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We study experimentally the enhancement of splashing due to solidification. Investi-
gating the impact of water drops on dry smooth surfaces, we show that the transition
velocity to splash can be drastically reduced by cooling the surface below the liquid melting
temperature. We find that at very low temperatures (below —60 °C), the splashing behavior
becomes independent of surface undercooling and presents the same characteristics as on
ambient temperature superhydrophobic surfaces. This resemblance arises from an increase
of the dynamic advancing contact angle of the lamella with surface undercooling, going
from the isothermal hydrophilic to the superhydrophobic behavior, a phenomenon that
we relate to ice growth near the contact line. Finally, we show that the transition from
hydrophilic to superydrophobic behavior can also be characterized quantitatively on the
dynamics of the ejecta.

DOI: 10.1103/PhysRevFluids.8.063603

I. INTRODUCTION

Whether or not an impinging droplet splashes on a solid substrate has been a widely studied
question for several decades [1]. It has been shown that inertia, viscosity, and capillarity are
key ingredients in determining the outcome of the impact. More recently, it was found that the
surrounding air plays an important role on the splashing mechanism [2], now understood as the
source of aerodynamic lift and lubrication that levitate the fragmenting corolla. These findings were
synthesized by Riboux and Gordillo in a model [3] taking into account the diversity of physical
phenomena at stake in the triggering of splash.

Initially motivated by its consequences in metallurgy, the sensibility of splashing to solidification
has been first investigated twenty years ago [4,5], evidencing an enhancement of splash due to
solidification, a phenomenon that was confirmed in recent times [6]. While several other studies
focused on the solidification dynamics of drops impinging a cold substrate [7—11], the enhancement
of splashing due to solidification is still puzzling and poorly characterized, although being critical
for other applications, in particular for water drops, from spray coating to aircraft icing [12—14].

In this article, we thus experimentally investigate the outcome of millimetric water drop impacts
on a dry smooth silicon substrate of varying temperature, from 100°C to —140°C. At positive
temperatures, the threshold velocity above which droplets splash slightly increases with temperature
due to continuous variation of air and liquid properties. For a substrate colder than the water melting
temperature, this threshold strongly decreases with undercooling and reaches a minimum critical
value under —60 °C. We show that for colder substrates, the splashing is identical to the one on
superhydrophobic substrates at ambient temperature. In particular, the threshold velocity, the ejected
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FIG. 1. (a) Schematic sequence of a splash: impact and expulsion of a spreading lamella; lifting of the
lamella to form a corolla; destabilization of the corolla to form droplets. (b), (c) Time sequence of an impact
at various instants for Uy = 2.65ms™!: (b) The surface is at room temperature, the droplet spreads, forming a
thin lamella that expands. (c) The surface is at T = —56°C, the lamella is lifted in the air to form a corolla,
then destabilized in many droplets.

droplets angle, and velocities are quantitatively the same. We explain this transition from hydrophilic
to superhydrophobic impacts by an increase in the dynamic contact angle on cold surfaces, observed
experimentally, and using existing splashing models. Finally, we propose a mechanism involving ice
crystal formation modifying this dynamic contact angle of the spreading drop that would lead to this
unexpected superhydrophobic behavior.

II. EXPERIMENTAL SET UP

In the experiment, a pure water drop, at ambient temperature 7, = 20 °C and of constant radius
R = 1.97 £ 0.05 mm is quasistatically released from a syringe at variable heights: 7 = 5 - 140 cm,
leading to an impact velocity: Uy = 1.15—4.7ms~". The drop impacts a nanosmooth silicon wafer.
The static (advancing) contact angle, measured on a sessile drop after its spreading, of water
on the wafer is 6 = 60°. The whole setup is placed inside a reduced humidity box and the
relative humidity is set to RH = 10% or 1%, thanks to dryer modules and continuous nitrogen
injection. No difference was observed between both humidity conditions. The impact is recorded
from the side at 75 000 fps using a Phantom V2511 high-speed camera, with a spatial resolution
of 30 um - pixel ™!, and the drop is illuminated from behind. With these parameters, the drops

Ohnesorge number is Oh = \/,zl)LRT =2.6 x 1073, the Weber and Reynolds numbers are in the

range We = 'OIZ—UOZ € [35; 620] and Re = % € [2200 ; 9600], where = 1073 Pas is the water
viscosity, p = 10° kg.m~3 is the density, and o = 72mNm~! is the surface tension, taken at room
temperature. The substrate temperature is varied between 4100 °C and —140°C, using a heating
plate for temperatures above room temperature, and by placing the substrate on an aluminium block
cooled in liquid nitrogen for lower temperatures. The substrate temperature 7' is measured at the
time of impact using a thermocouple in contact with the surface, with a precision around 1 °C.
After each impact, the wafer is cleaned by blowing dry air on it.

For each experiment, the outcome is determined between the two different possibilities: “Splash-
ing,” when at least one drop ejection is seen, and “Spreading,” when no ejection is observed. In
the following, as shown in Fig. 1(a) we will use the term “lamella” to describe the thin liquid
sheet flowing along the substrate and fed by the impacting drop, and the term “corolla” to describe
the lifted liquid sheet that necessarily precedes the splash [15]. It is commonly accepted that the
splashing of a drop follows the usual sequence schematized on Fig. 1(a): (i) the drop impacts and
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FIG. 2. Impact outcome after t = t. = R/Uj for various temperatures indicated on each image at constant
impact velocity Uy ~ 2.65ms™!. (a)—~(h) On an untreated silicon wafer, (i) on a Glaco covered aluminium plate.
The first splash on the wafer is observed at —44 °C [dashed rectangle on (d)].

a lamella is expelled at t = ., (ii) part of this lamella takes off, hence forming a corolla at = £,
and is then lifted upwards by aerodynamic effects, and (iii) this corolla destabilizes into droplets
[2,3,16], ejecting the first one at = #;.

III. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) show a time sequence of an impact at Uy = 2.65 ms~! on a wafer at ambient
temperature and —56 °C. At room temperature (b), no splash is observed and the drop spreads
following the classical sequence: impact (t = O ms), creation and extension of a thin liquid lamella
up to a maximum diameter (0 ms < t < 7ms), and then retraction to the equilibrium spherical
cap shape (t > 7ms, not shown) [17,18]. When the substrate is cold enough (c), the sequence is
radically different. Soon after the impact (t = 0.29 ms) the liquid lamella has been lifted, forming
a corolla in the air that has already destabilized, and we can observe droplets ejected on both sides
(see magnification). As time goes (0.29 ms < t < 1 ms) the size of the ejected droplets increases, a
consequence of the increase of the corolla thickness [16,19]. In this experiment, after about 1 ms, the
corolla is totally fragmented and all the liquid flows in contact with the solid, following a classical
spreading on a cold substrate [8]. From these two timesequences, we can readily see that for a
constant velocity the splash depends on the substrate temperature.

To clarify the effect of the substrate temperature on the splash, we performed experiments at var-
ious substrate temperatures for Uy = 2.65 & 0.05 ms~'. We compare the results of the experiments
at the characteristic impact time 7. = R/Uj (0.72 ms for each experiment) at which splashing is
expected to have happened (see videos in Supplemental Material). The corresponding snapshots
are displayed in Figs. 2(a)-2(h) for temperatures between 28 °C and —101°C. We first notice
that there is no clear difference between the droplet impacting at ambient temperature (a) and the
ones at T = —23°C and T = —38°C (b) and (c). For the same time, t., the spreading radius is
almost the same, r(7.) = 2.17R =+ 0.01R. Cooling the substrate down to —44 °C (d) allows for the
observation of ejected droplets on the right of the picture (see dashed rectangle). The splashing
transition temperature at this velocity is therefore located between —38 °C and —44 °C. Noticeably,
for T = —44°C and —48°C (d) and (e), we do not observe a corolla, but the ejected droplets
exhibit the signature of early destabilization. For colder substrates (f)—(h), the corolla is now clearly
observed at 7. and never stuck again to the substrate. Besides, the height reached by the first ejected
droplet at 7, seems to increase with decreasing temperature, suggesting that the angle of droplets
ejection [ae, see Fig. 1(a)] also increases with undercooling, a fact that will later be related to
the lifetime of the corolla. Finally, it follows from the observation of the pictures that the number of
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FIG. 3. (a) Phase diagram of impact outcome as a function of substrate temperature and impact velocity.
Two main domains of outcomes are distinguishable (splashing and spreading), and the transition velocity
curve goes through three regimes depending on the surface temperature. The transition velocity in region (I1I),
Up i = 1.7ms™!, is represented by the vertical green line. Red and blue lines correspond to our modeling of the
different regions. (b) Impact outcomes on a superhydrophobic surface at ambient temperature. The transition
velocity is similar to the one in region (III).

ejected droplets increases strongly with the substrate undercooling, going from few isolated droplets
ejected at —44 °C to continuous droplets ejection at lower temperatures.

In order to characterize the coupled influence of surface temperature and impact velocity on
splashing, Fig. 3(a) shows the impact outcome as a function of these two variables. We see that two
main domains are formed by the blue (spreading) and red (splashing) dots. The transition curve can
itself be described in three different temperature regions, delimited by the horizontal gray dashed
line. First, in positive temperatures [region (I)], although the transition region is broad, the splashing
velocity is observed to vary slowly with varying temperature, with only a 10% variation over a range
of 100 °C for the upper bound. Second, between 0 °C and —60 °C [region (II)], a strong decrease
of the transition velocity is observed from 3.5ms™! to 1.7 ms~!. Finally, the transition velocity
stabilizes around a minimum below —60 °C [region (III)], at Uy ip ~ 1.7 ms~!, roughly half the one
for the transition at room temperature, [green thick line in Fig. 3(a)]. Surprisingly, this minimum
velocity is independent of temperature.

In the following, we seek to understand the physics behind the dependence of the splashing
transition velocity on temperature.

A. Region (I): A continuous variation of the physical properties with temperature

We first focus on region (I) at positive temperatures, for which we adapt the isothermal splashing
model developed by Riboux and Gordillo [3] in order to take into account the continuous variation of
liquid and gas properties with surface temperature. The model focuses on the lifting criteria for the
lamella, assuming that once a corolla appears, it will destabilize and produce a splash. This is done
by calculating the aerodynamic forces at the lamella expelling time, and by comparing them to the
counteracting capillary one using the ratio of these forces, B(R, Uy, tw, g, Pws Pg, O, 1), Where i
are the liquid and gas viscosities, p; are the densities, and A the mean free path of the air molecules.
When g > B, a threshold value, the drop is expected to splash. When the substrate temperature
is varied, some of these physical properties become temperature dependant and it is important
to determine which temperature should be considered for the different physical parameters of the
model.
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In fact, heat transfer during drop impacts has been recently analyzed in a theoretical [20] and
experimental way [21] by considering how the advection of heat affects the purely diffusive behavior
in a one way coupling between the flow and the thermal problem. At high Prandtl numbers, Pry, =
Vy /Dy, the thermal boundary layer is confined within the viscous one, which reduces the influence
of the flow on the thermal problem. A self similar temperature profile establishes within the drop,
and the substrate-liquid contact temperature is 7, = %, where ¢, and e,, are the thermal
effusivities of silicium and water, respectively, (e = ,/kpc, for any material of thermal conductivity
Kk, density p, and thermal capacity per unit mass c,) while 7 needs to be integrated numerically
[20]. At ambient temperature for water, Pry, = 7.6 which leads to Z(Pry,) & 0.8. Therefore, since
es ~ 10 ey, the correction due to advection on the contact temperature is negligible, on the order of
~1°CatT = —100°C.

With this contact temperature between the liquid and the substrate, we use the same approach as
Staat et al. [22]. To check that the current situation is the same as theirs, we similarly evaluate the
ratio of the thickness of the thermal boundary layers in the liquid and in the gas (Ay and A,) to
the size of the lamella (H,) at the time of lamella expulsion (or ejection in the terms of the original
paper) f., based on the characteristic residence time of liquid near the substrate and of air near the
lamella:

Ay NG ) A T )
Bv i [ o8 cct and 2o [T grin
H; RUOPrwﬁ';j—L H RUyPr, 5_:]

where v; are the kinematic viscosities, and v; is the lamella velocity at z.. The low Oh approximation
U] —2/3

has been made and prefactors have been dropped, allowing to write % 7. Xle /T o< We

In this situation, following Staat ef al. [22], the lamella should be considered at drop temperature
and thus, the surface tension kept constant, whereas the viscosity is considered at 7;.. Similarly, the
gas is thermalized by the surface, hence at 7', and so its density and mean free path vary with T,
whereas its viscosity is kept at drop (ambient) temperature. The air density is pg(T) = 10° /(287 x
T)kg x m~3 with T in Kelvin, the air mean free path is A(T) =68 x 107 x T/293 m and
the supercooled water viscosity is taken from Dehaoui et al. [23] as puw(Tc) = pno(T./T° — 1)77,
where (o = 1.3788 x 10™* Pa-s, T° =225.7 K, and y = 1.6438, valid down to —34°C. With
these properties, we can then use the splashing model [3] with 8, = 0.13 in order to best reproduce
the trend of our data in region (I). This value is not far from 0.14 proposed by the authors. The
prediction given by this modeling is represented by the thick red line in Fig. 3(a), where it can
be seen that the decrease in aerodynamic forces due to heating in turn creates an increase of the
impinging velocity necessary to splash. Left and right limits of the shaded areas show the predictions
for B = 0.125 and B, = 0.135 to illustrate the sensitivity of the model. We conclude that the small
variation of the transition velocity in region (I) is in accordance with this classical splashing model
extended to temperature dependent variables.

The red dashed line in region (II) in Fig. 3(a) shows the predicted transition curve at negative
temperatures, down to —34 °C. Although it seems to reproduce well the trend observed at moderate
supercoolings, as recently proposed using similar arguments [24], this framework can not be
extended at lower temperatures. Below 7y =~ —40 °C, liquid water reaches the so called “No Man’s
Land,” under which metastable liquid water only exists on short timescales compared to experi-
mental ones [25] due to the high probability of ice nucleation at these temperatures. Discarding any
effect of the solid surface and only considering homogeneous bulk nucleation, experimental data
show that the nucleation rate increases by a factor greater than 10'® over only 10 K near T; [25,26].
Therefore, extending the adapted splashing model to water supercooled below 7y would have no
physical meaning, as the flowing water within the thermal boundary layer should start freezing
immediately after contact. This vision is reinforced by the strong slope breakup close to the water
melting temperature, which suggests that solidification is responsible for this abrupt change. Note
that the presence of solidification implies that the flowing water in regions (II) and (III) is at its
melting point, hence 0 °C, a fact that will be used in the following.
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FIG. 4. Dynamic contact angle of the lamella during spreading as a function of temperature for three
different impact velocities. The solid black line is a sigmod fit of the points. The square symbols represent
ambient temperature impacts on Glaco, and the dashed horizontal line the average value of these experiments.

B. Region (II): Effect of solidification on the dynamic advancing contact angle

We now move to the understanding of the strong decrease of the splashing velocity that takes
place in region (II). In different experimental conditions, such drastic reduction of the splashing
transition velocity without changing the liquid has already been observed in the well documented
case of rough surfaces [17,27-30] and of superhydrophobic impacts [30-34]. Insights on the effect
of wettability on splashing were recently gained [35] by taking the perspective of lamella spreading.
The authors found that the dynamic contact angle of the lamella during spreading, 64, depends on
the static (advancing) contact angle of the liquid-solid system, and that it determines the splashing
of the drop. They showed that increasing this angle leads to a smaller splashing threshold: the
hydrophobicity promotes the splash through the maximal dynamical contact angle. In fact they
proposed that the threshold force balance S, is a linear function of that angle, such that for a given
impact,

Bt = —aby + ,30,

where By is the threshold value for a (theoretical) 0° angle during spreading, and « is an empirical
coefficient.

We performed a separate set of experiments in order to measure the dynamic contact angle
reached by the lamella for various substrate temperatures during the spreading at moderate impact
velocities, Uy € {0.65,0.71,0.95} ms~', where no splashing could be observed, and hence, where
a dynamic contact angle could be measured. The experimental setup is close to the one already
presented, except that the spatial resolution is increased, around 3 um/px using a Navitar X12
lens, and that the temporal resolution is in turn decreased, around 35000 fps. These experiments
were also carried out on aluminium plates covered with commercial Glaco coating, which present
a 155° equilibrium advancing contact angle with water (measured with the sessile drop method).
Previous studies on Glaco coated surfaces noted a very low surface roughness [32,36], less than
a micrometer in RMS, which should not affect the spreading nor the splashing behavior by itself:
the roughness-based Ohnesorge number being Oh, = ©/+/poRrms ~ 1, a value sufficiently large
so that roughness should have no influence on splashing, as recently shown [37]. The value of
the dynamic advancing contact angle was obtained following the method proposed by Quetzeri-
Santiago et al. [38] (see Appendix B for further details).
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Figure 4 shows the evolution of the apparent dynamic contact angle 6, as a function of surface
temperature for the three different impact velocities investigated. Surprisingly, 64 increases with
undercooling, from approximately 100° to 150° between 0 °C and —50 °C, with no visible depen-
dence on the droplet impact velocity in the range studied. Note that the dynamic angle measured
at positive temperatures, around 100°, is coherent with the one expected given the value of the
advancing equilibrium contact angle of water on the silicon wafer (60°) [32]. The square symbols
correspond to impacts on a Glaco coated surface at ambient temperature, and the dashed horizontal
line represent the averaged value of these experiments, showing a dynamic contact angle around
155° which is exactly the advancing equilibrium contact angle of water on Glaco, a result also in
agreement with previous observations that on superhydrophobic surfaces, 64 has the same value as
the advancing equilibrium contact angle [32]. The evolution of this dynamic angle with temperature
is well fitted by a sigmod function 63 = f(75), shown in black in Fig. 4(b), whose asymptotic values
are Oy + AO = 148° at low temperatures, and 6y = 101° at positive ones. We can combine that
relation with the expression for 8,(6,), so that S, is now a function of the surface temperature:

AB
11 oal—T) + 9H] + Bo.
where 0y = 101°, A0 = 47°, T, = —29°C, and a = —0.19 are the parameters of the sigmod fit.

Assuming that solidification brings the flowing water temperature back to 0 °C, whereas the air
properties follow the same dependence on temperature as before, we can use our previously adapted
model to predict the splashing transition velocity on surfaces at negative temperatures. We only
accommodate o = 0.007, not far from o = 0.0011 proposed previously [32], which necessarily
provides the value By = 0.20 in order to match our data of §; = 0.13 when 63 = 101° at positive
temperatures. Note that this value of « would also be able to separate the original data of Quetzeri-
Santiago et al. [32] due to their dispersion. This model is shown by the dark blue line in Fig. 3(a),
which accurately separates the splashing and spreading regimes in region (II). The dark blue dashed
line, which corresponds to the same model extended at lower temperatures, still shows dependence
on surface undercooling in region (III) due to the increase in aerodynamic forces as a result of the
air cooling, and hence is not able to correctly predict the transition in that temperature range.

Bu(T) = —a|

C. Region (III): Superhydrophobic behaviour

In the following, we finally wish to understand this intriguing temperature-independant minimum
splashing velocity of region (IIT), Uy i1, by making use of our previous observation that the impacts
become closer to impacts on superhydrophobic surfaces as surface temperature is decreased. Ex-
periments on superhydrophobic substrates were hence also carried out in the original experimental
setup in order to compare the effect of solidification on splashing transition velocity with the one of
superhydrophobicity.

The results of these experiments are presented in Fig. 3(b) together with a view of an impact
at t = 7. at room temperature and in the splashing regime in Fig. 2(i). Noticeably, the splashing
threshold velocity on Glaco at room temperature is close to Up . This similarity between the
two transition velocities is supported by the aspect of the splash, which strongly resembles the
very low temperature splashes on the silicon wafer [Figs. 2(g) and 2(h)]. Remarkably, cooling
superhydrophobic surfaces from ambient down to —70 °C has no effect on the splashing transition
(see Appendix C) suggesting that this minimum threshold transition velocity is already reached
on superhydrophobic substrates. This also confirms that the unadapted splashing model [3] should
not be extended to negative temperature, as it would predict a reduction of the transition velocity
with increasing undercooling also for the superhydrophobic substrates. In fact, it was recently
shown [33] that the criterion on lamella elevation is not the relevant one in the case of splashing
on superhydrophobic surfaces, the limiting process in that case being whether or not the rim of
the flying corolla can destabilize by a competition between inertia and capillary forces. In that
framework, solidification can not affect the splashing transition velocity, as the destabilization
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mechanism only depends on the flow properties and on the liquid viscosity and surface energy
in the rim, none of these being dependent on the surface temperature. Subsequently, Uy i1 appears
as a lower bound for the splashing transition velocity on any smooth surface, which explains the
saturation phenomenon in region (III).

In order to understand the value of that minimum velocity, we can compute the theoretical
superhydrophobic dynamic angle that would lead to this threshold velocity using the dependence
of B, on 64. This leads to 64 sy = 159°, very close to the one measured in our experiments,
O4.su = 155°. Note that using this measured angle would lead to a theoretical transition velocity
of 1.8 ms~!, also close to Uo.1m.-

Regarding the solidification mechanism behind our observations, we propose that the observed
change in 64 can be induced by the presence of ice at the contact line. It has been shown in several
previous studies that ice growth at a contact line is similar to the introduction of defects that can
eventually hold it or induce stick-slip behaviors. These observations [39—43] were essentially made
in the low inertia regime, where contact lines were slowly moving. In a similar way, in the high
inertia regime, these defects could induce an increase in the apparent spreading contact angle [44],
which would in turn explain the transition from hydrophilic to superhydrophobic behavior. It is
unclear whether ice nuclei are formed at the moving contact line [45] or whether they can be
advected from the bulk as previously observed [9]. Due to the short time and length scales at
stake, experimentally investigating these mechanisms is highly challenging and would be worth
a dedicated study. Additionally, we note that the saturation observed in the dynamic advancing
contact angle (Fig. 4) occurs close to the water homogeneous freezing temperature (=*—40 °C).
This concordance is compatible with our nuclei-based scenario for the increase of the advancing
contact angle on cold surfaces.

At this stage, we have shown that in positive temperatures, the splashing transition is well
modeled by a continuous variation of the air and liquid physical properties [region (I)]. Cooling
the substrate further should induce ice nucleation, which has been experimentally shown to increase
the apparent dynamic advancing angle of the lamella during spreading, which in turn lowers the
splashing threshold [region (II)]. When this threshold velocity reaches the one for superhydropho-
bic surfaces, the limiting mechanism for splashing is the corolla destabilization, independent of
temperature, and the splashing velocity settles at this unique lower bound value [region (IIT)].

IV. EFFECT OF SOLIDIFICATION ON THE EJECTA DYNAMICS

‘We now further explore the consequences of that superhydrophobic transition on the morphology
of the splashing impacts. We have already emphasized the change in impact aspect with temperature,
and the resemblance of splashes in region (III) with superhydrophobic ones. To characterize this,
the radial and vertical velocities of the fastest ejected droplets [respectively denoted by V; and V,,
as defined on Fig. 1(a)] were measured for each experiment on both sides of the drop for T < 0°C
and at ambient temperature. Figure 5(a) shows the vertical velocity of the ejecta V, as a function
of the horizontal one V;. The temperature is color coded so that region (II) corresponds to red dots
and region (III) to blue triangles. The results for the isothermal case (wafer at ambient temperature)
are also shown with red stars. The green symbols denote the impacts at ambient temperature on the
Glaco coated superhydrophobic surfaces.

Three main findings can be highlighted from these measurements. First, the spreading of the
points according to their color shows that for a given value of V;, the colder the substrate, the larger
the vertical velocity V,, resulting in an angle of ejection «. increasing with undercooling. Second,
almost all the blue points [region (IIT)] gather around an asymptotic curve outlined by the blue
line, demonstrating a saturation effect under this temperature. Finally, this asymptotic curve also
gathers all the superhydrophobic experiments. Together with the observations made in Figs. 3 and
4, these results show that cooling down the substrate below 0 °C is similar to making it more and
more hydrophobic, also from the perspective of the ejecta dynamics. Below —60 °C, the impact
systematically looks like one on a superhydrophobic substrate. Interestingly, the saturation curve
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(b)25

FIG. 5. (a) Fastest ejecta vertical velocity as a function of horizontal one: all region (III) experiments
collapse on the superhydrophobic curve, outlined by the blue quadratic curve. (b) Main Figure: fastest ejecta
horizontal velocity as a function of the impact velocity. Insert: computed fragmentation time of the corolla. On
both figures, no strong dependence on surface temperature is observed. Green symbols for superhydrophobic
impacts at ambient temperature, blue and red colors for impacts on silicon wafers at various temperatures (¢:
Glaco, e: Region (II), «: Region (III), x: T = 23°C).

represented in Fig. 5(a) is well parametrized by an empiric quadratic correlation, V, oc V2. This
correlation is in contradiction with the few previous attempts of computing the vertical velocity of
ejected droplets [46,47] based on a simplification of a more complex model for the ejecta velocity
[16]. Note that our data also suggest an influence of the superhydrophobicity on the droplet ejection
angle in the isothermal case. This is seen by comparing the star markers at an ambient temperature to
the superhydrophobic ambient ones. This experimental observation seems to disagree with a former
numerical study [48].

Furthermore, we plot the radial velocity of the fastest ejected droplet as a function of the impact
velocity Uy on Fig. 5(b). This component of the velocity seems to increase almost linearly with Uy,
and most remarkably, no dependence on temperature or wettability seems to appear. From these
values, we can evaluate the fragmentation time # as defined in Fig. 1(a). This evaluation relies on
three reasonable assumptions, namely: (i) the velocity of the droplet is the one of the corolla at #,
(i1) the dynamics of the corolla up to # follows a classical square root of time law for the wetted
radius [17,49], and (iii) these two dynamics do not vary with temperature (in agreement with former
studies [6,50]). The last two assumptions are confirmed by measurements made on all spreading
experiments of regions (II) and (IIT) (see Appendix A), for which the square root spreading law
was observed with a constant prefactor +10% and no visible dependence on temperature. In this
approach, the fragmentation time can be evaluated as t; %, which is plotted nondimensionalized
by 7. on the inset of Fig. 5(b) as a function of Uy. The decIreasing trend of the fragmentation time
as a function of impact velocity is in accordance with previous studies [16]. Again, no dependence
on the temperature or the nature of the surface can be observed. Thus, for a given impact velocity,
the fragmentation will always take place at the same time if the splash is possible. This unexpected
result suggests that solidification does not affect the splash through the fragmentation of the corolla.
Meanwhile, the aforementioned increase in ejection angle in region (II) indicates that the total work
applied by the vertical aerodynamic forces during the corolla flight time also increases with substrate
undercooling. In the existing models [16,46], this work only depends on the spreading dynamics, on
the air density and on the corolla flight time #; — #,,. As already mentioned, the spreading dynamics
are not affected by temperature. The air density only varies by 30% over the whole temperature
range, which can not explain the relative variations in vertical velocity observed here. We can thus
claim that cooling down the substrate increases the corolla flight time # — #,, in region (II). As
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t¢ is independent of 7', we conclude that solidification favors the early takeoff of the corolla in
region (II), up to reaching the asymptotic case of superhydrophobiclike behavior of region (III).
This may be possible due to the higher dynamic contact angle reached by the lamella, that can favor
an early corolla takeoff that is undoubtedly caused by aerodynamic effects over the flowing lamella
[15,34,48].

V. CONCLUSION

To sum up our findings, in this article, we showed that the splashing of water droplets is enhanced
on surfaces cooled under the liquid melting temperature. We were able to relate this experimentally
to the increase in the lamella dynamic contact angle during spreading, a fact that is thought to be a
consequence of ice growth near the contact line. When the flowing lamella becomes similar to the
one flowing over a superhydrophobic surface, the enhancement of splashing is neutralized, so that
below a critical temperature the splashing velocity is set to a fixed value, independent of temperature.
This behavior is well captured by an adaptation of existing models. We also investigated the effect
of this superhydrophobic transition on the morphology of the splash by measuring the velocity
of the ejecta. Our findings reinforce the idea that regarding drop impact, cooling modifies the
substrates dynamic wettability, and suggest an intriguing relationship between this property and
the ejection angle of the fragmented droplets. Using classical splashing scenarios, we show that
the observed increase in ejection angle with decreasing dynamic wettability can be related to the
take-off dynamics of the corolla. Up to now, few studies have looked at these dynamics [15,48],
although we show here that it might be an essential ingredient in understanding the ejection features
of fragmented droplets both as a function of undercooling and wettability. In further studies, we
wish to investigate the latter more systematically in order to provide a better vision of the scenarios
discussed here.
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APPENDIX A: SPREADING DYNAMICS OF NONSPLASHING IMPACTS

Figure 6 shows the spreading factor time evolution for two different sets of nonsplashing
experiments at the same velocity and different temperatures. No clear dependence of the spreading
dynamics is visible.

All those dynamics can be fitted to a square root of time law during the first instants: r(t) = k+/t
[17]. For the position of the root of the lamella, k.o = /3UpR is expected [3,51], so we expect k
for the tip of the lamella to be slightly larger.

t/7. t/7.
(a) Up =~ 1.5m/s (b) Up =~ 2.25m/s

FIG. 6. Time evolution of the nondimensional wetting radius for two different sets of constant velocity
experiments.
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FIG. 7. Fitted values of the spreading prefactor for all nonsplashing experiments of regions (II) and (IIT)

In Fig. 7, we plot the prefactors k as a function of surface temperature and impact Weber number.
No visible dependence on temperature can be observed, and k/ k. is constant +=10%, of order unity.
From this spreading law, the spreading lamella velocity is thus Vi(¢) oc 1/4/7, so for a given

velocity, t %.

APPENDIX B: DYNAMIC CONTACT ANGLE MEASUREMENT METHODOLOGY

As mentioned in the main text, the dynamic contact angle measurement method is based on the
one proposed by Quetzeri-Santiago et al. [38].

On each frame, we fit a second order polynomial to the N = f x Ry first pixels of the lamella,
starting from the contact line, where f is a fraction varied between 5 and 10%, and Ry is the drop
radius in pixels. For each chosen f, the dynamic apparent contact angle is taken as the slope of
the tangent at the contact line position. The chronophotographies in Fig. 8(a) illustrate the result
of that process for different time steps and pixel numbers and two substrate temperatures. From a

b) 180
o) T=-32°C
160
(@)
vv 8 8 ed
f=005 — Gy
) o A
=006 — i
f=0.07 005 o
f=0.08
009 f=006 ¢ t
f:O.W f=0.07 N
e f=0.08
f=0.09
f=0.1 ©
000 025 05 075 100 125 150 175 200
U, (m/s)
FIG. 8. (a) Chronophotographies of the spreading lamella for drops impacting at 0.7 ms~' on surfaces

cooled at —4°C and —51 °C. The colors code for the fraction of drop radius taken to fit the lamella profile.
(b) Contact line velocity dependance of the dynamic contact angle during lamella spreading for a drop
impacting a wafer at —37 °C with a velocity of Uy = 0.7 ms™!
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FIG. 9. Phase diagram of impact outcome on superhydrophobic surfaces (¢: Glaco, l: UED). No visible
dependence of splashing transition velocity with temperature.

qualitative perspective, it is clear that the dynamic spreading angle increases as the temperature is
decreased.

The typical contact line velocity dependence of the dynamic angle is shown in Fig. 8(b) for
an experiment. At high velocities, the results for the different fractions are highly dispersed. At low
contact line velocities, the angle increases due to the progressive pinning of the contact line. In order
to quantitatively characterize each experiment by a unique angle, we removed all time steps where
the deviation on the measured angle between the tested f is greater than 2.5°, and then averaged the
angle values over times where the contact line velocity is within the range [0.5, 1] ms~'. The lower
bound is chosen in order to avoid the effects related to contact line pinning; the higher one is chosen
so that for all experiments, a significant contact angle could be measured at that velocity (i.e., an
angle for which the deviation between the different fractions was below 2.5°). Note that it is lower
than the one chosen by Quetzeri-Santiago et al. [38], 2 ms~!, a velocity that was not in reach of our
experimental resolution. Also note that, as the angle increases at low velocities, we do not make use
of the denomination “maximal dynamic contact angle” proposed by these authors [35], but rather
talk about a dynamic contact angle, which is in fact the one measured at high lamella velocities.

APPENDIX C: IMPACT OUTCOMES ON COLD SUPERHYDROPHOBIC SURFACES

Figure 9 shows the phase plot on the Glaco coated superhydrophobic surface, and on a surface
coated with commercial Ultra Ever Dry (UED). As this latter surface is harder to characterize and
macroscopically less smooth, it was not used in the article. No visible dependence of the splashing
transition velocity on temperature is observed.

APPENDIX D: IMPACT VIDEOS

Videos of some impacts of Fig. 2 are provided in the Supplemental Material [52].

063603-12



MAKING SUPERHYDROPHOBIC SPLASHES BY SURFACE ...

[1] C. Mundo, M. Sommerfeld, and C. Tropea, Droplet-wall collisions: Experimental studies of the deforma-
tion and breakup process, Int. J. Multiphase Flow 21, 151 (1995).

[2] L. Xu, W. W. Zhang, and S. R. Nagel, Drop Splashing on a Dry Smooth Surface, Phys. Rev. Lett. 94,
184505 (2005).

[3] G. Riboux and J. M. Gordillo, Experiments of Drops Impacting a Smooth Solid Surface: A Model of the
Critical Impact Speed for Drop Splashing, Phys. Rev. Lett. 113, 024507 (2014).

[4] S.D. Aziz and S. Chandra, Impact, recoil and splashing of molten metal droplets, Int. J. Heat Mass Transf.
43, 2841 (2000).

[5] R. Dhiman and S. Chandra, Freezing-induced splashing during impact of molten metal droplets with high
Weber numbers, Int. J. Heat Mass Transf. 48, 5625 (2005).

[6] M. V. Gielen, R. de Ruiter, R. B. Koldeweij, D. Lohse, J. H. Snoeijer, and H. Gelderblom, Solidification
of liquid metal drops during impact, J. Fluid Mech. A 883, 32 (2020).

[7] V. Thiévenaz, T. Seén, and C. Josserand, Solidification dynamics of an impacted drop, J. Fluid Mech.
874,756 (2019).

[8] V. Thiévenaz, T. Séon, and C. Josserand, Freezing-damped impact of a water drop, Europhys. Lett. 132,
24002 (2020).

[9] P. Kant, R. B. Koldeweij, K. Harth, M. A. van Limbeek, and D. Lohse, Fast-freezing kinetics inside a
droplet impacting on a cold surface, Proc. Natl. Acad. Sci. USA 117, 2788 (2020).

[10] V. Y. Lolla, S. F. Ahmadi, H. Park, A. P. Fugaro, and J. B. Boreyko, Arrested Dynamics of Droplet
Spreading on Ice, Phys. Rev. Lett. 129, 074502 (2022).

[11] A. Dash, A. Kumar Sahoo, A. Yadav, and V. Patel, Computational modelling of freezing of water droplet
impacting on an ice surface, Materials Today: Proceedings 41, 156 (2020).

[12] A. Baumert, S. Bansmer, P. Trontin, and P. Villedieu, Experimental and numerical investigations on
aircraft icing at mixed phase conditions, Int. J. Heat Mass Transf. 123, 957 (2018).

[13] T. Cebeci and F. Kafyeke, Aircraft icing, Annu. Rev. Fluid Mech. 35, 11 (2003).

[14] F. Zheng, Z. Wang, J. Huang, and Z. L1i, Inkjet printing-based fabrication of microscale 3D ice structures,
Microsyst Nanoeng 6, 89 (2020).

[15] A. Latka, Thin-sheet creation and threshold pressures in drop splashing, Soft Matter 13, 740 (2017).

[16] G. Riboux and J. M. Gordillo, The diameters and velocities of the droplets ejected after splashing, J. Fluid
Mech. 772, 630 (2015).

[17] R. Rioboo, M. Marengo, and C. Tropea, Time evolution of liquid drop impact onto solid, dry surfaces,
Exp. Fluids 33, 112 (2002).

[18] J. Eggers, M. A. Fontelos, C. Josserand, and S. Zaleski, Drop dynamics after impact on a solid wall:
Theory and simulations, Phys. Fluids 22, 062101 (2010).

[19] S. T. Thoroddsen, K. Takehara, and T. G. Etoh, Micro-splashing by drop impacts, J. Fluid Mech. 706, 560
(2012).

[20] I. V. Roisman, Fast forced liquid film spreading on a substrate: flow, heat transfer and phase transition,
J. Fluid Mech. 656, 189 (2010).

[21] A. S. Moita, A. L. N. Moreira, and I. V. Roisman, Heat transfer during drop impact onto a heated solid
surface, in Proceedings of the 14th International Heat Transfer Conference, International Heat Transfer
Conference Vol. 6 (ASME Press, New York, 2010), pp.803-810.

[22] H.J.J. Staat, T. Tran, B. Geerdink, G. Riboux, C. Sun, J. M. Gordillo, and D. Lohse, Phase diagram for
droplet impact on superheated surfaces, J. Fluid Mech. 779, R3 (2015).

[23] A. Dehaoui, B. Issenmann, and F. Caupin, Viscosity of deeply supercooled Water and its coupling to
molecular diffusion, Proc. Natl. Acad. Sci. USA 112, 12020 (2015).

[24] J. Lei, Y. Gou, Y. Liu, J. Li, and S. Shen, Splashing characteristics and dynamics of drops impingement
on, Experimental Thermal and Fluid Science, 110863 (2023).

[25] T. Koop, Homogeneous ice nucleation in water and aqueous solutions, Zeitschrift fur Physikalische
Chemie 218, 1231 (2004).

[26] H. R. Pruppacher, A New Look at Homogeneous Ice Nucleation in Supercooled Water Drops, J. Atmos.
Sci. 52, 1924 (1995).

063603-13


https://doi.org/10.1016/0301-9322(94)00069-V
https://doi.org/10.1103/PhysRevLett.94.184505
https://doi.org/10.1103/PhysRevLett.113.024507
https://doi.org/10.1016/S0017-9310(99)00350-6
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.044
https://doi.org/10.1017/jfm.2019.886
https://doi.org/10.1017/jfm.2019.459
https://doi.org/10.1209/0295-5075/132/24002
https://doi.org/10.1073/pnas.1912406117
https://doi.org/10.1103/PhysRevLett.129.074502
https://doi.org/10.1016/j.matpr.2020.08.447
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.008
https://doi.org/10.1146/annurev.fluid.35.101101.161217
https://doi.org/10.1038/s41378-020-00199-x
https://doi.org/10.1039/C6SM02321E
https://doi.org/10.1017/jfm.2015.223
https://doi.org/10.1007/s00348-002-0431-x
https://doi.org/10.1063/1.3432498
https://doi.org/10.1017/jfm.2012.281
https://doi.org/10.1017/S0022112010001126
https://doi.org/10.1017/jfm.2015.465
https://doi.org/10.1073/pnas.1508996112
https://doi.org/10.1016/j.expthermflusci.2023.110863
https://doi.org/10.1524/zpch.218.11.1231.50812
https://doi.org/10.1175/1520-0469(1995)052<1924:ANLAHI>2.0.CO;2

GRIVET, HUERRE, SEON, AND JOSSERAND

[27] T. C. De Goede, N. Laan, K. G. De Bruin, and D. Bonn, Effect of wetting on drop splashing of newtonian
fluids and blood, in Langmuir, Vol. 34 (UTC, 2018) pp. 5163-5168

[28] P. Garcia-Geijo, E. S. Quintero, G. Riboux, and J. M. Gordillo, Spreading and splashing of drops
impacting rough substrates, J. Fluid Mech. 917, A50 (2021).

[29] R. Rioboo, C. Tropea, and M. Marengo, Outcomes from a drop impact on solid surfaces, Atomization and
Sprays 11, 12 (2001).

[30] D. G. Aboud and A. M. Kietzig, Splashing Threshold of Oblique Droplet Impacts on Surfaces of Various
Wettability, Langmuir 31, 10100 (2015).

[31] H. Almohammadi and A. Amirfazli, Droplet impact: Viscosity and wettability effects on splashing,
J. Colloid Interface Sci. 553, 22 (2019).

[32] M. A. Quetzeri-Santiago, A. A. Castrejon-Pita, and J. R. Castrejon-Pita, The Effect of Surface Roughness
on the Contact Line and Splashing Dynamics of Impacting Droplets, Sci. Rep. 9, 15030 (2019).

[33] E. S. Quintero, G. Riboux, and J. M. Gordillo, Splashing of droplets impacting superhydrophobic
substrates, J. Fluid Mech. 870, 175 (2019).

[34] H. Zhang, X. Zhang, X. Yi, F. He, F. Niu, and P. Hao, Effect of wettability on droplet impact : spreading
and splashing, Experimental Thermal and Fluid Science, 124 110369 (2021).

[35] M. A. Quetzeri-Santiago, K. Yokoi, A. A. Castrejon-Pita, and J. R. Castrejon-Pita, Role of the Dynamic
Contact Angle on Splashing, Phys. Rev. Lett. 122, 228001 (2019).

[36] K. R. Langley, E. Q. Li, I. U. Vakarelski, and S. T. Thoroddsen, The air entrapment under a drop impacting
on a nano-rough surface, Soft Matter 14, 7586 (2018).

[37] T. De Goede, K. De Bruin, N. Shahidzadeh, and D. Bonn, Droplet splashing on rough surfaces, Phys. Rev.
Fluids 6, 043604 (2021).

[38] M. A. Quetzeri-Santiago, J. R. Castrejon-Pita, and A. A. Castrejon-Pita, On the analysis of the contact
angle for impacting droplets using a polynomial fitting approach, Exp. Fluids 61, 143 (2020).

[39] R. Grivet, A. Monier, A. Huerre, C. Josserand, and T. Séon, Contact Line Catch Up by Growing Ice
Crystals, Phys. Rev. Lett. 128, 254501 (2022).

[40] F. Tavakoli, S. H. Davis, and H. P. Kavehpour, Spreading and arrest of a molten liquid on cold substrates,
Langmuir 30, 10151 (2014).

[41] R. Herbaut, P. Brunet, L. Limat, and L. Royon, Liquid spreading on cold surfaces: Solidification-induced
stick-slip dynamics, Phys. Rev. Fluids 4, 033603 (2019).

[42] S. Schiaffino and A. A. Sonin, Motion and arrest of a molten contact line on a cold surface: An
experimental study, Phys. Fluids 9, 2217 (1997).

[43] M. Jalaal, C. Seyfert, B. Stoeber, and N. J. Balmforth, Gel-controlled droplet spreading, J. Fluid Mech.
837, 115 (2018).

[44] J. F. Joanny and P. G. De Gennes, A model for contact angle hysteresis, J. Chem. Phys. 81, 552 (1984).
[45] F. Tavakoli, S. H. Davis, and H. P. Kavehpour, Freezing of supercooled water drops on cold solid
substrates: initiation and mechanism, Journal of Coatings Technology and Research 12, 869 (2015).

[46] D. A. Burzynski and S. E. Bansmer, Role of surrounding gas in the outcome of droplet splashing, Phys.
Rev. Fluids 4, 073601 (2019).

[47] D. A. Burzynski, I. V. Roisman, and S. E. Bansmer, On the splashing of high-speed drops impacting a dry
surface, J. Fluid Mech. 892, A2 (2020).

[48] A. Latka, A. M. Boelens, S. R. Nagel, and J. J. De Pablo, Drop splashing is independent of substrate
wetting, Phys. Fluids 30, 022105 (2018).

[49] C. Josserand and S. Zaleski, Droplet splashing on a thin liquid film, Phys. Fluids 15, 1650 (2003).

[50] P. Kant, H. Miiller-Groeling, and D. Lohse, Pattern Formation during the Impact of a Partially Frozen
Binary Droplet on a Cold Surface, Phys. Rev. Lett. 125, 184501 (2020).

[51] J. Philippi, P. Y. Lagrée, and A. Antkowiak, Drop impact on a solid surface: Short-time self-similarity,
J. Fluid Mech. 795, 96 (2016).

[52] See Supplemental Material at http://link.aps.org/supplemental/10.1103/PhysRevFluids.8.063603 for
videos corresponding to the snapshots of Fig. 2.

063603-14


https://doi.org/10.1017/jfm.2021.313
https://doi.org/10.1615/AtomizSpr.v11.i2.40
https://doi.org/10.1021/acs.langmuir.5b02447
https://doi.org/10.1016/j.jcis.2019.05.101
https://doi.org/10.1038/s41598-019-51490-5
https://doi.org/10.1017/jfm.2019.258
https://doi.org/10.1016/j.expthermflusci.2021.110369
https://doi.org/10.1103/PhysRevLett.122.228001
https://doi.org/10.1039/C8SM01070F
https://doi.org/10.1103/PhysRevFluids.6.043604
https://doi.org/10.1007/s00348-020-02971-1
https://doi.org/10.1103/PhysRevLett.128.254501
https://doi.org/10.1021/la5017998
https://doi.org/10.1103/PhysRevFluids.4.033603
https://doi.org/10.1063/1.869344
https://doi.org/10.1017/jfm.2017.844
https://doi.org/10.1063/1.447337
https://doi.org/10.1007/s11998-015-9693-0
https://doi.org/10.1103/PhysRevFluids.4.073601
https://doi.org/10.1017/jfm.2020.168
https://doi.org/10.1063/1.5012529
https://doi.org/10.1063/1.1572815
https://doi.org/10.1103/PhysRevLett.125.184501
https://doi.org/10.1017/jfm.2016.142
http://link.aps.org/supplemental/10.1103/PhysRevFluids.8.063603

