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Abstract

The dynamic wetting behavior of simple liquids (water, glycerin, formamide, ethylene glycol, and a mixture of water and ethylene glycol)
and polydimethylsiloxane (PDMS) oils with different viscosities has been investigated. The hydrodynamic, molecular-kinetic, and combined
molecular-hydrodynamic models have been applied to the experimental results to evaluate the models’ adequacy. Our work suggests that
the molecular displacement, i.e., the adsorption and desorption process, seems to be dominant for the simple liquids investigated. For poly-
dimethylsiloxanes, our work suggests that none of the evaluated models is sufficient to explain the experimentally observed dependence of
the dynamic contact angle on contact velocity. This work, to the best of our knowledge, provides the first extensive comparison of the three
models with experimental data over a wide range of viscosity. In addition, we have investigated the contact angle hysteresis and conclude
that it is a strong function of the contact speed, the interactions between the fluids and the substrate, and the fluid viscosity.
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1. Introduction inner region, it is assumed that the slippage of fluids occurs
within the first couple of layers of molecules adjacent to the

Wetting and dewetting are “ubiquitous in natural and in- solid surface. The relationship between velocity and dy-
dustrial processes[1]. The fundamentals of equilibrium  namic contact angledf) is given by[14]
wetting phenomenon have been well explof2d10];, how-
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ever, the dynamic process, which is particularly important (%3 — (993 £ 9~ In(—), (1)
for many practical applications, remains poorly understood. Nv s
For example, when a moving liquid is in contact with a
solid sgbstrate, there afe_th? controyersial models, hydr.o- of the liquid, 1 is the surface tension of the liquid, is the
dynamic and molecular-kinetic, that interpret the dynamic o5 5 cteristic capillary length, and is the slip length. In
wetting/dewetting process. The hydroc_iynamlc model, devel- Eq. (1), the plus sign applies to the advancing liquid move-
oped by Cox{11] and Voinov[12], considers the process 0 ent and the minus sign applies to the receding liquid move-

be dominated by the viscous dissipation of the liquid, assum- ment. The capillary lenath. . is given by = </ (/o)
ing the bulk viscous friction is the main resistance force for wherép is thepdené/ity o?thme’ qut?i@l4]. T)'/he slip(leﬂ\é{ﬁfi'

the three-phase contact line motion. The model separates the—;S the fitting parameter and represents the length of the region

liquid into an inner region and an outer regifir8], some-  \;hare the no-slip boundary condition of classical contin-
times even with an intermediate region. In the outer region, uum theory does not hold (i.e., the first couple of layers of

the ‘_‘no-_slip’_’ boundary_ of classical_hydrO(_jynamics (vis_cous molecules adjacent to the solid surface), thus the value of
dissipation is the dominant force) is applied, whereas in the Ls should be in the order of molecular dimensigis, 15}

It is worthwhile to note that the hydrodynamic model does
" Corresponding author. not take into account the characteristics of the solid surface,
E-mail addresslenore.dai@coe.ttu.ediL.L. Dai). which is the model’s main limitation.

whered? is the equilibrium contact angle,is the viscosity
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In contrast to the hydrodynamic model, the molecular- range)27]. This contradicts the work by Redon et[@8] on
kinetic model excludes the viscous dissipation and takes silicone oils over silicon wafers which leads to the conclu-
the solid surface characteristics into acco[ifi,17] The sion that the hydrodynamic theory works well at low contact
molecular-kinetic model, which is based on Eyring’s statis- velocities.
tical treatment of the transport procg&8,19], assumes that Blake and Haynes measured the dynamic wetting of a wa-
the energy dissipation occurs only at the moving contact line ter/benzene interface along a capillary tube and compared
following the adsorption and desorption process and that theit with their developed molecular-kinetic modgl6]. The
entire interface follows the Laplace equation. The relation- results were in good agreement with their theoretical predic-
ship between dynamic contact angle and velocity is given by tions. Later on, Blake reported a multi-mechanism behavior

[14,20,21] over a wide range of velocities (@ x 10°-10 nys) for
kT a PET/water/air systerf21]. The molecular-kinetic model

cosh¥ = cost® F — arcsink( ) (2) gives two different sets of parametessgnd K,) for very
MvA? 2Kwh high and very low velocities. For intermediate velocities, a

where k is the Boltzman constant is the temperature,  stick-slip movement of the three-phase contact line was ob-
andx and Ky, are the fitting parameters. The parameter ~ served21]. Blake hypothesizes that the multi-mechanism is
is the distance between two adsorption or desorption sites,likely due to the variation of solid/liquid interaction when
and Ky, is the quasi-equilibrium rate constant. The nega- the contact speed changes. Petrov and Petrov conducted ex-
tive and positive signs apply to the advancing and receding periments on the PET/agueous glycerol solutions/air system
cases, respectively. The molecular-kinetic model takes intoover a low velocity region (16°-2 mnys) and also ob-
account the characteristics of the solid surface reflected bytained two different sets of parameters within this region
the adsorption and desorption sites. The expected values fotising the molecular-kinetic modg9]. However, Hayes and
A and Ky, are in the order of molecular dimension, 1 nm Ralston[27] were able to fit their experimental data of a
and 16s1, respectively, from curve fitting experimental PET/aqueous glycerol/air system with the molecular-kinetic
data[14]. These values are reasonable in terms of the av-model with a physically reasonable single set of parame-
erage length of molecular displacement and the adsorption/ters[27].
desorption rate. Recently, the success of the combined molecular-hydro-
It is clear that the hydrodynamic model and molecular- dynamic approach has been reported by Schneemilch et al.
kinetic model are two contradicting explanations for the dy- [14] by comparing the experimental dynamic contact angles
namic wetting and dewetting processes, and that in many©f octamethylcyclotetrasiloxane (OMCTS) on low energy
instances neither model fits the entire velocity range of ex- fluoropolymer surfaces with the hydrodynamic, molecular-
perimental datg14,22,23] Thus, a combined molecular-  kinetic, and combined molecular-hydrodynamic models.
hydrodynamic approach has been propog25] which Neither the hydrodynamic nor the molecular-kinetic model
assumes that the equilibrium contact angles have a strong defits the data over the entire velocity range, but the combined
pendence on Ve|0city_ By rep]acing the equi”brium contact molecular-hydrodynamic model does. Similar observations
angle in Eq(1) with the arccog®, wheres9 is in Eq.(2), the were also made with hexadecdid]; however, it is worth-
dynamic contact angle dependence on contact line velocityWhile to note that in both cases, the fitteglvalues from the

is given by[25] combined models are significantly larger than the molecular
dimensions of hexadecane and OMJIL8].
O%h3 = {arcco:ﬁcos@ozp (2kT /ywi?) arcsinhV/ZK\,\,)L)]}3 Another fundamental question that remains unclear is
+ (9 V /) IN(L/Lg), 3) about the contact angle hysteresis. Contact angle hystere-

sis is the difference between advancing and receding contact
wherex, Ky, andLs are the fitting parameters; all the con- angles, and is often referred to as the measure of rough-
stants and parameters in E®) represent the same para- ness and/or heterogeneity of the solid substrate. Recently,
meters and the same expected values as discussed in thExtrand concluded that, in some cases, the effect of lig-
hydrodynamic and molecular-kinetic models. uid/substrate interactions is a stronger contribution factor to
There are controversies over the applicability of theoret- the contact angle hysteresis than surface roughi3€s31]
ical models to experimental dynamic contact angle data andThis conclusion was generated by quantifying the contact
in relating the model parameters to solid/liquid properties. angle hysteresis of several organic liquids on polymer and
Cox [11] compared his hydrodynamic model to the experi- silicon surfaceg30,31] It has also been reported that the
mental data of a glass/silicone oils/air system performed by hysteresis is related to a stick-slip mechanism which de-
Hoffman[26] and found that the results were in good agree- pends on the disorder and the size of the sy§&2h
ment with the hydrodynamic model (E¢L)) over the ob- In this work, we report a systematic investigation of
served velocity region. On the other hand, the dynamic con- dynamic wetting on different systems, specifically, simple
tact angles of water and glycerol on a polyethylene tereph- liquids and polydimethylsiloxane (PDMS) oils with differ-
thalate (PET) surface show that the hydrodynamic model ent viscosities. We have compared the experimental data
fits well only with a limited velocity range (the medium with the hydrodynamic, molecular-kinetic, and combined
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