Arch. Mech., 67, 5, pp. 401-414, Warszawa 2015

The role of the microscale contact line dynamics
in the wetting behaviour of complex fluids
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THE MICROSCALE MORPHOLOGY OF THE LIQUID-SUBSTRATE CONTACT LINE is studied
experimentally in two well-known examples of dynamic wetting with complex fluids
(namely, drop impact of dilute polymer solutions and spreading of superspreader sur-
factant solutions). High-speed, high-magnification images of the contact line details
were obtained using a high-frame rate camera equipped with a digital microscope
zoom lens. Unlike in the case of simple liquids, which exhibit a smooth contact line,
the advancing or receding contact line of complex fluids shows peculiar transient fea-
tures which extend significantly in the radial direction (perpendicular to the contact
line itself). It is argued such microscopic features determine the macroscopic dynamic
wetting behaviour of complex fluids.
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1. Introduction

THE INTERACTION OF A LIQUID DROP with a solid surface is a classic prob-
lem [1], which underpins our understanding of several wetting and de-wetting
processes in practical applications, including coating and thin film deposition
processes, sprays, bio and microfluidics. In typical applications, the drop size
ranges from a few pm (aerosols) to a few mm (agricultural sprays), with corre-
sponding liquid volumes ranging from femtolitres to microlitres. The equilibrium
shape of a drop deposited on a surface is generally described using the well-known
Young-Laplace equation with respect to the interfacial tensions between the solid
and the liquid ~ysr,, the solid and the vapour gy, and the liquid and the vapour ~:

(1.1) YSL + ¥ €os Oeq = VsV,

where 0, is the thermodynamic equilibrium contact angle between the drop and
the surface [2].
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If the drop moves parallel to the surface, one can however observe an advanc-
ing (A5) and a receding contact angle (0g), respectively at the leading edge and
at the trailing edge. This implies an additional component in the Young—Laplace
force balance, which can be described either by using Furmidge’s equation [3, 4]:

(1.2) F = ~D(cosfr — cosfy),

where D is the drop base diameter perpendicular to the contact angle plane,
or by introducing the concept of line tension for systems featuring significant
contact line pinning and contact angle hysteresis [5]:

D
(1.3) T = ’}/E(COSG — o8 0cq),

where 6 is the apparent (observed) contact angle. A comparative analysis of
these two approaches can be found in [6]. Different approaches must be used in
case of chemically heterogeneous [7, 8] or rough surfaces [9, 10|, and in case of
non-circular drops [11].

Whilst the above theories are relative to drops of pure liquids deposited on
perfectly smooth homogeneous surfaces, many applications involve the use of
complex fluids, such as polymer or surfactant solutions, which exhibit a wetting
dynamics remarkably different from the case of simple liquids. Even in the case
of very dilute solutions, comparison with the Newtonian solvent (e.g., water)
reveals significant differences in the behaviour of the moving contact line during
the spreading and/or receding phase, in the amplitude of the dynamic contact
angle, as well as in the intrinsic time of the phenomenon [12].

A well-known example is the so-called anti-rebound effect of polymer addi-
tives, illustrated in Fig. 1. When a droplet of water falls onto a hydrophobic
surface, such as the waxy leaf of a plant, the drop is often observed to bounce
off. However, for about 15 years it has been known that the addition of very
small quantities (~100 ppm) of a flexible polymer such as polyethylene oxide
(PEO) can completely prevent rebound, by reducing the recoil velocity of the
drop after the inertial spreading of two orders of magnitude [12,13]. This is sur-
prising since the shear viscosity and surface tension of such drops are almost
identical to those of pure water [14]. Early attempts to explain this phenomenon
in terms of the bulk rheology of the fluid [14, 15|, or invoking normal stresses
[16], turned out to be severely flawed, mainly due to glaring selective manipu-
lations and/or misinterpretation of experimental data used in support of these
approaches, as discussed in detail in [12], which surprisingly were not flagged
during the peer-review process.

Another outstanding example of dynamic wetting with a complex fluid is
so-called superspreading (or superwetting), a fascinating phenomenon observed
with dilute solutions of certain trisiloxane surfactants on hydrophobic substrates
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impacting on a PTFE surface (release height: 20 mm).

b)

Fic. 1. Impact of water (top) and 200 ppm polymer solution (bottom) drops (Do ~3mm)

(see [17], and references therein). As shown in Fig. 2, a liquid droplet containing
as low as 0.1% of a superspreading surfactant can wet out on a hydrophobic
surface, covering an area 100 times larger than a water droplet.

Although the physicochemical mechanisms at the origin of these phenomena
are completely different from each other, in both cases they affect the morphology

F1G. 2. Spreading of a liquid droplet on a polypropilene surface, 300 s after deposition:
a) water drop, b) 0.1% aqueous solution of Break-Thru S233 surfactant (non-superspreader),
¢) 0.1% aqueous solution of Break-Thru S240 surfactant (superspreader).
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of the advancing or receding contact line at the microscopic level. This paper
presents an experimental study of the microscale contact line morphology of
complex fluid droplets interacting with a solid substrate, showing how it can be
related to the macroscopic dynamic wetting behaviour. In particular, the paper
focuses on the two examples mentioned above (impact of dilute polymer solu-
tions and spreading of superspreader surfactant solutions, both on hydrophopic
substrates). In the case of dilute polymer solutions (anti-rebound effect), high-
magnification images reveal that, as opposed to pure water, the contact line of
dilute polymer solutions is pinned at several points on the impacting surface,
and the polymer solution forms liquid filaments on the substrate. In the case of
superspreading, one can observe the formation of microscopic fingers at certain
preferred positions along the contact line.

2. Materials and methods

2.1. Fluid preparation and characterisation

The fluids used in the present study were aqueous solutions of a high-mole-
cular weight flexible polymer, polyethylene oxide (Sigma-Aldrich) and two dif-
ferent trisiloxane surfactants, known with the commercial names of Break-Thru
5233 and S240, respectively (Evonik). Both chemicals were dissolved in de-
ionised water (Barnstead Easypure).

Polyethilene oxide (PEO) was supplied in powder form, with average molec-
ular weight of 4000 kDa. Dilute solutions with different weight concentrations
(400 ppm, 300 ppm, 200 ppm, 100 ppm, 60 ppm, and 40 ppm) were obtained by
successive dilution of a master solution. In dilute solutions, the average distance
among polymer molecules is larger than their characteristic size, so that their
interactions are negligible: polymers exhibit a random coil conformation and can
be described as spherical particles suspended in the solvent. For a critical value
of concentration (the overlap concentration) polymer chains become randomly
entangled, which corresponds to a marked increase in the polymer solution vis-
cosity. The overlap concentration can be calculated as

(2.1) = —,

where [n] is the characteristic viscosity, which for a PEO solution in water
(T =~ 22°C) is related to the molecular weight, M,,, as [18]:

(2.2) [7] = 0.0125M0-178.

Thus, for the solutions considered in the present work the overlap concentration
is ¢* = 567 ppm.
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Viscosities were measured by means of a capillary viscometer (Aldrich Chem-
istry, diameter 50 mm), while equilibrium surface tensions were measured using
a maximum bubble pressure instrument (Kriiss PocketDyne). Finally, the relax-
ation time was calculated as a function of the characteristic viscosity, concentra-
tion and temperature using the empirical formula [19]:

(2.3) 7 =/c(1.82 x 1073[n]p — 2.9 x 10" [n]3 — 0.51) exp(—0.0004T2).

In dilute regime, viscosity 1 and the relaxation time 7 are approximately a linear
and a square root function of the polymer concentration, respectively, as shown
in Fig. 3. Unlike 1 and 7, the surface tension ¢ of PEO solutions is approximately
the same as the solvent (~70 mN/m) on the timescale of experiments [20], be-
cause PEQO saturates the free surface already at low concentrations; similarly,
the density variation is negligible with respect to the density of the solvent.
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FiG. 3. Viscosity and relaxation time of dilute PEO solutions as a function of the polymer
concentration. The error bars represent the standard deviation of a set of 10 measurements.

Surfactant solutions with a weight concentration of 0.1% were obtained by
dissolving surfactants 5233 and 5240, both supplied as a liquid; the resulting
equilibrium surface tension of the solutions was 23 mN/m and 22 mN/m, re-
spectively. To investigate superspreading independently of the system proper-
ties, the two surfactants have similar chemical structure, but only one, S240, is
a superspreader.

2.2. Experimental apparatus

The schematic of the experimental setup is displayed in Fig. 4. Drops were
released from a blunt hypodermic needle (gauge 21, internal diameter 0.5 mm)
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suspended above the target substrates. The equilibrium diameter, calculated
from drop weight measurements (Dg = {/6m/7p) was 2.8 mm for polymer
solution drops and 2 mm for surfactant solution drops. In all cases the drop
equilibrium radius Dg/2 was smaller than the capillary length a = /o /pg,
(2.4 mm for polymer solutions and 1.5 mm for surfactant solutions), which is
indicative of the competition between surface forces and gravity; this means
surface forces prevail ensuring a spherical equilibrium shape of drops.
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Fi1G. 4. Schematic of the experimental setup.

While surfactant solution drops were gently deposited on the substrate, poly-
mer solution drops were released from different heights (20 mm, 60 mm, 100 mm
and 140 mm, respectively) to change the impact velocity, calculated as the theo-
retical free fall velocity u = \/2g(Hp — Dy; a previous study showed this is almost
identical to the measured impact velocity, for falling heights up to 30 cm [21].
Drop impacts were characterized through the Weber number, We = pu?Dy /o =
2pgDo(HF — Dy) /o, expressing the balance of inertia and surface forces; in partic-
ular, with average impact velocities of 0.58 m/s, 1.06 m/s, 1.38 m/s and 1.64 m/s,
the Weber numbers of the present experiments were 13, 45, 76 and 107.

The substrates used for polymer solution drops were glass slides coated with
Fluoropel PFC1302A (Cytonix Corp.), a 2% fluoropolymer solution in low boil-
ing point (135°C) fluorosolvent, with equilibrium contact angle for water of
105+2°; the Fluoropel coating was created by dipping glass slides into the liquid,
and then dried at 90°C for 10 minutes to optimize adhesion. Surfactant solution
drops were deposited on a commercial transparent polycarbonate substrate, with
equilibrium contact angle for water of 5442°.
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The contact line details during drop impact and recoil (in the case of polymer
solutions) and during capillary spreading (in the case of surfactant solutions)
were recorded using a high-speed CMOS camera (Phantom v9.1) equipped with
a Keyence VH-100ZR zoom lens (magnification range of 100x-1000x), at the
speed of 5000 frames per second (FPS) and a resolution of 576 x 576 pixels;
the camera and the lens were arranged vertically looking at the substrate from
beneath, as shown in Fig. 4. [llumination was provided by a fiber optic halogen
illuminator (ThorLabs). For each set of experimental parameters, the experiment
was repeated five times for the sake of statistical analysis.

2.3. Procedure

High-speed movies were processed frame-by-frame using a Matlab®) applica-
tion to highlight the contact line and its features. Raw images were first converted
to binary images through an algorithm that included background removal, noise
reduction (holes filling in the case of dark pixels noise, morphological erosion
in the case of bright pixels noise), and finally contour line cleanup from neigh-
bouring pixels artificially connected to pixels on the contour line (i.e., those
pixels connected to the line by a bridge with pixel intensity smaller than a given
threshold value).

3. Results

3.1. Receding contact line of dilute polymer solution drops

A typical drop impact process such as the one displayed in Fig. 1 involves
an inertial spreading stage, where the impact kinetic energy is partly stored
as surface energy and partly dissipated; after the drop has reached maximum
spreading, one can observe a retraction stage, driven by capillary forces that
tend to restore the spherical shape of the drop in order to minimize surface
energy [22]. While during the inertia-dominated spreading stage the advancing
contact angles observed for water and dilute polymer solutions are identical,
during the capillary-driven retraction stage the receding contact angle observed
in case of dilute polymer solutions is significantly smaller than that of water drops
[12, 23|. This corresponds to a substantial reduction (two orders of magnitude) of
the contact line receding velocity [12, 13|, which in turn prevents dilute polymer
solution drops from bouncing off hydrophobic surfaces.

The microscale analysis of the contact line morphology provides a key to un-
derstanding the peculiar behaviour of polymer solution drops as compared with
water drops. Figure 5 displays magnified images of a short arc of the contact line
at different times during drop retraction, for a dilute polymer solution drop and
for a water drop with the same diameter impacting on the same surface with
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Fic. 5. Comparison between the contact line details of a dilute polymer solution drop (left)
and a water drop (right) during the retraction stage after impact on a hydrophobic surface.

the same impact velocity. While the contact line of the water appears almost
perfectly smooth, the contact line of the polymer solution drop exhibits large
local deformations, and leaves behind microscopic liquid filaments as it sweeps
the surface. Filaments are distributed uniformly around the contact line, and
are likely to originate in points of localized pinning. The size of these filaments,
which is approximately 10 pum in width, decreases in time (the filaments tend to
become thinner and disappear), until the fluid locally breaks up into secondary
microscopic droplets, similar to the well-known bead-on-a-string breakup mech-
anism characteristic of many viscoelastic fluids. Furthermore, the complexity of
these filaments, in terms of spatial displacement, orientation and size, grows both
with the impact speed and with the polymer concentration in the fluid; in fact,
reducing the polymer concentration from 200 ppm to 40 ppm the liquid filaments
become less noticeable (2 um width), and disappear when the impact speed is
lower than 1 m/s. The mean diameter of the secondary droplets formed after
the liquid filaments have broken up is 5-15 pum in the case of 200 ppm polymer
solution impacting with velocity of 1.64 m/s, but tends to smaller values for
decreasing impact velocities and polymer concentrations.
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As the contact line moves, and before breaking up into smaller beads, the fil-
aments generate dendritic structures rooted on the contact line itself and extend-
ing on the outer surface. Such complex morphology observed at the microscale
suggests that, even from the macroscopic point of view, the terminology “contact
line” is not appropriate to indicate the drop edge, but one should rather use the
expression “apparent contact line”. Figure 5 also demonstrates the importance
of image processing in the identification of the thinner filaments and the smaller
beads, which could hardly be observed in raw images.

It is well known that dilute solutions of flexible polymers in uniaxial elon-
gational flow, which occurs for example in a stretched liquid filament, exhibit a
non-zero normal stress difference, resulting into a net tensile force in the direction
of stretching:

wd? 4
(3.1) Fr = T(Tzz‘i'%)a

where d is the filament diameter and 7,, the normal stress component in the
direction of stretching, which in simple cases (e.g., constant elongation rate) can
be calculated analytically using the FENE-P constitutive equation [24]. Adding
up the tensile forces of filaments distributed along one half of the contact line,
projected in one direction, as shown schematically in Fig. 6, yields a net positive
contribution to the line tension defined in Eq. (3.1) above:

N
(3.2) 2T =~ Fj cos(FfOx),
i=1

where T is the filaments contribution to the line tension, N is the number of
active filaments distributed along one half of the contact line, F7} is the tensile

A7 Fi

v

Fi1a. 6. Schematic of the force balance on the apparent contact line of a dilute polymer
solution drop, retracting after impact on a hydrophobic surface.
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force in the i-th filament, and F:’FOJU the angle formed by the ¢-th filament and
a fixed direction. According to Eq. (3.1)), increasing the line tension implies a
reduction of the apparent contact angle, which is in agreement with experimental
observations [12, 23|.

3.2. Advancing contact line of superspreader surfactant solutions

Drops of surfactant solutions were gently deposited on the substrate; thus,
inertia is negligible and one can only observe liquid spreading driven by cap-
illary forces. Unlike water droplets, which attain equilibrium almost immedi-
ately, superspreader surfactant solutions are known to wet out on moderately
hydrophobic surfaces, such as the one used in the present experiments. How-
ever, the physico-chemical mechanism of this phenomenon is poorly understood
to date [17]. The analysis of available literature data suggests it occurs when
solutions of particular trisiloxane surfactants spread on certain substrates char-
acterized by a moderate hydrophobicity, with equilibrium contact angles for pure
water around 50°.

When the advancing contact line of a superspreader surfactant solution drop
is observed at the microscale, one can clearly visualise the formation of micro-
scopic fingers at certain preferred positions along the contact line, as shown in
Fig. 7. These fingers rapidly develop into semi-dendritic structures, which pull
the liquid in the droplet beyond the contact line and therefore enhance spreading.
This peculiar morphology cannot be observed in the case of non-superspreader
trisiloxane surfactant solutions, which exhibit a generally smooth contact line.

Although the dendritic structures observed for superspreader surfactant so-
lutions are morphologically different from those observed for dilute polymer so-
lutions, they seem to have a similar effect on the contact line dynamics, i.e.,
they change the line tension by applying a force directed from the liquid side of
the apparent contact line outwards. In the case of dilute polymer solution drops
recoil, this force is opposed to the contact line movement, therefore it causes
a deceleration, whereas in the case of surfactant solution drops spreading it has
the same direction, therefore it causes an acceleration.

This is further confirmed by the analysis of the equivalent base diameter of
surfactant solution drops, defined as D = /4A/m, where A is the wetted area,
displayed as a function of time in Fig. 8. Immediately after the drop deposition,
the non-superspreader surfactant (S233) solution wetted area grows at a faster
rate than the superspreader surfactant (5240) solution; however, once the contact
line protrusions start growing on the contact line, this trend is reversed, and the
wetted area of the superspreader surfactant grows more than that of the non-
superspreader surfactant. For the sake of comparison, Fig. 8 also displays the
equivalent diameter of a water drop, which remains constant as expected.
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F1g. 7. Contact line detail of two 0.1% trisiloxane surfactant solution drops during spreading
on a polycarbonate surface, at different times (t3 > t2 > t1). Top: superspreader surfactant
solution (Break-Thru S240), bottom: non-superspreader surfactant solution
(Break-Thru S233).
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F1c. 8. Dimensionless equivalent diameter of three liquid droplets spreading on a
polycarbonate surface; superspreader surfactant solution (thin line), non-superspreader
surfactant solution (thick line), and water (broken line).



412 D. BiovLk, V. BERTOLA

It must be remarked that while in the case of dilute polymer solutions one can
understand the contribution to the line tension of liquid filaments stemming out
of the apparent contact line in terms of the non-Newtonian constitutive equa-
tion of the fluid, the physico-chemical mechanism originating the microscopic
structures observed during the spreading of surfactant solutions, as well as their
effect on the contact line tension, remains unknown.

4. Conclusions

The microscale morphology of the advancing or receding contact line of a lig-
uid drop on a solid surface plays a fundamental role in determining the wetting
or de-wetting dynamics of complex fluids observed from the macroscopic stand-
point. Experimental evidence is provided by two examples: the impact of dilute
polymer solution drops on hydrophobic surfaces and the capillary spreading of
superspreader surfactant solutions on a moderately hydrophobic surface. In par-
ticular, in the case of dilute polymer solutions one can observe filament-like
microstructures distributed along the apparent contact line, which reduce sig-
nificantly the contact line velocity during the retraction stage after maximum
spreading; in the case of superspreader surfactant solutions, microscopic liquid
protrusions were observed during capillary spreading, which are believed to en-
hance the spreading factor of these fluids.

Whilst the effect of the contact line morphology on the de-wetting behaviour
of dilute polymer solutions can be understood in terms of the non-Newtonian
constitutive equation of the fluid, the mechanism underlying the spreading en-
hancement observed in superspreader surfactant solutions remains unknown.
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