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We study the contact line dynamics of a liquid drop on a substrate at temperature
Ts colder than the freezing temperature Tm. The purpose is to determine experimentally
the criterion for a solidification-induced pinning of the liquid at its triple line. The sub-
strate is driven at constant velocity, while the upper part of the drop is pinned to the
injection pipe. Within a certain range of substrate velocity and temperature difference
Tm − Ts, the solidification can induce contact-line pinning. This pinning occurs when the
velocity of the substrate is slower than a critical value Vc and leads to a discontinuous
stick-slip dynamics of the contact line, while at high enough velocity the contact-line
motion remains continuous. Stick-slip dynamics appear when the solid front, showing
dendritic structure, catches up the advancing contact line. We study the dynamics of the
stick-slip regime at different substrate velocities Vs, Tm − Ts, and injection flow rate Q.
We relate the dependence of Vc on Tm − Ts to the velocity of the solidification front Vf

calculated and measured with an independent experiment. These results are consistent with
a mechanism of kinetic undercooling where the front velocity follows a trend reminiscent
to that measured and predicted in dendritic solidification front growth.

DOI: 10.1103/PhysRevFluids.4.033603

I. INTRODUCTION

How does solidification influence the dynamics of liquid spreading on a substrate, and what
determines the arrest of spreading by the solid under formation? This fundamental question is of
primary importance in various applied situations like airplane icing [1], thermal spray coating of
surfaces [2], soldering [3], or three-dimensional additive manufacturing [4–6]. It is also encountered
in geophysics, like in the flow of molten lava [7] or the formation of ice stalagmites[8–10] or snow
penitentes [11].

The spreading of liquids on substrates is essentially ruled by an equilibrium between capillarity
and viscous stress near the triple line, where solid, liquid, and vapor meet [12]. When solidification
is induced from a cold substrate, one has to combine hydrodynamics of spreading with heat transfer,
phase change, and solidification front dynamics in a complex, singular, and dynamically evolving
geometry. One of the main difficulties to overcome is the regularization of a singularity at the triple
line in both the viscous shear stress [12–14] and the thermal heat flux [15,16].

In particular, the forming solid can induce a pinning force in the vicinity of the triple line, which
can lead to discontinuous spreading or spreading arrest. Then the natural question that arises is
to determine this arrest condition. However, studies of contact line dynamics in the presence of
solidification are scarce. Some studies have attempted to address this issue, but the answer remains
elusive. Among the pioneers, Schiaffino and Sonin studied experimentally and theoretically the
spreading of liquid wax on a growing basal solid wax [16–18]. The liquid puddle was fed by a
continuous spraying of droplets. They proposed a pinning criterion based on a critical value for
the apparent contact angle. However, their criterion is very specific to the case of a liquid puddle

2469-990X/2019/4(3)/033603(14) 033603-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.4.033603&domain=pdf&date_stamp=2019-03-27
https://doi.org/10.1103/PhysRevFluids.4.033603


HERBAUT, BRUNET, LIMAT, AND ROYON

TABLE I. Physical properties of hexadecane and pentadecane in the liquid and solid states. Extracted from
Refs. [22,23].

C16H34 C16H34 C15H32 C15H32

(liquid) (solid) (liquid) (solid)

μ (Pa s) 0.003 - 0.003 -
ρm (kg/m3) 774 833 774 786
γ (N/m) 0.028 - 0.026 -
Cp [−J/(kg K)] 2310 1800 2200 2170
α (m2/s) 8.4×10−8 1.0×10−7 1.05×10−7 1.05×10−7

k [W/(m K)] 0.15 0.15 0.18 0.18
L (J/kg) 2.3×105 2.3×105 1.6×105 1.6×105

advancing on its own frozen basal melt, with a quadruple line. More recently, Tavakoli et al. [19]
investigated the spreading of a droplet on cold glass substrate. From the fact that the conductivity
of ambient air is negligible compared to that of liquid, the isotherm T = Tm is normal to the
free surface, and the heat flux is assumed to diverge (or at least to be strongly enhanced) when
approaching the triple line. Hence they proposed a condition of pinning based on a critical frozen
volume at the triple line. Finally, de Ruiter et al. [20] studied experimentally the early spreading and
arrest of a drop of hexadecane spreading on cold substrates. The experiments were consistent with
an arrest criterion based on a critical contact-line velocity for pinning, which value is dependent on
�T = Tm − Ts, suggesting a mechanism ruled by kinetic undercooling [21].

The present study aims to determine experimentally the dynamics of liquid spreading in the
presence of solidification induced by a cold substrate. The main question we intend to answer is
how and when the local formation of a solid (presumably in the vicinity of the substrate, and near
the contact line) can induce the liquid pinning and arrest of spreading? We opted for an original
experimental setup that allows to operate under situations of steady states, where the substrate
temperature and the spreading velocity are accurately controlled. We visualize and record the
contact-line dynamics and the solidification front. We observe that the spreading dynamics can
adopt two distinct behaviors: (1) continuous advancing of the contact line at constant velocity and
(2) discontinuous advancing with stick-slip dynamics. The transition between the two regimes is
determined by a threshold in velocity that is temperature-dependent. Beyond the measurement of
this threshold, we also carried out measurements in the stick-slip regime to determine the typical
frequency of the stop-and-go dynamics as well as the contact angle at the onset of depinning.

Finally, since the pinning transition offers a way to measure a solidifying front velocity in this
peculiar geometry of liquid spreading, we compare our results to direct measurements of the front
dynamics in a bulk, boundless geometry, which reveals a crucial influence of the front stability.

The paper is organized as follow: in Sec. II we describe the experimental setup and show
qualitative observations, in Sec. III we present the experimental results, and in Sec. IV we discuss
the criterion for pinning in light of independent measurements of front velocity versus temperature.
Section V concludes with the main outcomes of our results.

II. EXPERIMENTAL SETUP

A liquid droplet is deposited on a moving substrate, a 4-inch-diameter polished silicon wafer,
of temperature Ts below the melting point of liquid Tm. In order to circumvent the difficulties
inherent to water (operating below 0 ◦C), we opted for linear alkane, namely, pentadecane (C15H32)
and hexadecane (C16H34), as liquids (see properties in Table I, extracted from Refs. [22,23]). The
choice for these liquids was dictated by several criteria. First, their melting temperature of 8.5 ◦C
and 18.5 ◦C, respectively, allows us to operate under ambient conditions. Furthermore, contrary to
water, both of these liquids exhibit very reduced supercooling. Also, condensation on the substrate
can be prevented by operating in a dry atmosphere. However, during our attempts with water at

033603-2



LIQUID SPREADING ON COLD SURFACES: …

Peltier cell
Silicon wafer

Dry Air

Motorized Translation Stage

Syringe pump

Q

VS

Advancing line

Fixed injector

FIG. 1. Sketch of the experimental setup.

T < 0 ◦C, we could observe significant evaporation that influences the dynamics. With our non-
volatile liquids (and still with viscosity within the range of usual liquids like water), this evaporation
is nonsignificant, and we simply prevent the condensation of water from atmosphere on the substrate
by injecting dry air inside the box in which the wafer is placed.

To operate in partial wetting situations with relatively low contact-angle hysteresis is a necessary
condition to observe clear and reproducible dynamics. Hence, the substrate is chemically treated
with a grafting of a self-assembled monolayer (SAM) of a low-energy fluorosilane: 1H, 1H, 2H,
2H perfluorodecyltrichlorosilane, hereafter denoted as PFTS. This grafting with covalent bonds is
known to ensure a robust and durable coating, both mechanically and chemically. When any sign
of coating degradation would be detected, we would replace the wafer with a new coating. For
both liquids, the resulting static (receding and advancing) wetting angles are θr = 23 ◦ ± 3 ◦ and
θa = 66 ◦ ± 2 ◦ and independent of the substrate temperature.

The liquid is poured through a needle injector of diameter d = 2 mm, held at a distance of 2 mm
from the substrate. The liquid is pumped by a syringe driver (Havard Apparatus reference 55-3333)
at constant flow rate Q, forming a continuously filled capillary bridge between needle and substrate.
The value of Q is chosen within a certain range, depending on both Vs and �T , in order to ensure
that the injector and the substrate remain connected by the liquid. If Q is too small, the drop stretches
and pinches off, and if Q is too large, one does not observe any steady state.

The temperature of the wafer Ts is imposed by a Peltier cell device and controlled with a feedback
loop with an accuracy of ±0.25 ◦C. The undercooling (�T = Tm − Ts) ranges from 0.25 ◦C to 5 ◦C.
To avoid external perturbations, the substrate and the injecting needle are enclosed in a transparent
plexiglass cylinder. The temperature of liquid before injection, ambient air, and injector are kept at
21 ±1 ◦C.

The wafer, Peltier cell, dry air injector, and transparent box are bound on a micro-positioning
motorized stage (Newport Universal Motion Controller ESP 300). This allows us to control the
velocity of the substrate within a range of 0.01 to 100 mm/s, as illustrated in Fig. 1. Conversely,
the injecting needle is fixed to the laboratory frame. The top of the droplet (or bridge) remaining
pinned on the needle, the substrate velocity is also the advancing velocity of the deposited liquid on
the substrate. The side view of the drop shape and dynamics is recorded with a camera (IDS, ref.
UI-306XCP-M), together with back-lighting from a fiber optic cold light.

In Table I we indicate the physical properties (surface tension γ , melting temperature Tm, latent
heat L, heat capacity Cp, density ρm, thermal diffusivity α, thermal conductivity k, and viscosity μ)
of both alkane, in solid and liquid phases.

III. OBSERVATIONS OF THE DYNAMICS

The dynamics of spreading is investigated by prescribing the value of the undercooling �T . We
also operate with constant flow rate Q. Keeping these two quantities constant, we carry out different
runs varying the velocity Vs of the translation stage in the laboratory frame. For each run, we capture
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FIG. 2. Typical shape of the drop of hexadecane near the advancing line in the continuous regime
(left: �T = 0.25 ◦C, Vs = 0.8 mm/s, Q = 200 μl/min) and in the stick-slip regime (right: �T = 2 ◦C,
Vs = 1 mm/s, Q = 100 μl/min). In the latter situation, the solid front catches up the advancing line. In both
cases and in the next images, the substrate moves from right to left. The green line represents the substrate
vertical position, below which the reflected image of the drop can be seen.

and record the whole dynamics of the advancing contact line, as well as the shape of the free surface
and the solidification front. The substrate is carefully cleaned with ethanol and dried between two
runs. Then we start a new series of runs with a different value of �T .

For each value of �T within a given range, there exists a critical velocity for the plate where
the motion of the contact line undergoes a transition from continuous to stop-and-go. For low
undercooling �T and high enough velocity Vs, the advancing contact line dynamics is continuous
and remains at the same location in the laboratory frame: the velocity of the contact line is V = 0
in the laboratory frame. For strong undercooling �T and low enough velocity Vs, we observe
discontinuous dynamics. This stick-slip motion coincides with the observation of the solidification
front reaching the liquid wedge at the triple line. The velocity V also takes nonconstant values,
jumping from V = 0 to V = −Vs in the laboratory frame (the advancing velocity in the frame of
the substrate being then V + Vs). The determination of the critical velocity Vc(�T ) defining the
transition is limited to small enough values of �T , typically below 5 ◦C, due to the maximal value
prescribed by the translation stage (about 100 mm/s). Also, due to the limited size of the wafer, some
experiments at high velocities were dismissed as it was obvious that the duration of the experiment
was too short for the contact-line motion to reach a steady regime. In Fig. 2, we show the typical
shapes of the drop in the continuous spreading (Left) and stick-slip (Right) regimes. In the latter
situation, the freezing front reaches the advancing contact-line.

It is remarkable that the measured transition threshold is almost independent on the flow rate and
remains constant with Q over a large range from Q = 50 μl/min to Q = 40 000 μl/min.

Let us also notice that the stick-slip can either show a rather periodic motion or be rather
aperiodic. In both cases, averaged characteristic values for the frequency and jump lengths can
be extracted from long-time acquisitions.

The shape of the liquid free surface also exhibits two different behaviors depending on
which regime is selected: while this shape remains steady in the continuous regime, it fluctuates
significantly during the stick-slip regime. Thus the dynamical contact angle at the advancing wedge
θad also exhibits sharp variations followed by a slower relaxation, and conversely θad remains almost
constant in the continuous regime.

In Fig. 3 we shows an example of side view of advancing contact line at relatively high velocity V
and small �T . In this situation, the liquid slides along the substrate and we observe the solidification
front behind the liquid contact line. The sequence shows a transient behavior over a few seconds
after the plate is put in motion and before the liquid shape and solid front reach a final state. By
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FIG. 3. Sequence of transient behavior of a drop experiencing continuous advance on a cold moving
substrate (�T = 0.25 ◦C, Vs = 0.8 mm/s, Q = 200 μl/min). The solid-liquid front visibly recedes away from
the advancing line. The drop shape and contact-line location reach a steady state. The corresponding typical
video is available in Ref. [24].

looking within the liquid, one clearly sees that during these few seconds, the solidification front
recedes away from the contact line.

Let us describe the typical situation of continuous dynamics: after a few seconds of a transient
behavior, the position of the contact line stabilizes at a position X � X0 in the laboratory frame.
Also, after a short transient, the contact angle remains constant throughout the experiment.
Unavoidable tiny fluctuations due to substrate imperfections are observed.

If now the substrate velocity is decreased below a critical value Vs < Vc, keeping �T constant,
we observe a stick-slip dynamics, and the transient behavior is now illustrated by a typical sequence
like that in Fig. 4. Clearly the solid front, initially behind the contact line, catches up and induces the
pinning of the contact line for some time. As the plate continues to move, the liquid eventually un-
pins from the solid front and experiences a phase of sharp acceleration (during which V � Vs). The
solidification disturbs the liquid spreading and changes the dynamics of contact line on the substrate.

The typical duration between each slip event ranges between 1 and 15 s, depending on the
experimental conditions. The duration of the stick phase is generally longer than that of the slip one.
Figure 5 shows the typical behavior of both the contact-line position and the advancing dynamical
contact angle θad, in the stick-slip regime.

IV. QUANTITATIVE RESULTS

A. The threshold for stick-slip spreading

We measure the threshold velocity Vc for different �T , by operating at fixed �T , starting from
a continuous spreading regime and slowly decreasing Vs. The value of Vc is retained as soon as the
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FIG. 4. Sequence of transient behavior of a drop experiencing discontinuous (stick-slip) dynamics on a cold
moving substrate (�T = 0.75 ◦C, Vs = 0.5 mm/s, Q = 500 μl/min). The solid-liquid front visibly catches up
to the advancing line before pinning occurs, leading to an arrest of the contact line and an increase of the
advancing angle. The corresponding typical video is available in Ref. [24].

first occurrence of advancing contact-line pinning is recorded. We also control that this pinning is
not due to any dust on the substrate, and hence that it also corresponds to a situation where the solid
lies in the vicinity of the contact line.

Figure 6 shows this critical velocity Vc versus undercooling �T , for both hexadecane (red
squares) and pentadecane (blue squares). For the two liquids studied, the critical velocity follows a
power law with the best fit on the exponent yields

Vc = a × �T 2.65. (1)

Also plotted in Fig. 6 are the values of the maximal velocity of the solid front measured with an
independent setup described later (red and blue circles). The error bars reflect the uncertainty on the
substrate temperature, which cannot be controlled better than ±0.25◦. The prefactor a equals 1.075
for pentadecane and 1.587 for hexadecane.

B. Instantaneous velocity and critical angle

We now focus closer on the stick-slip dynamics. First, we record the relative velocity between
contact line and substrate versus time during several stick-slip events. A typical example is shown
in Fig. 7, where the value of velocity 〈V 〉 averaged over seven stick-slip events is plotted versus
(t − t0), the time after each onset of slip event and t0 taken as the initial time of each slip event. We
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FIG. 5. Advancing dynamical contact angle θad and relative position of contact line (X − X0) versus time,
of hexadecane, over several stick-slip events (�T = 0.75 ◦C, Vs = 1 mm/s, Q = 1100 μl/min).

define the stick phase, respectively, by the moment the contact-line velocity V (or its average 〈V 〉)
equals −Vs. It is indicated by arrows in the plot. We observed experimentally that 〈V 〉 overcomes the
prescribed substrate velocity Vs (here, 1 mm/s) by one and a half order of magnitude. Furthermore,
the duration of the slip phase (about half a second in the example shown) is generally much shorter
than that of the stick phase (here about 3 s). In the example shown, a bump in velocity appears about
0.7 s after the initial time t0, which suggests that the pinning can sometimes appear in two stages.

FIG. 6. Critical velocity Vc versus �T for pentadecane (blue diamonds) and hexadecane (red diamonds).
The blue and red circles stand for the velocity of the solid front directly measured in a bulk experiment (setup
in Fig. 10 detailed in Sec. V), respectively, for pentadecane and hexadecane. The red and blue plain lines
represent the best fit by a power law Vc ∝ �T 2.65. The power law is also emphasized in the insert where the
data are plotted in log-log axes.
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FIG. 7. Relative velocity of the advancing contact line versus time (t − t0), with t0 is the time at the onset
of sliding. The velocity is averaged from seven successive stick-slip events, which are represented in the insert
(�T = 0.75 ◦C, Vs = 1 mm/s, Q = 1100 μl/min).The arrow below shows the approximate time locations of
the slip and stick phases, with the gradation of color indicating the relative uncertainty of the transition when
considering the averaged velocity 〈V 〉.

During the stick phase, the forming solid pins the liquid at its contact line while the translation
stage continues moving. Hence, the apparent angle (i.e., formed between the liquid and the
horizontal substrate) increases with time until it reaches a critical value; see Fig. 5. In the seek
for a pinning criterion, we also recorded the critical angle θc (at the onset of depinning) beyond
which the liquid unpins and spreads ahead the solid front. See Ref. [24] for the values of θc versus
Vs at different values of �T and two liquids, θc, in ranges between 60◦ and 105◦. Although the trend
roughly suggests an increase of the lower and upper bounds of θc with Vs, no noticeable dependency
on the different quantities (Vs, �T , Q) could be deduced from these measurements. Also, it is to be
noted that this critical angle could not be related to the maximal velocity measured and presented
in Fig. 7. For instance, a critical angle of 90◦ would lead to a contact-line velocity of roughly
150 mm/s in the frame of the capillary-viscous Cox-Voinov theory [25]. We clearly measured far
slower maximal velocities. It is not that surprising considering that at V = 30 mm/s (the typical
order of the maximal velocity measured under moderate Vs and �T ), the Reynolds number is about
10. Therefore, inertia is not negligible in the spreading process (which will lead to major inertial
slow down), and we are out of the framework of Cox-Voinov’s theory.

C. Influence of the injection flow rate

We keep Q within the range for the substrate and the injector to be connected (see Sec. II),
and we check whether or not Q influences the dynamics of stick-slip. First and probably most
importantly, the flow rate Q was found not to influence the threshold Vc(�T ). This result suggests
that the liquid injected at ambient temperature does not influence the heat transfer and the flow in the
vicinity of the substrate where pinning occurs. Still, we investigate further by checking if Q could
influence the dynamics of the stick-slip regime. By carefully recording and extracting dynamics
at different Q, it turns out that the stick-slip dynamics does not exhibit significant change. We
extracted an averaged frequency of the stick-slip, which is basically the inverse of the time between
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FIG. 8. Frequency of stick-slip versus substrate velocity Vs for various �T = 0.75, 2.25, and 3.25 ◦C.
Insert: Frequency versus velocity difference with respect to threshold (Vc − Vs ). The plain lines result from the
best linear fit of the data.

two onsets of slip events. The frequency barely changes with Q but increases with Vs See Ref. [24]
for frequency versus flow rate Q (for three different velocities and the same �T ). This confirms
that Q is a parameter of secondary importance in the experiments, and hence we now investigate the
influence of Vs.

D. Frequency of stick-slip

A typical dependence of the frequency of stick-slip on Vs is shown in Fig. 8 for three values of
�T and versus Vc − Vs in the insert. The frequency is averaged during a full sequence of stick-slip
events, after the dynamics reached a permanent steady state, over a typical distance of 40 mm along
the substrate. The range of velocities is between the onset of stick-slip at fixed �T to roughly 10
times slower, hence far from the threshold. The increase of f with Vs follows a fairly linear trend,
which suggests that the typical length of jump in the slip phase l j = Vs

f is roughly constant and
rather independent on �T . The best linear fit gives l j = 3.3 mm, hence a value close to, but slightly

larger than, the capillary length lc =
√

γ

ρg , which equals 1.85 mm and 1.92 mm respectively for

pentadecane and hexadecane.
Additionally, we carried out experiments varying together �T and Vs, in order to keep as close as

possible to the onset of stick-slip. Figure 9 shows the values of f versus Vs. The linear dependence
between f and Vs is confirmed and holds even very close to the threshold. Furthermore, the value
of the coefficient relating f and Vc is a property of both the liquid and the substrate (roughly equal
to 0.13 mm−1 for hexadecane on PFTS). This value, which is independent on �T , suggests that
the typical length of the jump at threshold during the stick-slip (l∗

j = 7.7 mm) remains finite and
does not diverge. Therefore, since the continuous regime would be characterized by a jump length
equal to infinity, the transition between continuous and stick-slip regime appears to be of first order
(discontinuous).
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FIG. 9. Frequency of stick-slip close to the threshold of continuous dynamics versus Vc(�T ).

V. INTERPRETATION AND KINETIC CRITERION

Recently, de Ruiter et al. [20] investigated the first steps of the axisymmetric spreading of a
hexadecane drop on a substrate colder than the freezing temperature. By measuring the whole
spreading dynamics and the final radius and angle of arrest versus substrate temperature, they found
that their results were consistent with a kinetic criterion, i.e., that pinning would occur as soon as
the spreading velocity (decreasing with time) would be smaller than the velocity of the solid-liquid
front at a given temperature, here that of the substrate. They deduced that the speed of the front Vf

equals a power-law function of �T :

Vf = κ (�T )b (2)

with b = 1 giving the best fit.
In the present results, the fact that the stick-slip transition depends directly on Vs suggests that

a similar phenomenon could be at play here. In both studies, liquids are the same or similar, and
the range of �T here is 0.5 ◦C to 5 ◦C, whereas it is 0.5 ◦C to 14 ◦C in the study of de Ruiter et al.
[20] From their results, we can deduce the critical contact-line velocity when pinning occurs, which
would be analogous to our critical velocity Vc: the arrest velocity followed an empirical relationship
Vf = κ�T , with κ = 0.011 m/s/K. This yields an arrest velocity (and Vf ) equal, respectively, to
0.0055 m/s and 0.055 m/s for �T = 0.5 ◦C and 5 ◦C, which are values comparable (in order of
magnitude) to ours under the same �T . Still, our measurements (Fig. 6) yield b = 2.65, hence
significantly different from the trend found in de Ruiter et al. [20].

To check the dependence of the front velocity on �T , we carry out independent measurements
of Vf in a different geometry, without the complexity of contact-line hydrodynamics, and where
the front can be more directly observed. The setup is sketched in Fig. 10 (top): a cylindrical vessel
containing pentadecane or hexadecane is cooled from its base, at fixed temperature Ts < Tm. The
base is made of a wafer of silicon of the same nature as that of the translation stage setup. The
birth and propagation of the solidification front is recorded by a camera acquiring sequences from
above. As the depth of field is much smaller than the container size, and significantly smaller than
the liquid height, we can record the solidification velocity in a plane parallel to the wafer. A typical
sequence is shown in Fig. 10 (bottom).
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FIG. 10. (Top) Sketch of the bulk solidification setup allowing for the direct observation of the dynamics
of the front. (Bottom) A typical sequence of the solidification front progression, showing dendritic shape with
needles (�T = 1.5 ◦C, hexadecane).

The front is by no means flat and appears in the shape of dendritic needles, which structure
is reminiscent from those of Figs. 2, 3, and 4. Measurements of velocity at the tip of needles is
feasible by extracting the gray levels along their direction of propagation. From a significant set of
measurements, we extracted the maximal value of this tip velocity for different values of �T from
0.25 ◦C to 5◦C. The results are plotted in Fig. 6 (blue and red disks) and directly compared to those
obtained from the translation stage experiments. It turns out that the dependence of Vf on �T is
consistent, at least in trend and order of magnitude, with Vc, although it shows a slight departure
from a power law with exponent 2.65.

Still, the relatively fair agreement between Vc and Vf versus �T reinforces the interpretation in
terms of a kinetic criterion, i.e., that the transition from continuous to stick-slip dynamics is ruled
by the velocity of the freezing front at the considered temperature. How to explain the quantitative
discrepancy between the results of de Ruiter et al. [20] and the present ones? Actually, while those
authors studied freezing-induced pinning, that occurs less than 1 s after liquid touchdown and most
often in inertia-capillary-driven spreading, our experimental setup drives an advancing contact line
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toward a permanent steady regime (either continuous or discontinuous) within several seconds (see
again the typical dynamics in Fig. 5). During this period of time (say, roughly τ = 10 s or longer),
heat diffusion takes place in the liquid in a typical layer of thickness lT = √

ατ roughly equal
to 1 mm. Together with the shear-induced flow near the liquid-substrate interface, it can generate
complex temperature gradient within the drop that, in turn, favors the Mullin-Sekerka instability [26]
and the dendrites, as the latter constitute strongly nonlinear stages of this instability. Conversely in
the short-time spreading experiments of de Ruiter et al., no such dendrites were observed prior to
pinning and solidification rather appears within the form of circular growing spots [27].

The tip velocity of dendrites versus undercooling temperature was investigated experimentally by
Glicksman and co-authors [28–30] and Davis [21]. An exponent b slightly smaller or equal to 2.65
was found. From Figs. 3, 4, and 10, it is clear that the formation and propagation of such dendrites
is consistent with the timescale of our experiments. Therefore, since our direct measurements of the
tip velocity are consistent with Glicksman’s and since the critical velocity Vc versus �T , although
being an indirect measurement of the front velocity, follows a similar power law (Fig. 6), we propose
the kinetic criterion as a plausible mechanism for the transition.

VI. CONCLUSIONS

The spreading of a liquid on a substrate colder than freezing temperature, at imposed velocity, can
show continuous or discontinuous dynamics. We characterized and measured the transition between
these two regimes for two liquids (hexadecane and pentadecane) in partial wetting conditions
and relatively low hysteresis with the substrate. The transition between continuous and stick-slip
dynamics appears below a critical imposed velocity Vc, which value depends on �T = Tm − Ts,
the difference between freezing and substrate temperatures. The sequence of stick-slip consists in a
pinning phase, followed by a sudden release of the contact line where the velocity can overcome the
driving velocity by a factor of 50. The release of the contact line occurs when the capillary force gets
stronger than the pinning one, and the critical angle takes values in a rather large range, suggesting
that the pinning force can fluctuate from a pinning event to another. What governs the strength of
pinning to the solid front, showing a rather complex shape, remains unclear and should be the scope
of further investigations. Typical measured critical velocities range from 0.1 to 100 mm/s, under a
temperature range �T of roughly 5 ◦C.

The relatively good agreement between Vc(�T ) and the maximal velocity of dendrites measured
independently, together with the direct observation of dendritic front catching up the drop advancing
line in the stick-slip regime, is consistent with a mechanism for the transition that involves kinetic
undercooling. This effect is reminiscent of what was measured in the early spreading and arrest
of hexadecane drops [20], with a similar order of magnitude for arrest velocities under the same
�T , although the relationships between Vc and �T follow distinct power laws in both cases. This
discrepancy could be attributed to the morphological differences between solid fronts in both cases,
as in Ref. [20] no dendrites could be observed, and it is likely that the front is isotropic.

Our experiments also suggest that the transition is discontinuous, as the stick-slip frequency
and jump length remain finite approaching the threshold. Finally, the injection flow rate does not
influence significantly the transition and the stick-slip frequency.

Critical velocities measured at the onset of pinning remain far below the velocities involved
in many applications mentioned in the introduction. On the one hand, it means that more prompt
and violent mechanisms could be at play in some applied situations, especially those involving
water drop impact. Clearly, the scope of our results does not encompass such situations, but, rather,
is relevant in relatively slow liquid spreading where viscosity and capillarity balance each other.
On the other hand, the range of critical velocities brings encouraging prospectives in the use of
a dynamical way to delay and prevent the solidification of significant volumes of sessile liquids
(including water), by wiping drops at high enough velocity.

Therefore, this work is a first step to understand what rules the spreading of a contact line on a
cold substrate, where local solidification can lead to transient or permanent pinning. Our results
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have been obtained with n-alkane liquids. Such liquids present low heat conductivity and low
supercooling. Future work must continue on other liquids such as water or metals in order to check
whether or not the mechanisms are similar.
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