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The expressions of interface free energy (IFE) of composite droplets with meniscal liquid—air interface in metastable
state on micro/nano textured surfaces were formulated. Then the parameters to describe the meniscus were determined
based on the principle of minimum IFE. Furthermore, the IFE barriers and the necessary and sufficient conditions of drop
wetting transition from Cassie to Wenzel were analyzed and the corresponding criteria were formulated. The results show
that the liquid—air interface below a composite droplet is flat when the post pitches are relatively small, but in a shape of
curved meniscus when the piteches are comparatively large and the curvature depends on structural parameters. The angle
between meniscus and pillar wall is just equal to the supplementary angle of intrinsic contact angle of post material. The
calculations also illustrate that Cassie droplets will transform to Wenzel state when post pitch is large enough or when
drop volume is sufficiently small. The opposite transition from Wenzel to Cassie state, however, is unable to take place
spontaneously because the energy barrier is always positive. Finally, the calculation results of this model are well consistent

with the experimental observations in literatures for the wetting transition of droplets from Cassie to Wenzel state.

Keywords: interface free energy, droplet, wetting, transition, energy barrier

PACS: 68.08.—p, 68.08.Bc

1. Introduction

Droplets on micro/nano textured surfaces may appear in
the states of Cassie (with flat liquid—air interface beneath),
Wenzel, or composite (with curved liquid—air interface) as
shown in Fig. 1. Drops show large contact angles and small
contact angle hysteresis, i.e., suerhydrophobic properties, only
when they exist in Cassie or in composite state. However,
when droplets appear in Wenzel state, contact angle hystere-
sis is substantial, and the surface loses its superhydrophobic-
ity. Therefore, the wetting states of droplets and whether they
transform from Cassie to Wenzel state (C—W) on rough sur-
faces are the key research contents of superhydrophobic mate-
rials.

(2) (b) (c)

Fig. 1. Schematics of Cassie (A) with flat liquid—air interface beneath,
Wenzel (B), and composite droplet (C) with curved liquid—air interface
on a textured surface.

Most researchers considered the shape of liquid-air in-
terface beneath a composite droplet as a plane or a straight
line (Fig. 1(a)).!'""*! However, this model does not accord with
wetting characters of liquid on pillar surfaces, which usu-
ally shows a curved liquid—air interface or meniscus. Also

DOI: 10.1088/1674-1056/27/8/086801

the model cannot explain why the height of posts influences
the C—W transition.>) In fact, the bending liquid—air inter-
face below a composite droplet has been proved by several
experiments.°~1?l And more and more models accepted the
meniscus~7-13-18] although most of them were two dimen-
sional models with a piece of arc to show the liquid—air inter-

5.6,13.17] There are several

face between two pillars (Fig. 1(c)).L
methods to determine the curvature radius of the arc. When a
droplet is not acted by external forces, it is generally consid-
ered that the angle between this arc and pillar wall is equal to
the supplementary angle of intrinsic contact angle.> 81 On the
other hand, the curvature radius of this arc might be taken as
the same as the spherical radius of droplet.!>7-1°) Meanwhile,
the curvature of the arc increases with external forces, such as
hydraulic pressure and static electricity.[! =131

The condensed drop shapes on nanostructures observed

(101 showed that the liquid—air interface be-

by Rykaczewski
tween posts with small pitches indeed appeared in arc.
Whereas the experiment by Ensikat et al.>”! indicated that the
liquid—air interface between posts with large pitches appeared
in plane without obvious bending, and curvature only existed
near pillar walls. Meanwhile, a clear meniscus would appear
when a droplet was acted by external pressure or electric wet-

=151 Therefore, the shape of bending liquid—air

ting force.!
interface is relevant to not only structural parameters but also

the action of external forces. When a droplet is not acted by
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external pressure, its bottom liquid—air interface profile is not
necessarily always an arc.

Minimizing of interface free energy (IFE) of droplets

=251 includ-

2,22]

is often used to determine its wetting state,[!->?!
ing equilibrium contact angle etc. Multi-peak values!
may exist for the IFE of droplets on textured surfaces. Lo-
cally minimum and globally minimal IFE are corresponding
to the metastable and the most stable drops, respectively. A
metastable droplet is unable to transform to the most stable
state spontaneously because there is an energy barrier to over-
come. Consequently, Cassie drops or composite droplets can
exist stably although they are not in the lowest energy state. [*’]
Only when certain pressure or electric wetting force!!!=1517]
acts on a metastable drop, it may transit to wetted state.
Droplet IFE is relevant to the shape of liquid—air inter-
face, but almost all IFE calculations did not involve the curva-

1-3,21-25

ture of the interface.! 1 Only very few two dimensional

modelsP! were based on the bending interface without three

dimension calculations so far. Additionally, only contact an-

gles were generally calculated by means of IFE minimum (%241

while the parameters describing meniscus were not solved un-
til today.

On the other hand, the mechanism of droplet C-W

transition has been investigated heavily,3--11-15.17-19,22.25-41]

which is classified into two types, external force driving and

spontaneous evolution. External forces include static pressure

e’[11,12,15,17,18,40

or hydraulics pressur I impact force of droplet

38421 or deceleration force,™*! and

13,14,34

landing from high place!
static electricity wetting force.| 1 The effect of gravity
could be ignored for a droplet if its scale is less than the capil-
lary length.®! The so-called spontaneous transition means the
collapse of a Cassie droplet on structural surface not by ex-
ternal force, but only by the interaction between the droplet
and the textured surface. For example, an evaporating droplet
on a rough surface will convert from composite state to Wen-
zel state spontaneously when its volume decreases to a criti-
cal value.!”-%17:35-361 Until today however, this mechanism of
the spontaneous transition is still not clear. There are a few
conflicted interpretations, including the Laplace pressure in-
side droplets as the transition driving force,!”-1>-37-38] the ex-
ternal force overcoming the Laplace pressure,!!”] the gravity

e[4639] etc.

of droplets as driving forc

It is generally considered that the C—W transition needs
to overcome a energy barrier,[>3:19:23:27.30-32:43.441 anq the bar-
rier of drop evolution from Wenzel to Cassie state (W—C) is
always greater than the one of C—W transition.[?®3! There-
fore, W—C alteration is more difficult and the two transition

28

processes are considered irreversible.’8! Moreover, contact

angles were usually regarded as constants when calculating

[30,32,43,44

energy barriers, I which would lead to energy barri-

ers always positive.[?4344] For instance, Zheng et al.!*?! de-

rived that W—C barrier was adhesion work while C—W barrier
was wetting work. The forever positive of C—W barrier means
the transition can not be completed spontaneously unless the
action of an external force. But the truth is that the C-W
transition is able to be accomplished spontaneously for small
droplets sitting on posts with relatively large pitches. Con-
sequently, C—W energy barriers might disappear or become

[25] under certain conditions. In a word, more rea-

negative
sonable calculation of C—-W and W-C energy barriers is still
absent.

A three-dimensional (3D) model of the meniscus beneath
a sessile droplet on textured surface was founded in this study.
The droplet IFE was formulated with multi variables, and the
parameters depicting the meniscus of a composite droplet in
metastable state were determined based on the principle of
IFE minimizing. Finally the energy barriers of C—W and W—
C transition were calculated and the necessary and sufficient
conditions of C—W transition were figured out.

2. Physical model

The metastable and most stable states of a sessile droplet
are corresponding to its IFE locally and globally minimal re-
spectively. In many cases although the IFE of a metastable
composite drop with its IFE locally minimal is greater than
that when it is in Wenzel state, the composite droplet still does
not transit to Wenzel state because of the existing of energy
barrier. Therefore, sessile drops usually appear in composite
state suspending on pillars. The shape and the minimum IFE
of a composite droplet are analyzed below. As shown in Fig. 2,
a small composite drop is supposed to be a segment since its
gravity is ignored. The whole volume of droplet is divided
into two parts, segment volume above posts V,, and the vol-
ume into structures Vi,. The liquid—air interface beneath drop
may be curved. The local liquid—air interface around a pillar
is formed by an arc rotating once on the pillar. The radius of
the arc is R, downwards bending depth of meniscus is /,, and
the angle between arc and pillar wall is ¢. A straight line with
length of [ links the two arcs on two adjacent posts. Besides,
the diameter, pitch, and the height of pillars are d, p, and H
respectively. Contact angle and base radius of droplet are 6
and rg respectively. And x means infiltration length on posts.
Thus for pillars in square array, the meniscus among four pil-
lars is made of the curved surfaces on pillar side walls and the
middle flat surface.

The above mentioned multi variables, 8, rg, x, R, ¢, hy,
and /, are used to describe the meniscus of a metastable droplet
on textured surfaces. These parameters can be determined
based on the method of drop IFE minimum. In order to calcu-
late the IFE, the expressions of meniscus area and volume into
textures beneath a droplet have to be established firstly.
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(a)

Fig. 2. (color online) Schematics of liquid-air interface beneath com-
posite droplet on textured surface. (a) 3D liquid—air interface; (b) curves
of liquid—air interface between two adjacent pillars and related parame-
ters.

3. Mathematical model
3.1. Independent variables used to describe the mensicus

We used the seven varables to dispict the mensicus be-
neath a droplet on textured surfaces, i.e., 0, rs, x, R, @, h,, and
1, as shown in Fig. 2 and stated in the physical model. But only
four variables among them are independent since there are two
following relations which can be easily found for the arc on a

pillar wall shown in Fig. 2:

hy = R(1—sing), (1)
I =p—d—2Rcos@. 2)

Besides, x can be expressed with variables 0, rg, R, and ¢,
as shown in the latter Eq. (10). Therefore, the four variables,
0, rg, R, and @ are selected as independent ones in this model.
And they will be determined based on the IFE minimum of a
droplet as shown in the latter sections of this model.

3.2. Liquid-air interfacial area around a post

Based on the above physical model, the liquid—air inter-

face area formed by the rotation of the arc on a post is:

T/2—¢ 4
/ 2r (2 +Rcos@ — Rsina) Rdo

Ay

= 2nR? K;e +cosgo) (g—(p) +sing — 1] )

3.3. Meniscus area beneath droplet

The meniscus area beneath a droplet on cylindrical posts
in square array is expressed by

7.”21’2 —7(d/2+Rcos @) +A,
s 2
p

d 2
= nrsz{l - p—n; <2 —i—Rcos(p)

Jr27tR2 d (ﬁ, )Jr' _q
P R cos 5 ¢ ) +sing .

“

Aplg =

3.4. Volume between pillar wall and surrounded liquid—air
interface

The air volume between a pillar wall and the surrounded
liquid—air interface is the integral:

hx

w-]

0

- }dZ, &)

n{ [Rcos(p+;l— \/(Rz— (R—thrZ)z)}2

which becomes this equation after simplification:

— i 2

Vi = 21~ sing) 2R + dcosg - XSO
d T d
2|4 . (T d

+ 7R [zsm(pcos(p (2 <P> (2 +cos<pR>} .(6)

3.5. Volume into textures beneath a droplet

This volume is expressed as
2 Vi
Vin = 77§ (1_f)x+(1_f)hx_? ; (N

where f is the solid area fraction of a textured surface. After
V] is substituted, equation (7) becomes

Vo — m&{(lf) [+ R(1—sing)]

201 _ i cinm)2
R (1 2s1n(p) [ZR—i—dcosq)—R(l sing) ]
p 3
mR* [d n d
—? [zsm(pcos(p— (5—(;)) (2 —l—cos(pR)] }.(8)

And the whole drop volume is

1 2—3cos6 +cos’ 0
V= Vip+Vin = gﬂrf( sin’® O :

where the contact angle 6 is the apparent one of the segment

+ Vim (9)

with volume Vyp, i.e. the one considered the drop volume into
pillar structures.

From the above two equations x can be expressed with the
four independent variables:

(2—3cos 0 +cos® 6)
sin® @

1 (Vv o1
= — — =7
YT\ w2 3"
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—R(1—sing)(1— /)
nR*(1 —sing) R(1 —sin(p)z}
+72 - 5~
4 3

nR* [d . T d
+F [2 sin @ cos @ — (Ef(p) (2 +COS(PR>} }-(10)

3.6. IFE and total liquid—air interface area of a droplet

[ZR-l—dcos(p—

For a droplet on textured surface with selected projection
area Aoal, the IFE includes liquid—air, solid—air, and solid—
liquid interfacial energy !

E = (Aq+Apig)0LG + (rAiotal — Abst) 05G + Absi OSL

= (Aq+Apig)OLG — Absi €08 001G + FAiora1 OsG, (1)

where r is Wenzel rough factor; Aq and Apg are the droplet
upper liquid—air area and the solid-liquid contact area beneath
the drop respectively; 61g, Osg, and ogL. are liquid—gas, solid—
gas, and solid-liquid interfacial energy; 6y is intrinsic contact
angle. The expressions of Aq and Ayg respectively are

27r?
Aj= —— 8 12
4 T¥cosh’ (12)
2 .x
Apg) = 1 er(r—l)ﬁ . (13)

After substituting all areas into Eq. (11), the IFE becomes

2 T (d :
E = nr? ——+1-= | +R
anGLG{l+COSG+ 7 (2+ Cos(p)
+2LR2 i+cos (E, )Jrsin -1
7 R P79 ¢

- [f+(r— 1)%} cosel}

+ rAotal OSG- (14)

The total liquid—air area of a droplet is

A:Ad+Ablg. (15)
Besides, the IFE and total liquid—air area of a Cassie droplet
are

Ec = nrioiG < —cos 9Ec> + rAtwotal 05G, (10)

1+ cos Bgc

Ac=mr2 | ————
¢ rsc<l+C0SGEC

in which Bgc and ryc means the equilibrium contact angle and
base radius of a Cassie drop, respectively

cosOgc = fcos O+ f— 1, (18)
3v 13
e |:7T(1—COSGEC)2(2+COSGEC):| sin Bc. (19)

3.7. Determination of minimum IFE and shape parame-
ters of droplets
The IFE expression of a drop with four independent vari-
ables, 0, rg, R, and ¢, can be obtained by substituting Eq. (10)
into Eq. (14). Then, these four parameters of droplet shape can
be determined based on the IFE minimizing, i.e., the following
equations of partial derivatives

% =0, (20)
%i =0, 1)
g—i =0, 22)
§<Ep =0, (23)

which were solved by using the function of “fmincon” in Mat-
lab. The corresponding constraint conditions include: 0 <
0<m0<r,0<R<(p—d)/(2cos¢),0< ¢ < 7m/2, and
0 <x < H. And the calculation program is in the supplemen-
tary material.

If the calculation results show x = H, it means that the
drop has completely infiltrated posts. In this case, composite
metastable droplet does not exist, i.e. it has changed to Wen-
zel state, which is in the unique minimum IFE. The IFE of a
Wenzel droplet is expressed by

2

T4 cosbow cos GEW} + rAtotal OsG, (24)

2
Ew = mrgwoLG l:

where Bgw and rgw are the equilibrium contact angle and base
radius respectively:

Ogw = rcos 6y, 25)
3V

13
W= |:7T(1—C0$9Ew)2(2+COSGEw):| sin Bgw. (26)

3.8. Energy barrier of C—-W and W-C transition

Energy barriers usually exist for C-W and W-C transi-
tion, which are defined as follows.

The energy barrier of C—W transition, Eyc, is defined
as the IFE difference between a special composite drop with
its base radius equal to that of Cassie drop when its infiltra-
tion length x equals to pillar height H and the Cassie droplet,
namely

Ewc = E1|,_y — Ec, 27

where E|,_ is expressed by

2
Ei|,_y = Tryc0oic — €08 Ogs | + rApora1 05G, (28)

1+ cos O

in which Bgg is the equilibrium contact angle of the special
composite drop determined by this formular(>>!

cosOgs = (f+r—1)cosO+f—1. (29)
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And 0g is its apparent contact angle, which can be found from
the following equation

1 2 —3cosOs| +cos> 0
V = Vip+Vin = fmgc( o 1)

3 sin3 651
+rrk(1—f)H. (30)
Then the Ey. can be expressed as
2 2

Epel = N0 —
bel TsC LG{H—COSGM f(1+cos6r)

—(r—1)cos91} 31)

On the other hand, the energy barrier of W—C transition, Epw,
is defined as the IFE difference between a special composite
drop with its base radius equal to that of Wenzel drop when its
infiltration length x equals to pillar height H and the Wenzel
droplet, namely:

Eww = E3|,_y — Ew, (32)

where E»|,_ is expressed by

Ez g = 717}’2 O1LG|——— —cCos GES
L=t W 1+ cos s

+ rA1a1 O5G, (33)

in which s, is the apparent contact angle of the special com-
posite drop and it can be found from this equation
1 53 (2—3cosBsy+cos’ Bsy)
V=Vypt+tVn=z7
w F Yin 30w sin’ B,
+7riw(1 = f)H. (34)

The textured surfaces with cylindrical micro/nano-posts were
considered in the calculation. And the solid area fraction and
Wenzel rough factor for this type of posts are:

f=m(d/p)*/4, (35)
r=1+ndH/p*. (36)

4. Results and discussion

4.1. Comparison of locally minimal IFE of composite
droplets with IFE of Cassie drops

Figure 3 shows the IFE difference and liquid—air area dif-
ference between Cassie droplet and composite drop with local
IFE minimum. It can be seen that the IFE difference is neg-
ative when pillar pitch is small, which means that the IFE of
Cassie drop is lower than that of the composite droplet with
curved liquid—air interface underneath. Correspondingly, the
liquid—air area of Cassie droplet is also smaller than that of
composite drop in this case. As pillar pitch increases, how-
ever, both the difference of IFE and the difference of liquid—air
area between the two types of droplets become positive, which

indicates that the IFE of the composite drop with meniscus
starts to be lower than that of Cassie droplet so that it exists
more stably. The liquid—air area of the two types of droplets
considered here is the total liquid—air area, including the upper
area of segment. Although the curved meniscus area beneath a
composite droplet is larger than that of Cassie drop, its liquid—
air area of segment part may be much less than that of Cassie
drop. Therefore, the difference of liquid—air area may become

positive.
50 20
40p T 15
Ec—E,d=5um, H=20um [~~~ H
30 __---E(v—E, d=10 pm, H=20 ym :’ 410 NE
: 20-'""EC*E-d:5,um,H:40ym ! 15 K
2 10k Ac—A, d=5pm, H=20 ym E 9
> o —--Ac—A, d=10 pm, H=20 pm —:‘ >
E‘J - Ac—A, d=5pm, H=40 ym T . 10.002 E;IJ
) of — =" L
< J— g
—0.01F T .
0,02 bttt ] —0-002
10 20 30 40 50 60 70 80

Fig. 3. (color online) Comparison of IFE and liquid—air area between
Cassie and composite droplet with IFE minimum on textured surfaces.
V=2uL,6=110°

Besides, it is also clear from Fig. 3 that on the two tex-
tured surfaces with post diameters of 5 um and 10 pwm, both
the IFE difference and the liquid—air area rise abruptly when
the pitch of pillars is 47 um and 66 um respectively for the
two surfaces. This is because the transition of the droplet
from the composite state to Wenzel takes place, after which
metastable composite drops will no longer exist while only
Wenzel droplets with global IFE minimum appear on the sur-
faces. Furthermore, it is also clear that the pillar height does
not have much influence either on the IFE difference and
liquid—air area difference of the two types of droplets or on
the disappearing of the metastable drops. But the effects of the
post diameter are obvious. The larger the diameter, the greater
the IFE difference, and the larger the pillar pitch needed for
C-W transition.

Above results indicate that the liquid—air interface be-
neath a composite droplet is a flat one, i.e., a Cassie drop,
when pillar pitch is small. But it will become curved when
pillar pitch is large.

This model supposed that there is no force acting on the
droplet and the interface free energy is the lowest. How-
ever, the droplet bottom is always in meniscus when there
is driving force acting on the droplet, which is called in-

[45

terface free energy gradient*>! or Laplace pressure in some

[7.15.37.381 Byt in that case, droplet is not free and the

literatures.
interface free energy is not in the lowest state. Consequently,
there is some error between the calculation results of this study

and the actual condition.

086801-5



Chin. Phys. B Vol. 27, No. 8 (2018) 086801

4.2. Comparison of locally minimal IFE of composite
droplets with IFE of Wenzel drops

Figure 4 shows the IFE difference between composite
droplet with local IFE minimum and Wenzel drop on dif-
ferent textured surfaces. It is clear from the figure that the
IFE of composite droplet is lower than that of Wenzel drop
when pillar pitch is small, which means that Wenzel drop is
in metastable state while composite droplet is in the most sta-
ble state with global IFE lowest. When pillar pitch becomes
large, however, the situation turns to be opposite. That is, the
IFE of composite droplet is higher than that of Wenzel drop
so that composite droplet is in metastable state while Wenzel
drop is in the most stable state. If pillar pitch increases further,
local IFE minimum will disappear, i.e. metastable compos-
ite droplets no longer exist but Wenzel drops live since there
is only global IFE minimum in this case. Therefore, the van-
ishing of local IFE minimum of composite drop is one of the
necessary conditions of C—W transition.

50
401 e
I 1
30| '
- A |
1
S :
B 1
= 1
5 10 :
I |
A‘E O !
g L
< 10
-~ /) — Ewin—Ew, d=5 pm, H=20 ym
_20}t ! === Enin—FEw, d=10 pm, H=20 pm
| N Enin—Ew, d=5 pm, H=40 ym
730 1 1 1 1 1 1 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70
p/pm

Fig. 4. Comparison of IFE between Wenzel and composite droplet with IFE
minimum, E.,;, on textured surfaces. V. =2 uL, 6; = 110°

4.3. Parameters of composite droplets with IFE minimum

Figure 5 shows the multi parameters of composite droplet
shape in the state of locally lowest IFE on different textured
surfaces. It can be seen that the curvature radius R of the
liquid—air interface below the drop is zero when pillar pitches
are small (Fig. 5(a)), i.e. the liquid—air interface is not curved.
In this case a straight lined liquid—air interface directly link the
two adjacent pillar walls, i.e., [ = p —d. That is, the liquid—air
interface beneath the droplet is a flat one, as a Cassie drop.
When the pitches further increase, however, R starts to in-
crease continuously while [ still exists. Namely, the liquid—air
interface below a composite droplet in this case contains both
curved and flat parts. Finally, when the pitches further enlarge,
the composite drop will change to Wenzel state with meniscus
distinguishing and R becoming zero again.

The above results show that the meniscus below a com-
posite droplet with minimum IFE includes not only curved part

but also a flat one, which is a little different from the model
of one complete arc between two posts accepted in several
literatures. >%13171 It should be declared that our model is only
valid for droplets without any external force acted and in the
locally lowest IFE. When a composite drop is acted by pres-
sure etc, the meniscus beneath it will become a absolute arc,
but its IFE is not in minimum state in this case. Therefore the
shape parameters of a composite droplet cannot be determined

by the method of IFE minimum in this latter situation.
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Fig. 5. (color online) Parameters of composite droplet with IFE minimum.
(a) R and / change with p; (b) x and i, change with p; (C) ry and® change
with p. V=2 pL, 6y = 110°, H =20 um.

The calculation for composite droplets with IFE mini-
mum also indicates that the angle ¢ between liquid—air in-
terface and pillar wall constantly equals to 7—6; (data not
shown). This result illustrates that the wetting state of droplet
on pillar side walls accords to the intrinsic contact angle,
which is the same as that supposed in literatures.>!8] Addi-
tionally, it is clear from Figs. 5(a) and 5(b) that the chang-
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ing regularity of h, is completely similar to that of R, which
is already shown in Eq. (1). Besides, it can also be seen
from Fig. 5(b) that infiltration length x on pillar walls beneath
droplet is almost zero when pillar pitch is small. But x will
quickly equals to pillar height H, which means that the posts
below drop have been completely infiltrated. Therefore, x = H
is another necessary condition of C—W transition. Moreover,
it can be found from both Figs. 5(a) and 5(b) that pillar diam-
eter influences both the curvature of liquid—air interface below
droplet and C—W transition obviously. The greater the pillar
diameter, the larger the maximum R and #,, and the larger the
p needed to complete C—W transition.

Although the liquid—air interface beneath a composite
droplet on textured surfaces may be curved, which is different
from the plane interface below a Cassie drop, contact angles
and base radius of the composite droplet are almost the same
as those of Cassie drop, as shown in Fig. 5(c). This result in-
dicates that the meniscus below composite droplet influences
the shape of upper drop on posts weakly. In fact, the most part
of a droplet volume locates outside of micro/nanostructures
while only very small ratio is inside. Therefore, contact an-
gle and base radius of metastable composite droplets can be
calculated with Cassie-Baxter equation.

Even though the meniscus of metastable drop does not
affect contact angle obviously, it indeed influences the C-W
transition especially in the case of short posts which make
the meniscus below droplet touch the structural substrate
easily.[%7-2] But the effect of pillar height on C—W transition
can not be explained with the flat liquid—air interface beneath
Cassie drops. %21

The IFE of sessile droplets on textured surfaces was ana-
lyzed in this study, and the curvature of meniscus below these
drops is small. For instance, the A, in Fig. 5(b) is only a
few micrometers. Relatively large droplets deposited on sur-
faces are consistent with this situation. On the other hand,
the measured A, could be as deep as 4 um-23 pm!®!H121

when droplets were acted by external forcel!!:1%15.17.18]

13,14,34

or

electric wetting force,| 1 or during the evaporation of

7.9.17.35.361 And the measured , is obviously larger than

drops.!
the calculated value. This demonstrates that droplets are not
in the metastable state with local IFE minimum when there is
external force or when evaporation takes place. In fact extra
energy will add to drops in this case, which leads to the curva-
ture of meniscus increasing. Therefore, the bending liquid—air
interface should be determined according to the real free en-
ergy of droplets in these cases, but not based on the minimum
IFE of this model.

In this study, we didn’t consider the force condition of the
droplet. Consequently, the calculation result that the contact
angle keeps constant is obtained when droplet is in the lowest
free energy condition. However, when there is force acting on
the droplet the contact angle between micropillar and droplet
is constantly changing. In other word, in the actual conditions

of C—W transition process contact angle changes from small
to large.

4.4. Energy barriers of C-W and W-C transition

The energy barriers of C—W and W-C transitions on dif-
ferent textured surfaces are shown in Fig. 6. It can be seen
that the C—W barriers become negative (see Fig. 6(b)) when
pillar pitch is large enough. The negative barrier means that
the IFE of Cassie droplet is higher than that of any composite
drop with different infiltration lengths on pillar walls. Namely,
the IFE of Cassie droplet is the greatest globally. Besides, the
negative C—W barrier also means that the C—W transition may
take place spontaneously because the transformation process
is from higher energy to lower energy. On the other hand, the
energy barrier of W—C is always positive (Fig. 6(a)), i.e. the
transition is unable to happen spontaneously. Furthermore, it
is also clear from Fig. 6(b) that the larger the pillar diameter,
the greater the pitch needed to make the C—W barrier become
negative. But the influence of pillar height on C—W transition
is very weak. For instance, the needed pitch for the transition
is the same around 46 um—-47 pm when pillar height is 20 pm
and 40 um respectively. The only difference between the two
pillar heights is that the energy barrier with H = 40 um de-
creases faster with pitch enlargement (as shown in Fig. 6(b)).

100
o @ 1
6O 180
50F ¢ ]
- . —— Ey¢, d=5 um, H=20 ym =
2 40F ¢ 4160 <
=] o === Ey, d=10 pm, H=20 ym S
~ E\s /e By, d=5ym, H=40 ym ] =
m\—“) 30 7Ebw,d:5pm‘H:20ym<40 Lr§
20F -=-- Eyw, d=10 pm, H=20 ym]
wof \oA o T Eyw, d=5ym, H=40 ym 120
OF | Theeiieeea E—
1 1 1 1 1 1 L 1 1 1 1 1 I‘ 0
10 20 30 ,40 50 60 70
./ p/pm \
e \
I’ \
. \
/’ \
. \
I’ \
0.10f - !
b \\
0.08 F (b) N
0.06 |
: ——d=5pum, H=20 pm
S 0.04fF ----d=10 ym, H=20 pm
Al e d=5pm, H=40 ym AN
2 0.02F.
S
0
—0.02
—0.04F e

Fig. 6. (color online) Energy barriers of C—W and W-C transition change
with pillar pitches. V =2 pL, 6; = 110°. Panel (b) is the local amplification
of panel (a).
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The effect of drop volume on the energy barriers of C—
W and W-C transition is shown in Fig. 7. It is clear that the
two types of barriers all decline with the decrease of V. And
the C—W barrier can become negative if V is small enough
(Fig. 7(c)). In contrast, the W—C barrier is always positive
(Fig. 7(a)). Consequently, C—W transition may be completed
spontaneously under the conditions that pillar pitch is suf-
ficiently large (Fig. 6(b)) or drop volume is small enough
(Fig. 7(c)), which accords well with experiments.[7’9’25’35’361
But W-C transition is unable to take place spontaneously no
matter under what conditions. That is, W—C transition may be
completed only by the excitation of external energy, such as

vibration.[21:46]

By comparing the two necessary conditions of C—W tran-
sition, the above C—W energy barrier being zero and the early
x = H condition, it can be seen that both are completely con-
sistent. Therefore, both of them can be used to calculate the
C-W transition. It can be said that the basic reason for C-W
transition of a metastable drop on textured surface is the dis-
appearing of its local IFE minimum value, or the vanishing of
C-W energy barrier. The C—W transition may be inhibited by
proper control of the patterns of structures and surface chem-
ical characters, such as by increasing the roughness of pillar

sides, 47481 [17.4349,501 414

manufacturing two-tier structures,
raising the intrinsic contact angle of surface materials.*°! The
mechanism proposed here for C—W transition can be used to
explain and predict the phenomenon of wetting state transfor-
mation during droplet evaporation.

It is necessary to further mention that the droplet ap-
parent contact angles were supposed to be unchanging for
the calculation of C—W transition energy barrier in almost all
published models.[>33%32431 We considered, however, this as-
sumption may result in obvious errors when droplet is small
or when the droplet volume entering into structures can not
be ignored. And the influence of drop volume inside tex-
tures on C—W energy barrier was considered in this study as
shown from Egs. (27)-(33). Namely, the drop volume above
textures decreases, and the apparent contact angle also de-
clines during C—W transition under the condition of base ra-
dius unchanging, which was already proved by the experimen-
tal observations!*®! during meniscus declining. Therefore, the
formulas proposed in this model can describe the real case
more closely. In the matter of fact, the C—W energy barrier will
become wetting work 3238431 and always positive if the drop
volume entering textures is not considered or the drop apparent
contact angle is regarded as constant. If so, the C—W transi-
tion of droplets on any textured surfaces would be unable to be
completed spontaneously. But the truth is Cassie droplets can
spontaneously transform into Wenzel state!”-%17:23-35361 when
pillar pitch is large enough or when drop volume is sufficiently
small. Consequently, the change of apparent contact angle or
the drop volume entering structures must be considered for the
calculation of C—W energy barriers.

4.5. Necessary and sufficient conditions of C—W transition

The work needed to drive the three phase contact line
(TPCL) moving along pillar walls beneath droplets was also
regarded as a part of C—W energy barrier in the calculations of

s.[4] But we consider that energy barrier

Bormashenko et al.’
is a kind of state function since IFE is a state function and the
enerby barrier here is the IFE difference between two droplets
with different wetting states, not relevant to the path of droplet

TPCL moving along pillar walls. This is just similar to the
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energy barrier between valley and peak. The barrier in this
case only depends on the potential difference between the two
locations, but not relevant to the pathways how to climb from
valley to mountain top. Indeed however, the wetting work W
to overcome the resistance of TPCL moving along pillar wall
during C—W transition should be considered to determine the
necessary and sufficient condition of the conversion. For tex-
tured surfaces with high posts, this condition is:

Epc+W <0. 37

But for surfaces with short posts, the condition according to
sag mechanism is

hy > H. (38)

In this latter situation, depinning of the TPCL below a droplet
is not necessary.

The W in Eq. (37) is just the work to wet the pillar side
walls during the TPCL beneath a droplet depinning and mov-
ing towards the substrate of textures, which is expressed by

where 04 is the advancing contact angle when the TPCL
moves forward. (2740411

Then equation (37) or (38) is the necessary and sufficient
condition of C—W transition, and can be used to determine the
wetting state of a droplet and the C—W transition on textured
surfaces.

4.6. Comparison between measured C-W transition pa-
rameters and calculating results

There are two types of reported experiments to investigate
droplets C—W transition on rough surfaces. One of them is to
monitor the changes of contact angles of fixed volume droplets
deposited on surfaces with different textured parameters. And
the C—W transition could be reflected by the sudden change of
contact angles. The second way is to identify the abrupt devi-
ation of shape parameters of a droplet during its evaporation
on a rough surface. The experimental results from literatures

and the corresponding calculation results with this model are

W = mr2 (r—1)oLG |cos Ba], (39)  compared in Fig. 8 to Fig. 10.
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Fig. 8. (color online) Changes of contact angle and IFE barrier Ey, plus wetting work of sessile droplets before and after C—W translation on different textured
surfaces. (a) experimental data originate from literature, 3] H = 10 wm when d =5 um, H =30 um when d = 14 pm; V =5 pL, 6y = 109°, 65 = 109°;
(b)—(d): experimental data originate from literature, [ V = 3 uL, 6; = 110°, 65 = 116°, (b) d = 10 um, H = 40 um, (c) p = 50 pm, H = 20 pm, (d)
H =2 x d; (e) experimental data originate from literature,[10! Vv = 4.3 uL, 6y = 107.5°, 65 = 107.5°.

As shown in Fig. 8, the contact angles of sessile droplets
on different rough surfaces decline abruptly when C—W tran-
sition takes place. The model calculations are agreed well in
general with the experimental results.[!62>33] It can be seen
from Figs. 8(a), 8(b), 8(d), and 8(e) that the enlargement of
pillar pitch ultimately results in the droplet collapse. And it
can be found from Fig. 8(c) that droplets simply appear in
Cassie state as pillar diameter increases, but Wenzel droplets
normally emerge on surfaces if the diameter of posts is small.

It is commonly considered that the C—W transition is
limited by IFE energy barrier.[>19:23:2843.441 Once this energy
barrier diminishes to zero, the C—W transition should take
place.l”l However, the droplet C-W transition usually dose
not happen even when the energy barrier is zero, but regu-
larly takes place when energy barrier is evidently lower than
zero.[>! The main reason for this is that energy barrier is a
state function, which merely depends on the IFE difference of
droplet between two states.[>] But the C—W transition on the
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other hand relies on the process path, namely it is related to
the process of TPCL moving along structural side walls.[#4]
Therefore, it is essential to consider not only the energy bar-
rier but also the process work so that the C—W transition can be
appropriately determined. The necessary and sufficient condi-
tion of C—W transition we developed in Eq. (36) involves not
only energy barrier but also the wetting work W. And this cri-
terion was used to determine the C—W transition in Figs. 8(a)-
8(c), and 8(e), i.e., the sudden decrease of contact angles cor-
responds to energy barrier plus wetting work becoming zero.
And the calculated C—W transition with this criterion is in
good agreement with experiments.

While a Cassie state droplet evaporates on a rough sur-
face, the energy barrier plus work declines continuously as
the drop size reduces. As a result, the droplet will change
into Wenzel state at a certain time when the energy barrier
plus work becomes zero. It can be seen from Fig. 9 that the
base area of the evaporating droplet suddenly enlarges appar-
ently when the C—W transition takes place. And the conver-
sion point calculated with this model fits the measured result!”}

very well.
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Fig. 9. (color online) Changes of base area and IFE barrier E}, plus wet-
ting work of a droplet before and after its C—W translation during evapora-
tion. Experimental data originate from literature.[’l d =3 um, p =20 pm,
H =4.8 um,, 64 = 116°. Note: the droplet volume required in model cal-
culation was solved by using the measured droplet base area and receding
contact angle.

Finally as shown in Fig. 10, the critical scale of an evapo-
rating droplet when the C—W transition happens is clearly rela-
tive to pillar pitch p. When p is small, no C—W transition takes
place for all scales of droplets during evaporation as contact
angles do not reduce noticeably. But if p is great enough, the
C-W transition will occur when the droplet scale decreases to
a critical value, at which moment the contact angle of droplet
declines abruptly and the droplet radius rises visibly. Gen-
erally, the calculations are in agreement with the measured
results'3*! except for the exact transition points where there is
deviation between the calculation and the measurement. For
example, the calculated critical radius of droplet when C-W
transition happens is smaller than the measured value in the
case of d = 5 um (Fig. 10(a)), but the calculated critical radius
is larger than the experimental value in the case of d = 14 um

(Fig. 10(b)). In view of the complexity of droplet C—W tran-
sition in evaporation process, the deviation between the cal-
culation and the experiment for the C—W transition point is
acceptable. Therefore the model is reliable to be used to deter-
mine droplet C—W transition because the calculations overall
fit experimental results well.
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Fig. 10. (color online) Changes of contact angles before and after C—
W transition of droplets during evaporation. Experimental data originate
from literature, 3> 6 = 109°, 65 = 109°. (a) d =5 um, H = 10 um; (b)
d =14 pum, H = 30 um. Note: the droplet volume required in model calcu-
lation was solved by using the measured droplet radius and contact angle.

4.7. Line tension effect during the wetting transition

Line tension®! is the free energy on unit TPCL. And the
free energy of a droplet induced by line tension is the product
of line tension and the total length of the TPCL at the bottom
of the droplet. However, the IFE mentioned above is only lim-
ited to the free energy resulting from interfacial tension, which
equals to the product of surface energy and the relative phase-
contacted area. When a composite droplet sits on the solid
surface with nanostructures the length value of the TPCL be-
neath the drop may be much larger than the value of contact
area. Therefore, even though the line tension is usually obvi-
ously smaller than surface tension or surface free energy, the
free energy induced by line tension still cannot be ignored.

In this model, the line tension induced free energy is not
included. However, the calculation of energy barrier during
C-W transition is not influenced since only the cylindrical
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micro/nanostructure is considered. Consequently, the TPCL
length of the droplet bottom is constant during the C—W tran-
sition, and the free energy induced by line tension is also
unchanged. Therefore the energy barrier of C—W transition
(Eq. (27) or Eq. (31)) will be the same no matter consider-
ing the free energy caused by line tension or not since the two
terms on the right side of Eq. (27) both have the same free en-
ergy induced by line tension. However, if the nanostructure
is in other shapes, e.g. cone or sphere, the present Eq. (27)
or Eq. (31) will bring error because the free energy induced
by line tension constantly changes during the C—W transition.
In these latter cases, line tension induced free energy must be
considered.

4.8. Consistency of the C-W transition analysis with free
energy method and force balance

Both free energy and force balance methods can be used
to analyse the C—W transition. We had applied the force anal-
ysis method!*! to develop a physical and mathematical model
for the process judgement of the C—W transition. In that study,
the interface free energy gradient was proposed as the driving
force of C—W spontaneous transition. And the wetting force
or capillary force on the TPCL on a hydrophobic surface was
taken as the resistance preventing the TPCL depinning. Com-
pared with the two calculation results of the force analysis
and the present free energy method, they are almost the same.
Therefore, the two methods are consistent with each other to
analyze the C—W transition.

5. Conclusions

The liquid—air interface beneath a composite droplet in
metastable state is either flat or curved on textured surfaces
depending on the pitches between posts. The interface is in
a plane shape when the pitches are relatively small, but in a
curved mensicus when the pitches are comparatively large.
The angle between the interface and pillar wall is the same
as the supplementary angle of intrinsic contact angle. But the
apparent contact angle and base radius of droplet are almost
equal to the calculation according to Cassie—Baxter equation.
The necessary and sufficient condition of C—W transition is
the energy barrier plus wetting work of pillar walls beneath a
droplet less than zero for textured surfaces with high posts, or
the curved depth of meniscus greater than or equal to pillar
height for structural surfaces with short posts.
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