melt the ice more after
collision.

3.1.3. Energy Transfer During Collision

Delving deeper, it is possible to track ice’s kinetic and molecular potential energy evolution
during collision for each metal type, shown in Figure 5.
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B
&
(5]
£ -13250 —
=
£
(a) < -13350
o e — m———
E e e —
-13450
Simulation time (ns)
Au Ni Ag Cu Al Collision Time
1050
S -
2 1000 =]
&8 &
b5 2
[~ «
; 950 2
k] g
= 3
() T 900 y
§ oSS 248 =
850 1 238
1.2 1.3 1.4 1.5 1.6 1.7
Simulation time (ns)
Au Ni Ag Cu Al Collision Time

Figure 5. Evolution of the molecular potential (a) and kinetic energy and temperature (b) of ice through a
collision at 250K and 30 m/s.

Since energy is conserved, the energy transfer that occurs during the collision is:
Egrav.pot = Ekin + Emolecular pot + Etransferred to surface (3-1)
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where Ekin is ice’s total kinetic energy, E 4,q,p0¢ is ice’s gravitational potential energy, Emoiecutar pot
is ice’s molecular potential energy, which measures indirectly the deformation in ice’s crystal lattice,
and Eyygnsferred to surface 18 What is converted into the surface’s kinetic energy. The transfer from
gravitational potential to kinetic energy is almost instantaneous when the collision happens, as the
ice’s molecules descend to the surface. As more of the droplet’s molecules are compressed towards
the substrate, their kinetic energy increases, and so does the ice’s temperature, which increases
exponentially, up to a plateau. Some fraction of the gravitational potential energy is not converted to
kinetic energy, as some performs plastic deformation on the bulk [93] and causes melting, thus
increasing the droplet’s molecular potential energy [94] while another fraction is transferred to the
surface and transforms into the surface’s kinetic energy (Figure 6). When calculating ice’s average
temperature, the equation used in LAMMPS is [95]:

2By
T = (3.2)
NDOFkB
where
Natoms 1
Eyin = Z Emiviz (33)
i=1
and
Npor = ndimNparticles — Ngim — NfixDOFs (3.4)

where miis the mass of water molecules, vi is their velocity, ks is the Boltzmann constant, and Noor is
the number of degrees of freedom and depends on the number of spatial dimensions (3), the number
of water molecules (27,606), and the number of fixes restricting the particles’ movement (0). Knowing
this, it is possible to calculate the limit after which the bulk will be exposed to temperatures above
ice’s melting point (272.15 K):

NDOFkB

T
Epin(272.15K) = =971.1eV (3.5)

Thus, from Figure 5, we can recognize that in the post-collision timeframe, two out of five
surfaces have the ice droplet’s kinetic energy go above this melting threshold, after which the bulk
should start melting. In fact, the difference in energy amounts to a ATy;¢f of 25 K between the most
icephobic surface (Ag) and the least icephobic one (Ni). This translates into an increase in heat transfer
between the surface and the droplet, as the mean temperature of the droplets that collide with copper
and nickel is higher than the surface temperature (and the original system temperature of 250 K).
This heat transfer is not as instantaneous as ice’s energy conversion and depends on the material’s
thermal properties, as well as the temperature difference between the ice and the bulk of the surface.
This phenomenon can be seen through Figure 6, as both the driving force and thermal conductivity
govern how quickly the surface absorbs excess heat from the droplet:
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Figure 6. Evolution of the surfaces’ kinetic energy through collision time at 250K and 30 m/s.

As Figure 6 shows, the least icephobic metals, copper and nickel, seem to absorb more energy
from the droplet than the most icephobic ones, hinting at which surface material properties seem to
lead to less melting. Temperature is an important factor when discussing heat transfer and melting
but investigating velocity may unlock further discussions with regards to which material properties
may impact droplet melting as velocity increases.

3.2. Velocity Effects on Collisions
3.2.1. Melting as a Function of Velocity

The temperature at which velocity measurements were made is 200 K, which provides good
sensitivity while keeping thermal effects relatively minimal to isolate velocity as a parameter. In
experiments, higher velocities lead to more fractures on the ice [96], an observation that should be
corroborated by modelling data. However, the measured variable is the change in the droplet’s ice Ih
fraction, which indirectly measures fractures or melting occurring, shown in Figure 7.

% of droplet in ice 1h structure
o
(o))

30 m/s 60 m/s 120 m/s

W Before Collision @ After Collision

Figure 7. Droplet ice Ih fraction before (blue) and after (orange) a collision at three impact velocities (30, 60, and

120 m/s) with a system temperature of 200 K.

The initial bulk ice content between the different velocities is broadly similar, which is 74% of
the droplet, as the system temperature is a consistent 200 K. However, we notice significant
differences after collisions: between 30 and 60 m/s, the fraction of the droplet that melts increases
from 5.6 to 6.7%, a 19.5% rise; and between 60 and 120 m/s, this fraction increases from 6.7% to 9.7%,
a 45.3% rise.

3.2.2. Material-Dependant Melting Behavior

As expected, increasing the velocity leads to more ice melting, as the extra energy present in the
velocity is partially converted into kinetic energy, raising the droplet’s temperature and causing
melting. While there is some difference in performance between metals depending on the impact
velocity, we notice there is much less overall variation, as shown in Figure 8.
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Figure 8. Decrease in droplet ice Ih percentage before/after collision as a function of impact velocity for each

metal type for a system temperature of 200 K.

At low velocities, we observe similar separation between the most and least icephobic metals, as
nickel and copper melt the ice droplet structure significantly more at 10 and 30 m/s. However, as
velocity increases, the melting observed increases for all metals, especially for the ones that melt the
least amount of ice at lower velocities, since the ice structure is less capable of absorbing the impact
at higher collision energies. At 120 m/s, there is no significant difference observed between any
metals, though the overall trend is that there is more structure breaking at that highest velocity
compared to the others.

3.2.3. Energy Transfer During Collision

To compare metals between each other at higher velocities, it would be useful to observe the
energy transfer occurring at 60 m/s, where there is the most separation between metals in the chosen
range.

Overall, the molecular potential of ice increases less in a) of Figure 9 than in a) of Figure 5
(maximum of 200 eV increase in the latter versus 100 eV in the former) due to a lower system
temperature, leading to less melting. In b), as in the previous section, collisions with nickel and
copper raise the ice droplet’s kinetic energy more than collisions with aluminum, silver, and gold.
This translates to a higher increase in temperature as well. In fact, the higher speed collision with
nickel raises the droplet’s temperature by 50 K, while the collision with silver raised the ice’s
temperature by 20 K, a 30 K difference. This increase in temperature raises the temperature difference
between the droplet and the surface, the heat transfer driving force is higher in collisions with less
icephobic metals, leading to higher kinetic energy in the surface bulk after enough time has elapsed,
as seen in Figure 10.
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3.3. Linking Material Properties to Anti-Melting Performance

In sections 3.1 and 3.2, we have discussed how temperature and velocity affect how melting
occurs and how energy is transferred across five test surfaces: silver, gold, aluminum, nickel, and
copper. It is thus imperative to look at the metals” mechanical and thermal properties to understand
the results shown and to identify the specific properties that modelling can evaluate as predictors of
anti-icing performance.

3.3.1. Mechanical Properties

The first step when comparing metals’ interactions with solid ice droplets is to verify whether
there are important differences in their mechanical properties. Since the collision is not occurring at
extreme velocities, plastic deformation is not expected to occur on the metals, as it did not occur after
repeated impacts in McElligott et al. [25]. Thus, it is sensible to compare mechanical properties linked
with elastic deformation and energy transfer, such as Young’s modulus and hardness [97].

From Table 2, the most icephobic metals (gold, silver, and aluminum) all have in common a
lower Young’s modulus and Vickers Hardness compared to the other two. For a more significant
comparison, a linear regression should be performed between the mean melting percentage observed
and each mechanical property shown in Table 2. To isolate mechanical properties from thermal
properties, the melting percentage is obtained from the comparison between metals at different
velocities (Figure 8) but at the same temperature (200 K).

Table 2. Mechanical Properties of Tested Metals [98-101].

Metal Young's modulus (GPa) Vickers Hardness (MPa)
Gold 74 202
Silver 72 250
Aluminum 69 255
Copper 127 356
Nickel 205 638

From Table 3, the correlations between average melting percentage and mechanical properties
(R? = 0.672 — 0.699) are relatively high, but they do not reach the threshold of statistical significance
(p = 0.078 — 0.087 > 0.05) required to prove correlation due to the similarities between three of the
tested metals in terms of melting percentage observed (Al, Ag, and Au), reducing the data spread.
However, these results are still encouraging, as literature supports the claim that a material with a
lower hardness and lower Young's modulus (1) absorbs more impact energy through elastic
deformation, reducing the fraction of ice’s potential energy converted to kinetic energy, reducing
observed melting [102,103]; (2) generates less contact pressure, reducing frictional heating and
interfacial temperature [104,105]; and (3) decreases stress concentration on the interface, reducing
deformation in the droplet [106,107].

Table 3. Correlation of Melting Percentage with Mechanical Properties.

Mechanical Property Coefficient of Determination (R?) p-value
Young’'s modulus 0.699 0.078
Vickers Hardness 0.672 0.087

3.3.2. Thermal Properties

The second step when comparing metals and their interactions with ice is how efficiently they
carry and distribute heat across their bulk. To test how impactful thermal properties are in terms of
ice droplet melting, the comparison must be done considering various temperatures, with variations
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in driving force. This isolates the variables of interest while controlling all other conditions. The
thermal properties compared are conductivity, specific heat, and thermal diffusivity. Conductivity
and thermal diffusivity determine how quickly heat is redistributed from the impact region to the
rest of the bulk, controlling the temperature rise experienced by the droplet [108,109]. Specific heat
determines how much the metal’s temperature will increase during impact, affecting the driving
force of heat transfer and determining how much heat the droplet will experience [110]. The thermal
properties of the tested metals are compared in Table 4.

Table 4. Thermal Properties of Tested Metals [111-113].

Metal Thermal Conductivity Specific Heat Thermal Diffusivity
(W/m-°C) (J/kg-°C) (mm?/s)
Gold 318 130 127
Silver 418 230 166
Aluminum 220 896 97
Copper 386 380 111
Nickel 99 446 23

Unlike in Table 3, Table 4 does not give us a clear indication of whether thermal properties
significantly impact ice melting. Thus, statistical analysis is necessary.

Table 5. Correlation of Melting Percentage with Thermal Properties.

Thermal Property Coefficient of Determination (R?) p-value
Thermal Conductivity 0.318 0.323
Specific Heat 0.001 0.977
Thermal Diffusivity 0.690 0.082

Specific heat shows essentially no predictive power on observed ice melting. This is likely due
to the low amount of energy being exchanged, so the temperature increase in the metal is low enough
to not affect the results. Thermal conductivity has a more significant relationship with melting
percentage, but the p-value calculated (0.323) is still far above the conventional 0.05 limit, a difference
that sample size would not necessarily solve. Finally, thermal diffusivity has a larger R? value than
both conductivity and specific heat (0.690), and the associated p-value is closer to the 0.05 threshold.
This indicates a weak correlation between melting and diffusivity, on par with the one found with
the mechanical properties in Table 3. Still, the trend suggests some relationship between observed
melting and thermal diffusivity, though its influence cannot be easily isolated from all other variables,
such as the substrate’s mechanical properties. The interaction between mechanical and thermal
responses is inherently coupled and understanding how ice droplets interact with metallic substrates
requires a framework that captures this interplay rather than relying on any single property to predict
melting in advance.

3.3.3. Combination of Thermal and Mechanical Properties

From sections 3.3.1 and 3.3.2, we have determined that two of the examined properties that seem
to have a correlation with how much ice melts on surfaces after collision are Young’s modulus and
thermal diffusivity. As the combination of both properties is extremely relevant to this study, creating
an Ashby plot linking both properties is useful, as shown in Figure 11.
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Figure 11. Thermal diffusivity versus Young’s modulus for metals investigated in this study (blue) [98,99] and
additional metals not yet studied (orange) [114-119]; dotted lines correspond to index of merit design guidelines.

As we know, the correlation between these properties and a reduction of ice melting is not
proven in this study. However, paired with literature data, some inference can be made that these
properties do influence the material’s anti-ice properties. Young’s modulus seems to be inversely
proportional to this, while thermal diffusivity is proportional. Thus, we create an index of merit to

rank with a single variable the theoretical anti-ice ability of a material:
a
Y== 3.6
z (3.6)
where Y is the anti-ice index of merit, a is the thermal diffusivity, and E is Young’s modulus. The

comparison of indexes of merit between materials from Figure 11 can be seen in Figure 12.
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Figure 12. Index of merit for all metals featured in Figure 11 (investigated in blue, not studied in orange).

According to Figure 12, silver outperforms all materials in preventing melting, with a Y of 2.30
mm?/(s:GPa). In contrast, stainless steel 310 has a Y of only 0.02 mm?/(s-GPa), more than 115 times
lower than silver. The least icephobic out of the tested ones is nickel, with a Y of 0.12 mm?/(s-GPa),
19 times lower than silver. Since each parameter in this index is close to being significantly linked to
performance, statistically analyzing this index of merit’s relationship with melting percentage is
worthwhile. It is done in Table 6.
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Table 6. Index of merit correlation with melting percentage for the studied materials.
Parameter Coefficient of Determination (R?) p-value
Index of merit (Y) 0.905 0.013

Although neither thermal diffusivity nor Young’s modulus alone showed significant correlation
with post-impact melting, the index of merit, the ratio of the two, shows a strong correlation, as it has
a high R? value (0.905) and a p-value below the 0.05 threshold (0.013). This suggests that the melting
response is controlled by a ratio of these properties rather than by either property in isolation, but
further validation across a broader material set is required. Nevertheless, this index provides a
variable that can be used to rank metals according to their anti-ice capabilities, but it is one factor out
of many that can decide which coating material to pick. For example, for applications linked to
aerospace, factors such as density, strength, price, and durability [120] are typically considered. This
paper provides another variable to verify when comparing metals with similar mechanical
properties. The model used in this system, while purely theoretical, can be validated with
experimental data from similar work, which adds to its credibility.

3.4. Experimental Validation

Experimental work exists in literature examining the solid ice collisions with surfaces [25,121],
this typically involves micrometer scale droplets with collision times that can be measured in
milliseconds. This is difficult to achieve with molecular dynamics, since we are limited in scale. It is
therefore a challenge to relate a system measured in nanometers and drop time measured in
nanoseconds to a macro-scale collision. However, a comparison between Liu et al. (2022) [122] and
Wang et al. (2025) [30] has shown that morphological similarities between liquid droplet collisions in
experimental work and molecular dynamics simulations. Similarly, from work done with solid
collisions, we are able to find morphological similarities between McElligott et al. [25] and our MD
simulations, shown below in Figure 13.
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Figure 13. Morphological comparison between a) experimental (1.47 m/s, 267 K, and Dy, = 0.7 mm) [25] and b)
modelling (10 m/s, 250 K, Dy = 60 &) collisions.

3.5. Structure and Role of the Quasi-Liquid Layer (QLL)
3.5.1. Origin and Properties of the QLL

In the modelling results, we see a pre-melted layer on the outside of the droplet (Figure 14). The
pre-melted layer forms around the droplet at temperatures below the bulk melting point due to the
lesser number of bonds linking the molecules forming the layer to the hexagonal structure in the bulk
[123]. This could be cushioning the collision, thus spreading the energy transfer around the droplet.
This may be the reason we do not observe significant fractures or bounces in these tests. The pre-
melted layer also forms the transition state between the bulk (ordered) state and the outside
(disordered) environment, where lack of hydrogen bonds forces water molecules into less favorable
energy states [124]. This gives the particles more degrees of freedom, thus less resistance to thermal
effects [125]. This quasi-liquid layer (QLL) has also been observed both experimentally and through
modelling [125-129] and can explain why a nanodroplet with a radius of 60 A never bounces post-
collision with the temperatures tested in this study.
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Figure 14. Pre-melted interface of ice (white) and bulk ice Ih (blue) with bonds (orange).

3.5.2. QLL Thickness: MD Versus Experiments

Through TIP4P/Ice modelling, Conde et al. [129] found that the QLL thickness is between 0.3
and 0.8 nm at temperatures going from -30 °C to -10 °C. These values have also been corroborated by
Michaelides et al. [125]. This is enough to significantly dampen the collision, as the QLL represents
10-15% of the droplet’s radius. In contrast, experimental droplets in McElligott et al. [25] have a radius
of 0.7 mm, meaning that the calculated QLL represents less than 0.0002% of its radius, severely
impacting its cushioning capabilities. Increasing the droplet diameter in MD would decrease the
QLL’s proportion compared to the radius and thus dampen the collision less, producing higher
overall structure deformation. Though, as volume increases with the cube of the droplet’s radius, the
computational costs of reducing the QLL to radius ratio become prohibitively high with the current
computational tools available.

However, with the control system of the experiment being less sophisticated, the actual
temperature of the droplet could be closer to its bulk melting point than hypothesized, which could
be yielding much larger values of QLL (up to 100 nm [125], or 0.02% of its radius). The variation in
QLL thickness between experiments could explain why the droplet would bounce on some occasions
and stick on other ones. This variation is not present in this model, as the thickness of the QLL is the
same across all simulation runs if the temperature is kept constant. This reproducibility is one of the
main advantages of modelling, but it fails to reproduce the variability naturally present in
experiments. Thus, the collision mechanism of solid droplets in the model is only able to reproduce
experiments where the droplet sticks to the surface after the collision, otherwise hypothesized as
droplets with a thicker QLL (temperatures above -5 °C).

Using MD simulations, the dynamics of solid droplets impacting metal surfaces are investigated.
For the droplet to reach its thermodynamically optimal state, equilibration at constant temperature
and volume occurs, with the QLL having enough time to stabilize in thickness and morphology.
Recall that the method used to calculate the QLL is outlined in section 2.5, equation 2.9, as we use the
AOP to quantify the phase of the ice at every distance from the center of the droplet. As we move
away from the center of the droplet to the outside, we notice a point where the AOP suddenly rises,
which indicates the start of the QLL (as interfacial ice has a higher AOP value than bulk ice).

Figure 15 shows the evolution of the QLL thickness as a function of the bulk temperature, once
equilibration finishes:
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Figure 15. a) Evolution of the AOP depending on the distance from the droplet’s center for 5 temperatures, b)
Average QLL thickness through the sphere depending on the temperature.

As shown in Figure 15 (a), an increase in temperature leads to an earlier increase in AOP,
indicating a larger QLL thickness, increasing the cushioning observed during impact. Additionally,
the values in Figure 15 (b) are consistent with previous experimental and modelling results shown in
Michaelides et al. [125]. This is an intrinsic property of this MD system that can only be curbed using
alarger system, which would require much more computational resources. However, this framework
is still useful in terms of comparing materials between themselves, as the limitations related to
nanodroplets in MD are consistent between substrates. Thus, any experimental result with one
material can be used in conjunction with modelling results to predict future experimental data, a
useful feature.

4. Conclusions

This research introduces a reproducible molecular dynamics framework to assess the dynamic
anti-ice capabilities of different material surfaces through an analysis of how mechanical and thermal
properties affect post-collision ice melting. Using the LAMMPS software and the OVITO
visualization tool, we combine the mW water, EAM/Alloy, and L] potentials in a solid-solid ice-
surface collision through a temperature range of 120 to 250 K, an impact velocity range of 10 to 120
m/s, and with five different metal surfaces (gold, silver, copper, aluminum, and nickel). After
equilibration at NVT, the ice droplet’s potential and kinetic energy, its temperature, and the surface’s
kinetic energy and temperature are tracked before, during, and after the collision to determine energy
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transfer and melting percentage. This is then used to perform a statistical analysis to select the
surface’s material properties that influence how much melting occurs. Finally, experimental
validation is performed by comparing impact morphology and QLL formation between experiments
and simulations, using the evolution of the AOP as a function of radial distance from the droplet’s
center as primary metric for the QLL. Our principal finding is that metals with a combined higher
thermal diffusivity and lower Young’'s modulus tend to reduce ice melting after collision, which is
supported by the introduction of an index of merit, relating these two parameters. We have found a
statistically significant relationship between this index and the proportion of melting (R? = 0.905,p =
0.013), with silver as the most effective material investigated.

This study corroborates previous experimental studies that related collision energy transfer to
surfaces’ thermal and mechanical properties but crucially combines and defines a new parameter, Y,
which is an application-specific index measuring surfaces’ anti-ice performance. This study fills the
knowledge gap that existed in relating a surface’s bulk properties to its ability to suppress melting
from occurring at several temperatures and velocities while limiting collateral factors that can
influence the conclusions reached.

The simulations in this study were performed using MD, which has implementation limitations:
force-field-based assumptions (such as using mW coarse-grained water model, which omits explicit
hydrogen bonding, and imperfect Lennard-Jones interactions between water molecules and surface
metals), short simulation times that may not allow the system to equilibrate properly, and sampling
errors typical in non-equilibrium MD simulations. This work attempted to reduce these through
careful simulation design. Additionally, the system omits surface roughness, oxide layers, and
impurities in the system, which constrains the direct comparison with real-world surfaces. Finally,
there may be overfitting of the index, since it is based on metals with similar compositions (pure
metals) and similar properties. Future work should target further validation of the system by
introducing varied surfaces, paired with more realistic surface compositions and topographies, and
with the experimental testing of the validity of the index of merit developed in this study.
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Abbreviations

The following abbreviations are used in this manuscript:

MD Molecular Dynamics

AOP Angular Order Parameter

CHILL+ Algorithm for ice/liquid structure identification
EAM Embedded Atom Method
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EAM/Alloy EAM potential for pure metals and alloys

FCC Face-centered cubic

LJ Lennard-Jones potential

LB Lorentz-Berthelot mixing rules

LAMMPS Large scale Atomic/Molecular Massively Parallel Simulator
mW Monoatomic water model

OVITO Open visualization tool

QLL Quasi-liquid layer

NVE Micro-canonical ensemble (constant number, volume, and energy)
NVT Canonical ensemble (constant number, volume, and temperature)
A Angstrom

ns Nanosecond

fs Femtosecond

o Van der Waals radius

€ Depth of potential well

A Tetrahedrality

T Cutoff radius

p Atomic electron density

¢ Pair potential

F Embedding energy

E Young’s modulus

o Thermal diffusivity

GPa Giga-Pascals
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