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ABSTRACT

Micro- and macrodroplet evaporation and condensation upon micropatterned superhydrophobic surfaces built of flattop pillars are investigated

with the use of an environmental scanning electron microscope. It is shown that the contact angle hysteresis depends upon both kinetic

effects at the triple line and adhesion hysteresis (inherently present even at a smooth surface) and that the magnitude of the two contributions

is comparable. The transition between the composite (Cassie) and wetted (Wenzel) states is a linear effect with the microdroplet radius
proportional to the pitch over pillar diameter. It is shown that wetting of a superhydrophobic surface is a multiscale phenomenon that involves

three scale lengths. Although the contact angle is the macroscale parameter, the contact angle hysteresis and the Cassie —Wenzel transition
cannot be determined from the macroscale equations and are governed by micro- and nanoscale effects.

Biological and artificial (biomimetic) micropatterned surfaces (a)
built of microscopic pillars are known to be extremely water
repellent or superhydrophobic. A water droplet can roll on
top of the pillars resulting in a high contact angle (CA) and
low contact angle hysteresis (CAH), Figure l1a. Superhy-
drophobic micropatterned surfaces became a topic of active
investigation in recent years due to their potential application
for nanotechnology? However, despite the apparent sim- ®

plicity of these systems, there are still a number of effects 777 N
. eoooeooelT NN
related to superhydrophobicity that have no adequate expla- 8o e 77 N
nation. One such effect is the transition between the Cassie 0 0ew0O0 T
state (composite interface with air pockets trapped under the o0 6da00 o=
droplet) and the Wenzel state (complete wetting of the . @0oQeo N 7,
surface). It is known from the experiments, that the transition 2002000 7
from the Cassie to Wenzel state is an irreversible e¥ent. soum D2 D2

Whereas such a transition can be induced, for example, by
applying pressure or force to the droptetlectric voltage, Figure l (a) Schematics pf a droplet on a tilted substra_te showing
or vibration the opposite transition has never been observed. adva”C'”gh‘?adv) andlrecedmgq,ec) CoﬂtaCt angles. Tfl‘e glfferenc_e o)
: tween these angles constitutes the contact angle hysteresis.

Several approaches have been proposed to explain th e -o

. . . . tical profiler image of the patterned surface.
Cassie-Wenzel transition, including net surface energy P P g P
levels of the two statesthe balance between the droplet

weight and surface tension foréenistory of the systerf, . . . .
. S mechanism of transition. We studied recently wetting of
droplet curvaturé,dynamic destabilizing effects and gradual . . .
micropatterned Si surfaces and observed that wetting be-

stochastic transitiof,and multiscale roughne$sNumerous havior depended ubon a microscale nondimensional param
experimental results support many of these approaches; P a0 up P
eter, the spacing factérin the present work, we study

however, there is still no convincing explanation of the X . . .
experimentally and theoretically evaporation/condensation of
* Corresponding author: e-mail, bhushan.2@osu.edu; tel, 614 292 0651; microdroplets with an environmental scanning electron
fax, 614 292 0325. microscope (ESEM) and show that CAH and transition
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Table 1. Wetting of a Superhydrophobic Surface as a Multiscale Process

characteristic Cassie—Wenzel
scale level length parameters CAH mechanism transition mechanisms
macroscale droplet radius contact angle, droplet no CAH predicted transition may occur at the
(mm) radius intersection of the two
regimes
microscale micropattern shape of the droplet, position kinetic effects (pinning kinetic effects, deposition of the
detail (um) of the liquid—vapor of the triple line) droplet
interface (h)
nanoscale molecular molecular description thermodynamic and dynamic wetting—dewetting asymmetry,
heterogeneity effects, adhesion surface heterogeneity,
(nm) hysteresis dynamic effects

Unlike most classical systems studied by thermodynamics the micrometer scale (such as pinning of the triple line) and
and statistical physics, a droplet upon a superhydrophobicat the molecular scale (such as the inherent adhesion
surface is a multiscale system in a sense that its macroscaldysteresis).
properties, such as the CA and CAH, cannot be determined We studied two series of patterned Si surfaces, covered
only from macroscale equations, and thus it cannot be treatedwith a monolayer of hydrophobic tetrahydroperfluorodecyl-
as a closed macroscale system (Table 1). While macroscalérichlorosilane (CA with a nominally flat surfacy = 109,
thermodynamic analysis allows predicting the CA for both advancing and receding CA afkago = 116> and Oreco =
Wenzel and Cassie states, the transitions between these tw82°), formed by flat-top cylindrical pillars. Series 1 had
states and the CAH involve processes and instabilities atpillars with the diameteb = 5 um, heightH = 10um, and

a Droplet on the surface before and after transition

5-pm diameter, 10-pm height, and 37.5-pm pitch pillars

| ——
Transition

‘\«‘_ s ..
air pocket no air pocket

14-pym diameter, 30-uym height,and 105-pm pitch pillars

530 pm

—r-
Transition

air po::ket no air pocket

b Process of growing droplets on patterned surfaces in an ESEM
During increasing condensation
14-um diameter, 30-um height, and 26-um pitch pillars

Water droplets in 1, 2, 3 appear Water droplets in 2 merge Water droplets in 3 merge

Figure 2. ESEM micrographs of microdroplets upon the patterned surface: (a) €&8siezel transition during evaporation. (b) Droplets
grow and merge during condensation; however, no transition from Wenzel to Cassie regime takes place. Th¥VEnzsidransition is
irreversible due to the asymmetry of wetting and dewetting (Y. C. Jung and B. Bhushan, Ohio State University).
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(@) 4 Wenzel surfaces. The droplet radiu®, at the CassieWenzel
transition was observed to be proportionalPi® (or P/H)
(Figure 3b), which suggests that the transition is a linear
phenomenon and that neither droplet droop (that would
involve P?/H) nor droplet weight (that would involve®)
are responsible for the transition, but rather linear geometric
relations are involved.

The CAH is a result of the wetting/dewetting asymmetry
that leads also to the asymmetry of the Wenzel and Cassie
states. While the fragile metastable Cassie state is often

Spacing factor, S observed, as well as its transition to the Wenzel state, the
(b) opposite transition never happens. The CA with our patterned
~ 500 - surfacesp, is related to that with a nominally flat surface,
g Cassie o 6o, by
S _-
5 300 A ﬁ o -7 cosf = (1+ 275% cosf, (Wenzel state) (2)
=
£ 200 - o _-=" Wenzel 7o
3 - cosf =~ cosf,+ 1)—1 (Cassie state 3
Zi0] g ﬁ 7S (costp+ 1) =1 ( ) ©

For a perfect macroscale system, the transition between the
0 2 4 6 8 Wenzel and Cassie states should occur only at the intersection
of the two regimes (the point, at which the CA and net
Figure 3. (a) CAH as a function of for the first (squares) and ~ €nergies of the two regimes are equal, correspondirfy to
second (diamonds) series of the experiments compared with the= 0.51). It is observed, however, that the transition from
theoretically predicted values of c@a — COS Orec = (D/P)*(/ the metastable Cassie to stable Wenzel occurs at much lower
4)(cos faavo — €OS brecd + c(D/P)? wherec is a proportionality —  ya1yes of the spacing factor 0.083S < 0.111. As shown

constant. It is observed that when only the adhesion hysteresis/. . . .
interface energy term is considered= 0), the theoretical values in Figure 4a, the stable Wenzel state (i) can transform into

are underestimated by about a half, whereas 0.5 provides a  the stable Cassie state with increasihgji). The metastable
good fit. Therefore, the contribution of the adhesion hysteresis is Cassie state (iii) can abruptly transform (iv) into the stable
of the same or_der of magnitude_ as the contrib_u_tion kinetic effects. Wenzel state. The transition—ii) corresponds to equal
gt;)FI?/gJFﬂetlfgd'l:tS!'\; ?gstgfvggstﬂgt\/\t/ﬁgZ&H:‘iﬁﬂotgsssa flgccélc:; A Wenzel and Cassie states free energies, whereas the transition
constant vaIu.e oRD/P ~ 50 um (dashed line). This shgws that (iv) corresponds to the Wenzel energy much lower than the
the transition is a linear phenomenon. Cassie energy and thus involves significant energy dissipation
and is irreversible. The solid and dashed straight lines

pitch valuesP = (7, 7.5, 10, 12.5, 25, 37.5, 45, 60, and correspond to the values of the CA, calculated from egs 2

75) um, while series 2 ha® = 14 um, H = 30 um, P = and 3 using the CA for a nominally flat surfadk, = 10.

(21, 23, 26, 35, 70, 105, 126, 168, and 2if) (Figure 1b). The two series of the experimental data are shown with
It is convenient to introduéethe spacing facto& = D/P, squares and diamonds.

and thus the fraction of the sotidiquid contact area is given Figure 4b shows the values of the CA after the transition
by fs. = 75%4 (fs. = 1 for the Wenzel state and 9 fs. < took place (dimmed blue squares and diamonds), as it was

1 for the Cassie state). The CA and CAH of millimeter- observed during evaporation in the ESEM. For both series,
sized water droplets upon the samples were measured. Irthe values almost coincided. For comparison, the values of
addition, CA and the WenzelCassie transition during the receding CA measured for millimeter-sized water droplets
evaporation/condensation of microscale droplets were studiedare also shown (squares and diamonds), since evaporation
in the ESEM (Figure 2). We found that the CAH involves constitutes removing liquid and thus the CA during evapora-
two terms (Figure 3a): the ter®?(/4)(coS Oaqvo — COS tion should be compared with the receding CA. The solid
Oreco), corresponding to the adhesion hysteresis (which is and dashed straight lines correspond to the values of the CA,
observed even at a nominally flat surface and is a result of calculated from eqs 2 and 3 using the receding CA for a

molecular-scale imperfectness) and the tern(] D/P? nominally flat surfacefeco = 82°. Both parts a and b of
corresponding to microscale roughness and proportional toFigure 4 demonstrate a good agreement between the experi-
the edge line density. Thus the CAH is giver?by mental data and egs 2 and 3.

In order to understand the CAH and transition between
the Cassie and Wenzel states, the shape of the free surface
energy profile can be analyzed. The free surface energy of
a droplet upon a smooth surface as a function of the CA has
whereOagvg Oreco Oagv, aNd0Orec are advancing and receding a distinct minimum, which corresponds to the most stable
contact angles for the corresponding smooth and roughCA.*3 As shown in Figure 4c, the macroscale profile (smooth

C0S0,q, — COSO o = %SZ(COSGadvo_ C0SO,ecd + H, (1)
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Figure 4. (a) Wetting-dewetting hysteresis for a superhydrophobic surface. Theoretical (solid and dashed) and experimental (squares for
the first series, diamonds for the second series) CA as a function of the spacing factor. (b) Receding CA and values of the CA observed
after the transition during evaporation (blue). (c) Schematics of net free energy profiles as a function of the CA for macroscale (smooth
line) and microscale (wavy line) profiles. (d) The two branches (Wenzel and Cassie) are found when a dependence of enlerigy upon
introduced.®-11 for the microscale description of the liquidtapor interface as a horizontal plane (solid line) and interface with nanoscale
imperfectness (dashed line).

line) of the net surface energy allows us to find the CA vapor interface under the droplef, (assuming that the
(corresponding to energy minimums); however it fails to interface is a horizontal plane), or similar geometrical
predict the CAH and CassiéVenzel transition, which are  parameters (assuming a more complicated shape of the
governed by micro- and nanoscale effects. The microscaleinterface). As observed from Figure 4d, for the horizontal
energy profile (wavy line) has numerous energy maxima and interface, only the Cassie state serves as an attractor for the
minima due to the surface micropattern. While exact calcula- System’ whereas as soon as a more Complicated Shape is
tion of the energy profile for a three-dimensional droplet is jntroduced (due to nanoscale imperfectness or dynamic
_complica?ed., a qualitgtive shape may be optained by assUMfiects such as the capillary wa¥®s for example, the

ing & periodic sinusoidal dependeriésuperimposed Upon  wyiangular shape as shown in Figure 4d, the Wenzel state
t_he macroscale profile, as shown in Figure 4c by th_e_wavy may become the second attractor for the system. The energy
line. The largest and smallest values of the energy MINIMUMS - e for the WenzetCassie transition is much smaller

correspond to the qdvancmg and_ receding contact angles. than that for the opposite transition, which explains the
The energy profile as a function of the CA does not . - .
irreversibility of the transition.

provide any information on how the transition between the
Cassie and Wenzel states occurs, because there two states TO summarize, we showed that CAH and the Cassie
correspond to completely isolated branches of the energyWenzel transition cannot be determined from the macroscale
profile in Figure 4c. However, the energy may depend not equations and are governed by micro- and nanoscale
only upon the CA but also upon micro/nanoscale parameters,phenomena. Our theoretical arguments are supported by our
such as, for example, the vertical position of the liguid  experimental data on micropatterned surfaces.
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