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Wetting states and processes attract plenty of interest of scientific and industrial societies. Air entrainment, i.e.,
wetting failure, on smooth plate in wetting process has been investigated carefully before. Liquid bath entries of “rough”
silicon wafers are studied experimentally in the present work, and the air entrainment condition is analyzed specially with
the lubrication theory. The roughness effects on the moving contact lines are therefore explored. The contact line pinning
is found to be the main reason for the dynamically enhanced hydrophobicity of rough surface, which implies an effective
microscopic contact angle of 6, = 6y +90° where By is the Young’s contact angle of the material. Our results suggest
that the solid surfaces can be considered as hydrophobic ones for a wide range of dynamic process, since they are normally
rough. The work can also be considered as a starting point for investigating the high-speed advancing of moving contact

line on rough surfaces.
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1. Introduction

Wetting phenomena and wetting processes are important
for industry and in nature. Droplet’s rolling on lotus leaf,!]
basilisk lizard’s running on the surface of a pool,?! shore-
bird’s drinking water,3! ezc., attract great interest of scien-
tists. Meanwhile, by using the wetting mechanism, one can
massively print functional material on soft substrates in elec-
tric industry,*! control the small robot through “smart” lig-
uid metal,’! and control the mixing in droplets as chemical
vessels.[] However, in the framework of fluid mechanics, se-
vere theoretical challenge arises in analyzing the (liquid—air—
solid) contact line motion on a solid surface due to the deduced
shear stress singularity.!”-8! The assumptions of precursor film,
non-Newtonian, and liquid evaporation, efc., were therefore
made.® Coupling with slip boundary condition, the lubrica-
tion model is developed into a powerful tool to describe the
dynamics of a moving contact line.!”) Marchand et al.l'%!]
found that it can well predict the air entrainment condition
when a smooth plate enters into viscous liquids vertically. On
the other hand, the wall heterogeneity has been found to play
important roles in determining the wetting states of liquids on
a solid wall so far,>~14] thus exerting a subtle influence on the
spreading outcomes of a droplet impact onto a wall,['3] erc. As
is well known, the detailed investigations are still lacking, and
one still has a great enthusiasm for knowing how to model a
rough plate in wetting processes for practical purposes. In this
paper, we conduct the experiments to explore the roughness
effects on the moving contact line dynamics. Well controlled
wall surfaces and liquids are adopted following the previous
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experimental and numerical attempts on this subject. An em-
pirical simple model is subsequently proposed.

2. Experiment

The experimental apparatus adopted in the present re-
search is similar to that used by Marchand, Chan, and
Snoeijer,['>!!] which is schematically depicted in Fig. 1(a).
The releasing of the plate was controlled by a motor-string-
guideway system to preserve fixed speed of the plate as it en-
tered into the liquid bath vertically. The entering speed was
calibrated through high speed video snapshots. In our ex-
periments, water—glycerol (WG) and ethanol-glycerol (EG)
solutions were used as the liquid phases with various mass
fractions of the components. The viscosity of the solu-
tions ranged from 2.8 mPa-s to 325 mPa-s, the density was
around 10 g/cm?, and the interfacial tension was in a range of
31 mN/m-71 mN/m. The properties of the solutions are listed
in Tables 1 and 2. We used both smooth and “rough” silicon
wafers as the plates. All the plates were oxidized for 2 hours
to preserve uniform wettability on the surfaces, and the elec-
tron microscopy scanning (EMS) showed that they were cov-
ered by a thin SiO; film. On the smooth silicon wafers, the
Young’s contact angles (6y) of WG and EG solutions were
about 50° and 40° , respectively. Meanwhile, the “rough”
silicon wafers were prepared following the standard Micro-
Electro-Mechanical process.!'®) Micron sized cylindrical pil-
lars or square grooves were etched on the surface of silicon
wafer for rough plates, and the geometries are illustrated in
Fig. 1(c). Of course, for the grooved plates, the texture could
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be parallel or perpendicular to the water surface in the exper-
iments. As we can see later, the orientation of the pattern
causes an apparent difference when the same wafer is plunged
into the liquid pools.

The “liquid-bath entry” processes of the plates were
recorded by a MegaSpeed MS-75K camera at 2000 frames per
second (Fig. 1(a)). When the plunging speed was smaller than
a threshold, the front of the contact line will advance over the
plate surface smoothly, and a stable meniscus could be ob-
served (Fig. 1(b)). While the speed was higher than the criti-

free surface

cal value, the contact line was distorted. Air bubbles was shot
from the apex of the distorted contact line in the circumstance
(Fig. 1(b)). For all the plates we used, “rewetting” bridge
could be found in the unstable advancing, which is similar

s.1191 Slight differences from

to the observation of Marchand’
those observed by Marchand et al. were observed merely be-
cause our liquids had much lower viscosity and higher interfa-
cial tension. However, figure 2 shows that our data for smooth

plates are consistent with previous publications.

(a) (b)

(c)

Fig. 1. (a) Experimental apparatus. (b) Plunging wafers into liquid bath with/without air entrainment, where the empty arrows indicate downward
motion of plates. Left part: smooth wafer is plunged into water—glycerol solution with speed U, ~ 0.23 (m/s), and contact line is stable. Right part:
horizontally grooved wafer is plunged into the same solution with U, ~ 0.2 (m/s), where contact line front is unstable. Solid arrow and circle denote
bubble shot from apex of distorted contact line and “rewetting” bridges, respectively. (c) Geometries of etched microstructures on silicon wafer surfaces:

cylindrical pillars (upper) and grooves (lower).

Table 1. Liquid properties, where Oy denotes the static contact angle on smooth surface; “M.F.”” the mass fraction of component
(Comp.) A in solution; p, i, ¥ denote density, viscosity, and interfacial tension of liquids, respectively.

Comp. A Comp. B M.E./% p/(glem?) w/(mPa-s) ¥/(mN/m) 6y/(°)
Glycerol water 30 1.07 2.8 71.0 50.9
Glycerol water 50 1.13 6.6 70.0 49.4
Glycerol water 70 1.18 29.0 67.0 50.0
Glycerol water 85 1.22 109.0 64.0 52.2
Glycerol water 95 1.25 325.9 62.0 51.7
Glycerol ethanol 70 1.05 53.7 31.4 39.3
Glycerol ethanol 75 1.07 111.4 342 39.4
Glycerol ethanol 80 1.12 221.5 36.8 41.0

Table 2. Static apparent contact angle (64,,) values of various liquids
on grooved silicon wafers, where “M.E.” denotes mass fraction of com-
ponent A in solutions.

Comp. A Comp. B M.F/% 64.-/(°)
Glycerol water 30 34.7
Glycerol water 50 34.7
Glycerol water 70 35.0
Glycerol ethanol 70 <5
Glycerol ethanol 75 <5
Glycerol ethanol 80 <5

3. Results and discussion
3.1. Lubrication theory and preliminary experiments

For the cases of a smooth solid surface plunging into a

10,11

viscous liquid, Snoeijer et al.!'%!"! analyzed the meniscus in

the vicinity of the moving contact line by using the lubrication

theory.[°] In the later publication, the author proved that the

theory can be applied to the flows in large contact angle. The

governing equation is as follows:
d3h  3Ca-f(6,R)
ds> — h(h+3)
h(0)=0, 6 =6, 6(s— ) =a,

+sin(0—a),
ey

where s denotes the arc length, /(s) the local thickness of the
air film, and 6(s) the inclined angle of interface element (de-
picted in Fig. 3(a)). In the equation, the capillary number
Ca = upU,/y, where U, denotes the plunging speed of the
plate. It is a dimensionless velocity characterizing the visco-
capillary flow. The last term on the right-hand side repre-
sents the gravitational action, where ¢ is the inclined angle
of the plate and o¢ = 90° in the present study. The function
f(6,R) evaluates the viscous effects of both phases, which is
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expressed as

~ 2sin* 6 [R2/1(0) +2Rf3 (6) + fi (m— 6)]
"~ 3[-Rfi(n—6)£2(0)— fi(m—6) f2(6)]

f(6,R)
with

—sinfBcos O,

f1(8)=6>—sin’6, f2(6)=6
f3(0)=6(m—86)+sin’6.

In the expression, R = Ug /. denotes the viscosity ratio of the
two phases, where the subscripts G and L denote gas and lig-
uid, respectively. It is worth noting that the solution of Eq. (1)
depends on two microscopic parameters, namely, slip length
As and microscopic contact angle 6.. In practice, 0. is usu-
ally set to be Oy on smooth surfaces, and A5 to be an empirical
value. In fact, we cannot measure Ay directly experimentally,
and the suitable value is obtained by fitting the predictions to
the experimental results.

101 F
I Refs. [10], [11]
[ W EthGly(fy = 407
| @ WatGly(6y = 50
| O EthGyivg S
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8 100 - 0o =20°, A =107
[----0,=50° A\ =109
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A B, = 20°, Ay = 5X10~5
b~ -~ 0, = 50°, \; = 5X105
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101 Lo : . : :
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Fig. 2. Critical entry speed versus viscosity ratio for smooth plate
(solid symbols) and that decorated with vertical grooves (empty sym-
bols). Ethanol-glycerol (square) and water—glycerol (circle) solutions
are used. Gray region shows the experimental data cited from Refs. [10]
and [11]. Contact angle (6. = 0y) and slipping length (A) are presented
according to the lubricating theory (Eq. (1)). According to the compar-
ison, results with A, = 107> are used as baselines for further analyses
on rough surfaces.

Snoeijer’s model successfully captures the most promi-
nent features of the experimental results.['%!!l It leads to a
solution of 6 = arcsin(dh/ds) = 6(s;6.,Ca) with a maxi-
mum at some location: Opax = 0(s*;6.,Ca). The value of
Omax increases with Ca increasing, until 8,,x = 7 is reached,
which implies that the air might be entrapped,!'?! i.e., the wet-
ting failure condition is reached. In our experiments, com-
plex contact line front is observed when wetting failure oc-
curs (see Fig. 1(b)). We solve Eq. (1) numerically by us-
ing Runge—Kutta and shooting method. For smooth silicon
wafers, the predictions are consistent well with the experimen-
tal data qualitatively (see Fig. 2), and we also demonstrate the

10.111'On the other hand, by using a finite

previous analyses.!
element method,*°! we find that equation (1) can predict the

wetting failure conditions for two-dimensional cases (see the

supplementary material). Therefore, we suppose that the de-
viation in Fig. 2 is due to the two-dimensional assumption in
Eq. (1). In the latter analyses, we set the smooth plates results
as baselines for both theoretical predictions and experiments
respectively, and only care about the differences due to the
roughness. Figure 2 shows the influences of both 6y and A
on the results in a reasonable range compared with the exper-
imental results. Meanwhile, the critical speed decreases with
Oy increasing or Ay decreasing. In Fig. 2, we also present the
results of experiment with using vertically grooved plate. It is
interesting that the data are extremely close to the smooth plate
ones. We then conclude that such a roughness has no effects
on the wetting failure criterion in this circumstance. How-
ever, further experiments with horizontal microscopic patterns
present different results. In the rest of the paper, we focus
on the plates with horizontal grooves and micro-pillars, unless
otherwise stated.

3.2. Experiments for rough surfaces

To characterize the roughness influence on wetting fail-
ure in detail, we try to model a rough surface with effective
parameters for smooth surface. This idea is surely acceptable,
since all theories for smooth surface are compared with (more
or less) rough surface experiments. In Ref. [17], the authors
found water entry cavity was induced easily as a rough hy-
drophilic sphere entered into water. They postulated that air
was entrapped in the valley of the roughness when contact line
advanced over the sphere surface. By using the Cassie—Baxter
model,['>14] a critical speed for splashing was estimated by
following the Duez’s procedure.!'3! On the other hand, Qian

(191 also derived an average value of the contact an-

and Wang
gle when the interface moves slowly on a chemically patterned
surface, which was consistent with the scenario obtained from
the Cassie—Baxter equation.

The geometry of the presented surface is regular enough
and the corresponding effective contact angle under Cassie—
Baxter (6cp) or Wenzel (6w) state could be obtained easily

from the following equations!'?14]

cos Ocg = ¢scos By + (1 — ¢s)cosm, and Ocp > Oy, (2)
cos By = r*cos By, and Ow < 6y, 3)

where ¢5(< 1) is the fractional area of the solid-liquid inter-
face per unit projected area under the liquid (see Fig. 3(b)) and
the roughness factor r*> 1. 6, is then replaced by an effective
contact angle (O¢cp or Byw) instead of Oy in Eq. (1). Since it is
already shown that the smooth silicon wafers are covered by a
thin SiO; film and the surface of the substrate is hydrophilic,
Wenzel state can be achieved by measuring the static contact
angle (see Table 2). However, if By is utilized in Eq. (1), then
there will be Cac(6. = Ow) > Cac(6. = 6Oy).
our experimental observations (Figs. 1(b) and 4), which show

It contradicts

the rough surfaces have lower critical entering speed than the
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smooth ones. In Fig. 4, we compare the plates decorated with
horizontal grooves and pillars with the smooth ones for both
experiments and theoretical predictions. As a matter of fact,
the most prominent features include that (i) the two rough
plates have very close Ca, values, (ii) Ca. values of the two
rough plates are lower than those of the smooth one. Then we
suppose that air is entrapped in the valley of the grooves and
use 6. = Ocp (see Fig. 3(b)). According to Refs. [20] and [21]
we also know the rough surface has a larger slip length, there-
fore A, = 5 x 107 is applied, which is slightly larger than that

air

Up

(b)

of the smooth one. However, it is shown that large deviation
is found compared with the experimental results. Meanwhile,
albeit A, = 5 x 107 is extremely empirical in Fig. 4, a larger
one causes even worse prediction. Another clue for the real
influence of roughness comes from feature (i). For the two to-
pographies tested, the corresponding Ocp values are obviously
different from each other (see Eq. (2)), but they have almost
the same Ca. values. Therefore, the enhancement of wetting
failure on rough surface cannot be yielded by any temporally
or spatially averaged effect, namely the C—B state.

(©) bended

) / interface
air /
Up /

air

liquid

Oce
liquid

Fig. 3. (a) Illustration for lubrication theory. (b) Cassie—Baxter state when contact line advances on rough surface. (c) Contact line pinning and
effective microscopic contact angle: 6. = Oy +90°. Dashed curve indicates an imaginal bended interface.
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Fig. 4. Plots of critical entry speed versus viscosity ratio for rough
plates. Experimental results and theoretical predictions for smooth sur-
face are presented as baselines (A = 1079). A, =5x107 is applied
in theoretical prediction (Eq. (1)) for rough plates. Although the latter
is very empirical, a higher value leads to worse agreement with exper-
imental result. (a) Liquids: ethanol-glycerol solutions. (b) Liquids:
water—glycerol solutions. 6, = 150° and 6. = 160° in panels (a) and
(b), respectively, indicate that 8, > By + 90° is more reasonable for the
predictions.

It is well known that “mesa” defects cause contact an-
gle hysteresis, which could also be explained as energy bar-

12,141 The energy barrier will be

rier through thermodynamics.|
overcome by adjusting the interface such that the contact an-
gle reaches a new value while the contact line is pinned on
the defect. As depicted in Fig. 3(c), a new value of the effec-
tive contact angle could be estimated a (/2 + 6y). As shown
in Fig. 4, given 6, = (7/2 + Oy), the lubrication theory pro-
vides reasonable predicts for both EG solution and WG solu-
tion. Furthermore, reminding the observations of rough plate
with vertical grooves entering into the liquids, we can imagine
that there are no energy barriers or pinning effects when the
contact line advances along the grooves. So, the critical speed
of such a rough plate is almost the same as that of the smooth
surface. In Fig. 4, we further increase 6., which leads to bet-
ter prediction. Probably, that is because of the slight bending
of the interface as the contact line moves into the valley (see
the dashed curve in Fig. 3(c)). By noting the above analy-
ses, we again test several cases with A : = 1075-5x 1072 and
0. : = 130°-150°, and the current parameter set fits the exper-
imental results better. Although it might not be the best, our
results are still valid.

4. Conclusions and perspectives

In the present paper, we conduct water entry experiments
of rough plates to explore the dynamic process of contact
lines moving over rough surfaces. The flow in the vicinity
of the contact line is well described with the traditional lubri-
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cations theory. Unlike the equilibrium states, the dynamics
of the moving contact line is governed greatly by local effect,
namely pinning effect, rather than the temporal/spatial aver-
ages based on the thermodynamic approaches. The findings in
our previous numerical simulations?! are demonstrated. The
experiments with various liquids and plate topographies show
that the combination of local inclined angle of the valley and
Young’s contact angle of the liquid (71 /2 + 6y in the paper) can
be utilized as the effective microscopic angle, in order to eval-
uate the meniscus when the plate enters into the liquids. Cou-
pled with an empirically increased slipping length, the criti-
cal speed for air entrainment, as the contact line advances on
a rough surface, can be predicted. Of course, more detailed
analysis of the slipping length influenced by roughness is still
lacking. How the slipping length varies when the contact line
pins on or releases from the defect is of great value.
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