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Drop spreading and gelation of thermoresponsive
polymers

R. de Ruiter,” L. Royon,” J. H. Snoeijer® and P. Brunet {2 *°

Spreading and solidification of liquid droplets are elementary processes of relevance for additive
manufacturing. Here we investigate the effect of heat transfer on spreading of a thermoresponsive
solution (Pluronic F127) that undergoes a sol-gel transition above a critical temperature T,,. By control-
ling the concentration of Pluronic F127 we systematically vary T, while also imposing a broad range of
temperatures of the solid and the liquid. We subsequently monitor the spreading dynamics over several
orders of magnitude in time and determine when solidification stops the spreading. It is found that
the main parameter is the difference between the substrate temperature and T, pointing to a local
mechanism for arrest near the contact line. Unexpectedly, the spreading is also found to stop below
the gelation temperature, which we attribute to a local enhancement in polymer concentration due to
evaporation near the contact line.

|. Introduction

Many applications require the controlled deposition of minute
amounts of liquid on solid substrates. The recent massive
development of 3D-printing by continuous addition of matter
has raised issues on the feasibility of various processes.! In one
of them, liquid with complex rheology is extruded through a
narrow slit and forced to spread on a solid,>* where solidifica-
tion has to occur promptly and in a reproducible fashion, in
order to avoid detrimental mechanical properties of the final
product. Solidification itself can be induced by heat transfer
at the substrate, simply because during extrusion the liquid
temperature is above the melting temperature. This involves
the spreading of a small amount of liquid which is susceptible
to become solid over a comparable time-scale: such a situation
involves coupling between dynamical wetting, heat transfer and
rheology in a non-trivial way. Such configuration also finds
applications in optical lens manufacturing.*

How does heat transfer influence the dynamics of drop
spreading, and what determines the final droplet shape once
solidification is completed? Arrest of the drop can be due to
temperature-dependent viscosity (generally diverging when
approaching the melting point), or more dramatically due to
solidification near the liquid/solid interface. Such cases were
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investigated for droplet impact,”™ as well as for spontaneous
spreading after gentle deposition on solid substrates.'*™"?
Inkjet printing and applications such as spray coating indeed
involve droplet impact. When the drop’s kinetic energy is suffi-
ciently large this can induce splashing’*'® or undamped capillary
waves'® that can be detrimental for the final product. Therefore,
understanding the solidification after smooth and gentle deposi-
tion at negligible inertia is of great importance for applications of
additive material processing. Even without inertia, however, the
problem is very intricate since the wedge-like geometry near the
contact line leads to singularities of viscous dissipation,'®™8
as well of heat and evaporative fluxes.'*>*

In this study we experimentally investigate the dynamics of
drop spreading of thermoresponsive polymer solutions that
undergo a gelation transition via the assembly of spherical
micelles.?® This is a model system for various applications for
which solidification and spreading occur within a comparable
time scale. Hence, during spreading the liquid locally solidifies
by gelation, which leads to a radius of arrest that is smaller (and
to a contact angle that is larger) than in the absence of gelation.
Our goal is to quantify the time after which solidification
dominates over spreading, by determining the time and radius
of arrest of the drop, under different conditions of substrate
temperature T,. The choice of liquid is crucial, as it has to
enable an accurate and convenient control of T, close to Ty,. In
this sense, experiments with water are inconvenient as droplets
condense on the substrate when T, approaches T},. Furthermore,
water undergoes sub-cooling, which adds complexity to the freez-
ing process.'" Therefore, we opted for solutions of Pluronic F127,
which is a thermoresponsive co-polymer that undergoes a gelation
transition above a given temperature.**** The same system was
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recently used to study drop impact® and the gelation process
during spreading.>® Here we focus on the detailed spreading
dynamics, the parameters that control the gelation-induced
contact line arrest and the role of relative humidity.

The paper is organised as follows. We first present the
experimental setup and rheological properties of the liquid (II),
then we show quantitative results on the spreading dynamics
under various conditions (III). We accurately record the short-
time and long-time dynamics of the spreading radius of the
droplet after it contacts the solid substrate. We vary the substrate
temperature over a broad range of temperatures, from far below
Tm to far above T,,,. We carry out these experiments for different
mass concentration of polymer in water, which changes the
value of T,,. Then, we discuss these results in light of previous
works and modeling (IV) and we conclude by a summary and
outlook of our main findings (V).

Il. Description of the experiments
A. The drop spreading setup

The setup used for the temperature-controlled spreading experi-
ments is sketched in Fig. 1. By infusing a syringe with liquid,
a liquid drop is slowly inflated at the tip of a needle of
outer diameter d, = 650 um, which leads to a drop radius
Ry, =860 um + 60. Subsequently, the drops are gently brought in
contact with a substrate of controlled temperature T,,. The sub-
strate is a sapphire disc of thickness 2 mm. The choice for
sapphire allows us to operate on a substrate that is both thermally
conductive (s = 32 W (m K)!) and smooth. Its heat capacity
Cp = 0.76 x 10° J (kg K) ' and density ps = 3.98 x 10° kg m *
1,058 x 105 m? s~ The
pPs

sapphire disc is put on top of a copper disc, which temperature

is actively regulated with a Peltier element and thermistor.
In this way we control the (bottom) substrate temperature T,

yield a thermal diffusivity o5 =

£ [

syringe

4y cooling block

needle
> drop

sapphire disc

) =—— thermistor
T copper disc

Peltier element
Fig. 1 Sketch of the experimental setup, see text for details. A millimeter-
sized drop of temperature T; is deposited with a needle at V = 0 onto a
conductive substrate of temperature To. The drop then spreads until it
reaches its final radius, while the dynamics is recorded with a high-speed
camera.
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from 2 °C to 50 °C with a 0.1 °C accuracy. To ensure a well
controlled initial temperature T; for the drop, the syringe is
attached to a cooling block and insulated from the atmosphere
with insulating foam. The spreading dynamics is acquired with
a high-speed camera (Photron SA-X2) on which a telecentric
zoom lens (Navitar 12x) is mounted. A typical resolution of
6.2 um per pixel ensures the precise extraction of the whole
dynamics.

Unless stated otherwise, the ambient temperature and the
relative humidity are those of the room (T, = 20 °C, RH
measured between 50% and 60%). Some experiments were
carried out at lower or higher RH, by using a glass cuvette to
cover the droplet area. Inside the cuvette, dry nitrogen (N,) or
water vapor-enriched air was flushed to fix the RH respectively
to around 10% and 90-100%.

In order to minimize the heat exchange between the drop
and the atmosphere during the approaching phase, especially
in situations where T, > Ty, (high polymer concentration),
experiments were performed according to the following protocol.
First, we flushed the needle with several drops, and let the last
one hang on the needle, in order to have the drop temperature
as close as possible to that in the syringe. Then, we gently, but
quickly enough, raised the sapphire substrate. The entire process
never lasted more than 3 seconds. Finally, due to the relatively
high conductivity of the sapphire substrate, the solid temperature
can be assumed to remain constant during spreading.

B. Rheological properties of the liquid

The experiments were performed with Pluronic F127 from BASF
(PEO,06PPO;(PEO;6), which is an aqueous solution of thermo-
responsive co-polymer. This system, also considered in ref. 8,
allows one to operate at ambient atmosphere and temperature,
enabling precise visualization and comfortable experimental
conditions. This co-polymer undergoes a transition to a gel
phase due to the assembly of spherical micelles existing in the sol
phase, when the temperature gets higher than a threshold T;, that
depends on the mass percentage c, of polymer in water.>*>*

The system represents a relatively complex rheology, though
it has been thoroughly characterised in various studies.>' %’
Here we independently quantify the viscoelastic properties of
Pluronic F127 solutions. We employ a dynamic rheology techni-
que, using a Physica MCR 500 rheometer (Anton Paar) with a
cone and plate geometry (50 mm diameter with a 1° cone angle).
Prior to the measurements, a strain sweep test was conducted
within the linear viscoelastic strain range in the frequency range
of 0.01-100 Hz. The rheological behavior of each sample was
measured by performing a temperature sweep. The temperature
dependences of storage modulus G’ and loss modulus G” were
measured by heating the sample from 5 °C to 35 °C. The rate was
1 °C min~" during temperature scans, with no notable difference
between heating and cooling. The deformation was fixed at 1%,
which was in good agreement with the linear viscoelastic region
for all the samples. Let us note that in such solutions, G shows
linear increase with f and hence the viscosity is rather indepen-
dent on the frequency, at least within the range of time-scales
relevant to our experiments.>?

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Rheological properties of the liquids. Storage modulus G’ (red
markers) and loss modulus G” (blue markers) versus temperature for 3
different co-polymer concentrations, cq = 20% (diamonds), 25% (squares)

and 30% (circles). Inset: Gelation temperature T,, versus co-polymer con-

centration. Experiments were carried out at a shear-rate of 10 s™%, corres-

ponding to a frequency w of 10 Hz.

Previous studies on the influence of concentration showed
that the surface tension falls from 0.072 N m (pure water) to a
plateau value around 0.036 N m for ¢, ~ 1%°’ and remains
constant for higher concentrations. Here, our concentration
range (from 16.7 to 30%) being far beyond 1%, which is
required for gelation to occur, we can dismiss any effect due
to surface tension gradients at the free-surface (Marangoni
effect).

The results are shown in Fig. 2 for three concentrations
Co = 20%, 25% and 30%, representing the mass percentage of
Pluronic F127 in water. The presented data correspond to a
frequency o = 10 Hz, which is suggested from the typical time-
scale for significant spreading of the drop. In practice, the
rheological curves, in particular the value of Ty, where G’ and
G" cross each others, do not depend much on the frequency.
We observe a remarkably sharp increase of both the elastic
modulus (G', red markers) and of the loss modulus (G”, blue
markers) at a well-defined temperature Ty,. This increase is by
more than 10 orders of magnitude for G’ and by almost 4 orders
for G”. Interestingly, above Ty, the value of G’ is at least one
order of magnitude higher than for G” such that the elastic
behaviour will dominate over viscous dissipation. These obser-
vations allow us to very sharply identify the sol-gel transition
temperature. The inset in Fig. 2 shows the dependence of
Tm on the concentration c,, with values similar to previous

measurements.*' ***® The dynamic viscosity can be deduced as
"

n = —. Here, it is important to note that below the transition,
w

the viscosity of the liquid shows a slight increase with tempe-
rature, although lower than one order of magnitude. Therefore,
we expect that below the gelation point, the liquid will spread

This journal is © The Royal Society of Chemistry 2018
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in the inertia-capillary regime at early times, as previously
reported for low-viscosity fluids.>*°

[ll. Results
A. Dynamics

Three temperatures could play a role for the spreading dynamics
and final drop shape: the melting (or gelation) temperature Ty,
which can be tuned by ¢, (see Table 1 and Fig. 2), the substrate
temperature T, and the initial liquid temperature 7;. Operating
with different T; allows us to investigate the possible lag induced
by the heat transfer required to raise the liquid temperature
during spreading. Therefore, we define two distinct temperature
differences as relevant control parameters

ATy =Ty — Tony ATy = T; — Tin. 1)

These respectively are the difference between substrate tem-
perature and gelation temperature, and the difference between
the initial liquid temperature and the gelation temperature.
Typical movies for AT, < 0 and AT, > 0 are presented in Fig. 3
and 4. When the substrate temperature is below the solidifica-
tion threshold, the drop nearly completely spreads out over the
substrate (AT, < 0, Fig. 3). However, we observe that the
spreading does stop at a finite radius. This is surprising since
Pluronic F127 in solution acts as a surfactant and one would
have expected a complete wetting on sapphire substrates. When
the substrate temperature is above the solidification threshold
(AT, > 0, Fig. 4), the solidification occurs in the early stage of
spreading and the final result is a droplet of small basal radius
and large contact angle.

To further quantify the spreading dynamics, and subsequent
arrest by solidification, we extract the basal radius r and contact-
angle 0(¢) (defined in Fig. 3) as a function of time after contact .
Fig. 5 shows the resulting (¢) for various substrate temperatures
T,, but for the same concentration ¢, = 20% (Ty, = 22 °C) and the
same initial temperature 7; = 7 °C (AT; = —15 °C). The colors
represent the temperature T, from blue (low Tj) to red (high Tj).
Let us recall the usual spreading characteristics for isothermal
liquid drops, for which the exponent 1/2 corresponds to inertial
spreading®®™° while 1/10 is the classical Tanner’s law for
viscous spreading.’®* The data in Fig. 5 clearly show a change
in the dynamics of spreading upon crossing the melting tem-
perature. First, we see that low enough AT, (in this specific
case AT, < —4 °C), the spreading is consistent with r ~ ¢/ at

Table1l Gelation temperature T, of the Pluronic solutions at the different
mass percentages used in experiments. The different experimental con-
ditions are indicated with cross 'x’ symbols, where AT; = T; — T,,, where T;
is the temperature at which liquid is injected

ATi
Conc., ¢y (%)  Gelation temp., T, ('C) -1 -5 —10 —15
16.7 28.9 — — X —
20 22.0 X X X X
25 16.5 — X X —
30 11.5 — X — —
Soft Matter
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Fig. 3 Sequence of successive snapshots showing the drop spreading on a substrate with temperature To = 10 °C well below the gelation temperature
Tm = 22 °C (co = 20%). This sequence shows a late solidification-induced pinning and large arrest radius (spreading has stopped in the last image). Time
after contact is labelled on the snapshots. The basal radius r(t) and contact angle 0(t) can be extracted from these images.

Fig. 4 Similar sequence as in Fig. 3 but for a substrate temperature To = 30 °C, well above the gelation temperature T,,, = 22 °C. This sequence shows
early pinning and small arrest radius. Time after contact is labelled on the snapshots.
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Fig. 5 Spreading radius r (normalised by the initial drop radius Rp) as a function of time after contact t, for various substrate temperatures To. The
concentration was kept fixed at cg = 20% (T, = 22 °C) and each experiment had the same initial liquid temperature T; = 7 °C (AT, = —15 °C). Colors code

for To, from cold (blue) to the warm (red). Dotted lines indicate two power laws (1/2 and 1/10) for To < T,, Whereas the spreading dynamics does not

follow any power-law for To > T

early times, as suggested by the straight dashed line. This
behavior does not seem to appear at higher T. If we check the
time-evolution of /R, during the late stages of spreading, again
for AT, < —4 °C, the exponent is not clearly defined - the range
in decade being too narrow, although we inserted a dashed line
with exponent —1/10 as a guide for the eye.

The dynamics above the solidification threshold (AT, > 0) is
very different and does not exhibit any exponent. Instead, a

Soft Matter

smooth and slow increase of r is followed by a phase where the
radius reaches its final constant value. This shows that the local
freezing near the contact line induces pinning on the substrate.
The trends observed in Fig. 5 are found for all tested concen-
trations ¢, and for all initial temperatures T; (see Table 1).
The same trends can be observed when monitoring the
evolution of the contact angle 0(¢) during the spreading experi-
ment. Fig. 6 shows 0(¢) under the same conditions as in Fig. 5.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Contact angle 0 versus time, for various To (same conditions as
in Fig. 5).

It confirms that increasing the substrate temperature slows
down the dynamics, and finally leads to “taller” drops of higher
contact angles. The spreading dynamics for substrate tempera-
tures well below the threshold of solidification is compatible
with a decrease of contact angle with a —3/10 exponent, like in
Tanner’s regime (see also ref. 12).

B. Condition of arrest

We now quantify the conditions of arrest by determining the
final spreading radius rm.x for different experimental condi-
tions. In particular we explore the dimensionless spreading
parameter rmax/R, for various temperatures T, and T;, and for
various concentrations ¢,. The results are shown in Fig. 7. The
main trends that can be extracted are that the arrest radius
decreases upon increasing T, or c,. This is to be expected, since
both a high temperature and high concentration promote the
solidification process. The curves in the top panel of Fig. 7
appear to cluster by color, i.e. by their concentration c,. This
suggests that the initial temperature, which was varied from
AT; = —1 °C to —15 °C, is not an important parameter for the
solidification process. This important observation is further
confirmed in the lower panel of Fig. 7 where we report the same
data but now as a function of AT, = T, — T,,. This accounts
for the differences in the solidification temperature T, for
the various concentrations ¢,. The data exhibit a good collapse
and thus reveal that AT, is indeed the key control parameter.
One can therefore conclude that the time lag necessary to
pre-heat the liquid from T; to Ty, is negligible compared to
the time of spreading before pinning occurs. Only for the
highest Ty, for which the time of spreading is considerably
shorter, the time lag for pre-heating has some effect; this can be
inferred from the scatter at high temperatures in the bottom
panel of Fig. 7.

We also report the data in terms of contact angles in Fig. 8,
where we show the arrest contact angle Oayese versus ATy.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Top: Dimensionless (final) arrest radius versus substrate tempera-
ture Ty for different gelation temperature T, (controlled via the Pluronic
F127 concentration co) and different initial liquid temperature T.. Error bars
are smaller than the symbol size. Bottom: Same data plotted versus
ATO = To - Tm.

It is found that the contact angle can be controlled over a
remarkably large range, from about 15° to 160°. This will be of
interest in applications where a control of the droplet shape is
required. The sharpest increase of the contact angle is measured
around AT, = 0, while a saturation appears at AT, > 15°, when
the substrate temperature is warm enough to induce prompt
solidification. The inset in Fig. 8 shows the same data but
plotted versus T,. This again confirms that ATy is the relevant
control parameter, while 7; has a subdominant effect, only at

larger temperature.
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Fig. 8 Arrest contact angle versus temperature difference ATg = To — T,
Inset: Arrest contact angle versus To. Symbols are similar to Fig. 7.

V. Interpretation

The solidification of the entire drop takes several seconds. This
experimental observation can be understood from heat con-
duction, which gives a timescale t ~ R*/a, where o = 0.147 x
107° m® s~ is the thermal diffusivity of water. Indeed, for a
millimeter-sized droplet this gives a solidification time t ~ 7 s.
Since most of the experiments exhibit arrest times well below
1 second, the arrest must be induced at scales much smaller
than the droplet size. This is corroborated by the observation
that the initial drop temperature T; is irrelevant, suggesting that
the liquid close to the substrate very quickly adapts to the tem-
perature of the substrate. Indeed, owing to the large difference
between substrate and liquid thermal conductivities (ks > ),
one would expect the temperature at the contact surface (and in
a thin enough layer just above the contact surface), to equal
that of the substrate. For reasons stated above, i.e. that the
surface-tension is independent on concentration above ¢ = 1%
in mass,*” the pinning mechanism cannot involve Marangoni
effect, contrary to other situations with Marangoni-driven
contact-line pinning of polymer solutions.**™*? Also, given the
very low dependence of surface tension on temperature,* the
thermal Marangoni effect can also be dismissed in the pinning
mechanism.

Still, the results in Fig. 7 and 8 are remarkable in several
regards. In contrast to the dramatic change in rheology around
Tm, the final radius and final contact angle exhibit a very smooth
dependence on substrate temperature, even when T, ~ Tp,.
From this perspective, there are two observations that need to
be clarified. For temperatures T, > T}, one might naively expect
a nearly instantaneous solidification at the point of contact, in
which case there would be hardly any contact line motion at all.
Yet, drops spread substantially for substrates even well above
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the gelation temperature. A second open issue is why for tem-
peratures Ty < Ty, the contact line pins, as opposed to the
expected complete spreading of the droplet. Below we comment
on both aspects and we provide experimental evidence that
evaporation plays a role in the arrest of spreading.

A. Mechanism of solidification-induced pinning

We first discuss the question of what causes the delay in
spreading arrest for substrate temperatures above Th,. As already
mentioned in ref. 8, the problem at hand is closely related to the
spreading of common liquids on a substrate colder than the
freezing temperature. The gelation occurring above Ty, is analo-
gous to liquid freezing below T, albeit without the release of
latent heat.

For freezing-induced pinning, the literature offers various
hypotheses for the criterion for contact line arrest.>”'°** For
example, the delay in the arrest was argued to be caused by the
requirement for a critical nucleus to form near the contact
line.’®™ However, a detailed description of growth of the
nucleus in the presence of flow is lacking. Alternatively, for the
spreading of hexadecane drops this freezing-delay was attributed
to the effect of kinetic undercooling."” Kinetic undercooling
leads to a shift in freezing temperature if the liquid velocity of
the freezing front is nonzero.** The same mechanism could be at
play here, since the contact line velocity is very high at the start
of the experiment, preventing immediate solidification. The
condition for spreading arrest would be that the velocity of the
(freezing or gelation) front exceeds the velocity of the contact
line. To confirm, or rule out, the effect of kinetic undercooling in
spreading arrest, there is a need for an independent measure-
ment of the so-called kinetic coefficient that relates the freezing
temperature and front velocity.

For both mechanisms discussed above the solidification is
assumed to be initiated at the contact line. This is recently
confirmed explicitly for slowly spreading Pluronic F127.%° In
these experiments the temporal evolution of the gelation front
inside the drop was resolved, displaying several interesting
features such as the formation of a thin crust over the free
surface. Indeed, the very first gel was observed to form at the
contact line, albeit only after the contact line was pinned.

B. Influence of relative humidity and evaporation

1. Experiment. We now turn to the observation that the
drop spreading arrests even when T, < Ty,. Here we show that
this unexpected effect is due to water evaporation near the
contact line. Though the timescale of evaporation of the entire
drop is much larger than the typical spreading time, we recall
that the evaporation flux is strongly enhanced near the contact
line. The rate of evaporation even diverges for contact angles
below 90°."°">* The role of solvent evaporation for gel formation
in Pluronic was also invoked in ref. 25. For all these reasons we
experimentally verified the possible influence of %RH on the
spreading dynamics and final radius.

We reproduced a series of experiments, previously carried
out under ambient humidity (measured between 50 and
60% during all the experiments), but now while covering the

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Dimensionless radius of arrest versus Tq for three different %RH:
black symbols represent ambient conditions, i.e. RH between 50 and 60%
and red symbols represent low humidity conditions (RH = 10%), while blue
symbols represent very humid conditions close to saturation (RH = 90% =+ 5).
Open symbols represent situations when spreading was still slowly going on,
leading to an underestimation of r,/Ro. Other experimental conditions are
identical for all data points: co = 20% (T, = 22 °C) and AT, = —5°.

surrounding of the substrate with a transparent cuvette. By
flushing with a gentle stream of dry nitrogen, we could operate at
RH as low as 10%. To operate at high humidity condition, the
cuvette was flushed with humidified air, with the help of a home-
made humidifier. The RH inside the cuvette was continuously
measured and the spreading experiment started as soon as we
reached the maximal RH (ranging between 90 and 100%) before
condensation droplets on the substrate were observed.

Fig. 9 shows the arrest radius under the three conditions
(dry, ambient, and humid) for different substrate temperatures Tj.
It turns out that the drop stops spreading at smaller radius under
dry conditions compared to ambient conditions. Furthermore, at
high RH close to saturation the arrest radius is significantly higher
than for ambient conditions. However, this difference is only
significant for T, < Ty,. Around or far above T}, no significant
difference could be noticed between the three RH conditions.

2. Estimations based on scaling. We now rationalise that
the local evaporation, and the subsequent increase of polymer
concentration near the contact line, is indeed a plausible
mechanism for the observed arrest below T,,. For this we
consider a small volume of liquid near the contact line of
characteristic size as sketched in Fig. 10. We estimate the water
mass that is evaporated in this region during a typical experi-
mental timescale © ~ 1 s. This loss of water can be computed
from the diffusion-induced flux per unit width of contact line j(x),
where x denotes the distance from the contact line (¢f Fig. 10).
From Deegan and colleagues’ pioneering work on evaporation of
colloidal droplets,'®*° and from various other studies,*"***
J(x) can be computed as

s~ 2= =)y (£). ©)
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Liquid
Substrate X

Fig. 10 Sketch of liquid evaporation near the wedge.

where D is the mass diffusion coefficient of water in air, p; the
liquid mass density, and c¢., and ¢, respectively stand for the
mass concentration of water vapor at infinity and near the drop,
while R is the drop-size. These quantities are collected in a
characteristic velocity U, = DAc/Rp,, which in our experiment is
approximately U, ~ 2.5 x 1077 m s~ .*® The exponent o is
known to depend on the contact angle: for 6 = /2 the evapora-
tive flux is uniform («x = 0), while it diverges close to the contact
line for smaller angles (¢ ~ 1/2 for 0 « 1).

Let us note that contrary to the situation studied in Monteux
et al.,** where evaporation induced increase of concentration in
a wedge was considered in a stationary moving contact-line,
here the dynamics is highly unstationary with a contact-line
velocity decreasing sharply and a rapidly-varying dynamic contact-
angle. Hence, the evaporative flux, due to the time-dependent
exponent o, and the drop inner flow, cannot be easily computed.

As a first step, we simply assume the evaporative flux to be
uniform, J ~ U, and estimate the relative change of volume in a
time 7 as

levap Upt

F= 7 13 (3)

Here l..p is the typical length evaporated off in a time
(Fig. 10). Now, we can ask what the size is, if we assume that the
concentration increase necessary to induce gelation is about 10%.
This corresponds to ~0.1, which gives a typical size ~2.5 um.
Following the same argument but now taking into account that the
flux is non-uniform, with o = 1/2 in (2), we obtain

Upt (R\'?
7 (z) @

where we integrated the flux from the contact line to a length L.
If we now again estimate the size of the corner based on
F ~ 0.1, we obtain £ ~ 18 um. These arguments show that,
indeed, the effect of evaporation at a small distance from the
contact line could lead to a sufficient enhancement of the con-
centration - ultimately leading to arrest even when Ty < Tp,.

V. Conclusion

In conclusion, we conducted experiments of spontaneous
spreading of a drop of thermo-responsive liquid Pluronic
F127, experiencing gelation above T;,, on substrates of various
temperature T, from far below to far above T;,. We varied the
polymer concentration, which allowed to vary Ty,. For substrate

Soft Matter


http://dx.doi.org/10.1039/C7SM02540H

Published on 04 April 2018. Downloaded by SCD Université Paris 7 on 11/04/2018 15:47:49.

Paper

temperatures well below the gelation temperature (T < Ty, — 4),
we recover the crossover between an early inertio-capillary stage
and a late viscous-capillary stage. For higher T,, no power-law
could be identified in the spreading dynamics, which is due to
the effect of heat transfer. Above a critical temperature (e.g. 10 °C
for ¢, = 20%), the spreading stops to a final arrest radius which
is the consequence of solidification-induced pinning at the
contact line.

The main results are: (1) the final radius is not dependent on
initial liquid temperature, but only on the difference Ty — Ty,
and (2) the final radius decreases with Ty, even in the range
To < Tn. This last unexpected behavior can be attributed to
evaporation near the contact line which leads to a local increase
of the concentration. This effect is reminiscent of previous
studies on pinning induced by evaporation-induced concentra-
tion increase of solutes near contact-line,>* sometimes coupled
with Marangoni effect,**™*> which can leave patterns of poly-
mers or solutes on the substrate in receding situations. Both
the final basal radius and contact angle can be controlled in a
large range, which offers potential interest in lens manufacturing
and additive 3D printing.
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