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Abstract: Understanding the influence of topography on wettability is essential for improv-
ing the modeling of superhydrophobic surfaces. Moreover, wetting predictions can foresee
corrosion, biological contamination, self-cleaning properties, and all phenomena related
to wetting. In this context, this research work reports the experimental corroboration of
a novel theoretical model for stochastic surfaces that relates the static contact angle for
the heterogeneous wetting of surfaces to the root mean square (RMS) slope of the surface
structures, allowing wetting prediction through topography. For this study, hydrophobic
and superhydrophobic alumina thin films with gradual roughness were constructed. The
films were deposited on glass using the dip-coating technique, textured with boiling water,
and functionalized to achieve low surface energy using Dynasylan F-8815. Surface wetta-
bility was characterized using the sessile drop technique, and the RMS slope of the alumina
surfaces was quantified using the atomic force microscopy (AFM) technique. The model,
presented here for the first time, fits the experimental data, allowing wetting prediction for
hydrophobic and superhydrophobic surfaces considering static contact angles. As expected,
topography plays a fundamental role in achieving superhydrophobicity. Therefore, defin-
ing a topographic criterion, as performed here, for obtaining superhydrophobic surfaces
is highly relevant to reduce the production costs of these surfaces and also enable new
production processes and designs.

Keywords: wettability; root mean square slope; superhydrophobicity

1. Introduction

Superhydrophobicity is the ability of some surfaces to highly repel water, meaning
they are surfaces that, almost, do not get wet. In the textile industry, it is used to produce
fabrics that do not absorb water [1]. In medicine, it is used in the production of materials
such as prosthetics and surgical instruments that prevent pathogenic agent adhesion [2].
In the automotive and naval industry, it is used to produce anticorrosive materials. In
the aerospace industry, it can be used with the intent of preventing or delaying icing over
wings and turbine components [3,4]. Furthermore, superhydrophobicity can be applied to
improve the generation of renewable energies . Solar panels coated with superhydrophobic
layers can maintain efficiency due to the self-cleaning properties. When raindrops fall
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on the photovoltaic device surfaces, they will immediately slide off, carrying away dust
particles that scatter light, preventing efficiency reduction. This property is of great interest
in various industries [5,6].

Hence, wetting is associated with crucial factors like contamination and corrosion,
serving as a reference measure of species adhesion on the surface. Quantifying wetting can
thus be used to anticipate the impact of these factors.

Surface wettability can be quantified by measuring the contact angle (CA) of a liquid
drop [7], defined as the angle between the liquid-solid and liquid—gas interfaces, with
the triple-phase line (solid, liquid, gas) as the vertex. For a surface to be considered
superhydrophobic, the CA must be greater than 150°, and the hysteresis (H), which is the
difference between the advancing and receding angles of a drop at the threshold of sliding
on an inclined surface, must be less than 10° [8]. Two key factors are essential for increasing
the contact angle and achieving superhydrophobicity: one is low surface energy, which
reduces liquid adhesion over the surface, and the other is related to the topography, which
should be nano- or micro-structured, or even both, forming hierarchical structures [9]
and raising the water among surface structures. In the literature, three possible states of
wettability are described. Young’s wettability state describes the contact angle for perfectly
smooth surfaces. Therefore, this angle depends exclusively on the surface tensions gamma
between the liquid-solid (LS), liquid-gas (LG), and solid—gas (SG) interfaces, as described
by Equation (1), defining the Young angle, 0,,.

YSG — VLS _ (1)

costy =
YLG

For surfaces with a certain roughness, which is the case for all surfaces in nature
at some scale lengths, the Wenzel’s wetting state [10,11] describes the contact angle in
terms of surface tensions and the Wenzel roughness parameter (WRP). The WRP considers
the influence of surface area on wettability, which always amplifies the surface wetting
characteristic, whether hydrophobic or hydrophilic. The WRP is given by the ratio between
the rough surface area and its horizontal projection, and it will always be greater than 1.
This means that, for hydrophilic surfaces, when 8 < 90° , the higher the WRP, the lower
the 6y, and the more hydrophilic the surface becomes. For hydrophobic surfaces, when
90° < 0 < 150°, the higher the WRP, the bigger the 6, and the more hydrophobic the
surface becomes, as shown in Equation (2), which defines the Wenzel angle, 6,,.

costly = rycosty (2)

Both previous cases reflect the Wenzel wetting state or homogeneous wetting, in which
the liquid is in adhesion with the whole solid surface.

Superhydrophobic surfaces fall under Cassie’s wetting state or heterogeneous wetting.
This wetting state is characterized by the emergence of capillary forces generated by surface
structures, causing water droplets to be elevated to the tops of the structures, forming
pockets of air between the liquid and the solid. This results in partial water adhesion to the
solid surface and increases the contact angle, now called the Cassie-Baxter angle, 8y,

The Cassie-Baxter equation takes into account the new LG interface present in this
wetting state, as described in Equation (3).

cosflp = r1sfrscosty — 1+ fis 3)

The chemical influence on the wetting of the system can be represented by cos(6,),
as surface tensions depend on the chemical compounds of each phase. Meanwhile, the
topographical influence is evident in the roughness parameter ry s, calculated as the ratio
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of the wetted rough area to its horizontal projection, and the term f; g, which is the fraction
of the area projected on the horizontal plane corresponding to the LS interface. It is also
interesting to note that, in the limiting case where f} s tends to one, we revert to the Wenzel
model for wetting.

Pioneering authors in the study of CA relate wettability to the interfaces below the
droplet. However, some authors show that it is the differential areas below the triple
line (line that divides the solid, liquid, and gaseous phases) that influence the CA and
not the total interface areas, which are related to the CA [12-15]. In the current literature,
several works seek to relate surface wettability with topography [16]. However, the vast
majority cite RMS roughness as the main factor influencing superhydrophobicity [17-19].
The tendency predicted in Wenzel’s model for surface roughness to amplify its hydrophilic
or hydrophobic property was corroborated through numerical simulations, but experi-
mental results keep showing a certain divergence from the model [20]. As emphasized
by Kaufman et al. [21] and Schiavon et al. [22], the slope of the local surface structures
has a direct influence on their wettability. The slope of these structures is responsible for
the capillary force that causes water droplets to rise to the top of the structures, in the
hydrophobic case, resulting in superhydrophobicity for higher slope values. The surface
area can also be expressed in terms of the root mean square slope for stochastic surfaces [22].

Obtaining the necessary structures to generate enough capillary force is a common con-
cern when aiming to achieve superhydrophobic surfaces, as there is no general topographic
criterion for obtaining superhydrophobicity. One focus of this study is on the surface
structures’ ability to promote superhydrophobic behavior. The lack of a well-established
relationship between contact angle (CA) and any surface-related topographic parameter
makes it impossible to predict wettability solely based on surface topography since CA
cannot be estimated without considering surface topography [8,11] . Therefore, correlating
surface topography with wettability can allow wetting prediction and, more specifically,
for superhydrophobicity, can lead to the development of new modeling and manufacturing
processes, thereby optimizing existing processes.

With this motivation, we describe for the first time the Cassie-Baxter (Equation (3))
equation in terms of the RMS slope of surface structures. This allows us, given the chemical
composition of a given surface, to determine the necessary slope to achieve the minimum
wetting angle for superhydrophobicity (6 > 150°) through wetting prediction. This equa-
tion, derived in the next section, was experimentally validated using hydrophobic and
superhydrophobic nanostructured alumina surfaces, as described in Section 3.

2. Theoretical Model

In this section, we will present a new heterogeneous wetting model for isotropic
Gaussian surfaces that allows us to express the Cassie-Baxter equation in terms of the root
mean square (RMS) slope of the surface structures for Gaussian distribution of heights. The
topography will be the main factor of interest, and therefore, from now on, we will consider
the chemical composition of all surfaces as being the same, subtracting its influence. Thus,
Young’s contact angle (contact angle for smooth surfaces) will not be altered, as it is related
to the chemical properties of the system through interface tensions (Equation (1)). The
surface height, or surface profile, is a given function, k(x,y), and hy and hy are the partial
derivates of h(x,y) with respect to x and y, respectively. The RMS slope represents the root
mean square of the surface’s slopes. It is calculated as the square root of the sum of the
squared slope values at each point on the surface. The RMS slope can be calculated by
Equation (4).

1 (% (%
2 _ g L 2,12
¢ = lim L2/_%/_%[hx+hy]dxdy )
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where L represents the maximum length of integration in each direction of the area. This
equation serves as a theoretical definition, but it can also be applied to real surfaces of
finite dimensions, provided that sufficient sampling of the surface structures within the
measured area is conducted [23].

We want to express the terms related to surface topography in Equation (3) in terms
of the RMS slope. We will start by defining these terms. The modified WRP is defined as
the ratio between the wetted area, Ay, and its plane projection, Ay, denoted as frs = ;14;2, .

The fraction of the wetted plane projection area is represented by f; s = I;p where Ap;
is the total flat area. Therefore, the product of the modified WRP and the fraction of the
wetted plane projection area can be expressed as:

rsfis = Av Apo _ Av
LS = Z Ay T Ay

(5)

The total area of the surface is given by the general Equation (6):

A:/_w/_w./1+h§+h§dxdy. ©)

If we impose the condition that the area must be wet and divide by the total flat area,
L?, we obtain the product 715 fr 5. Therefore, we can write:

. 1
risfrs = ngrgo ﬁ//Wet \/1+ 13+ hidxdy (7)

Considering that L2 represents the probability, p(x,y), of simultaneously finding
the positions x and y, the above formula can be seen as the expected value of the slope,
< \/h:+ hﬁ >. Statistically, we can change the integration variables to more convenient
ones in the expected value calculation. It makes sense to work with the derivatives instead
of the positions, as they are part of the integral’s kernel. Therefore, we can write:

rLsfLs = // p(hx, hy) \/mdhxdhy (8)

where the integration is performed over the wet components of the gradient. If we as-
sume a Gaussian height distribution, the probability p(h., h,) follows a bivariate normal
distribution, which can be expressed in terms of k,, representing the magnitude, and ¢,
representing the direction of the surface gradient. The magnitude is defined as h? = h2 + hﬁ
and represents the slopes in a given direction. When considering an isotropic Gaussian
surface, p(hy, ¢) follows a Rayleigh distribution:

2
Py, ) = 1o ©)

71(72

For an isotropic Gaussian surface, from Equations (8) and (9) we can achieve Equation (10),
where the integration is performed over the wet slopes.

_ [T bt 1+ h2dh.d 10
TLsts—O et 7007 + hzdhyde (10)

By integrating over ¢, we obtain:

= 2hr -1 1+ h2dh 11
rLsfis = e 02 ¢ TV LA Ry (11)
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First, we must estimate the amount of dry and wet slopes, taking into account that
this is dictated by capillary force, and the intensity of the capillary force is determined by
the curvature of the liquid-gas interface. We are now modeling the influence of capillary
force that will be associated with the surface slope at specific points on the surface profile.

Considering a differential length over the surface profile in each direction and the
water lying over the surface, which represents a small area of the water drop on a substrate,
the local slope will determine the curvature of the LG interface near the solid surface.
Looking at Figure 1, if h, > —tanf, (a), capillary forces will draw the water upward at
these points, and their vicinity must be dry. If h, = —tanfy (b), the capillary force does
not act and if i, < — tan 6y, (), the capillary force acts in the opposite direction, lowering
the water. In these cases, the vicinity of this point must be wet. Therefore, slopes steeper
than — tan(6,) on the surface cannot be wet. This delineates a range of slopes that can and
cannot be wet on the surface (here, we assume that the surface structures are of micrometric
or nanometric order, and so are the relative distances between these structures. This allows
significant increases or decreases in height due to capillary force, as in Jurin s law, meaning
that it is the local slope that determines whether that fraction of the surface area is wet or
not). We can then write the limits of integration.

—tanfy 2, N

r = e 1\/1+h2dh 12
LsfLs /0 2 2dhy (12)
a) b) C)
Oy &y By
hr < -tanBy hr = -tanBy hr > -tanBy
™ Liquid [ solid [Jeas

Figure 1. Expected curvature for three distinct slopes with 6, fixed. The arrow represents the direction
of the capillary force for each curvature. (a) For i, < — tan 0, the curvature generates a downward
capillary force. (b) For i, = — tan 6y, there is no capillary force. (c) For h, > — tan 6y, the curvature
generates an upward capillary force.

Using partial integrals, we can rewrite the above expression as:

® 27, W 5 0 2h, 2 5
rsfis = [ Sxe Alerdn [ ZreE 1 i 13
LsfLs /0 2 + hidh, ety O + hidh, (13)
B . s _ 14K .
y making the substitution ¢, = —*, we obtain:
1o 1 1 e 1
risfrs = oed? /L gre 8rdg, — oed? /Htanzgy gre 8rdg, (14)

o2 o2

In the equation above, it is possible to identify the incomplete Gamma function in
both terms; we can then write:

1 31 3 1
—ge2 |T(2, =) —-T(2, ——— 1
rsfLs = oe { <2,02> (2’c0529y02>} (15)
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We now need to rewrite the fraction of the wet plane projection area, which can
be calculated as the expected value of a straight horizontal profile, where the partial
derivatives vanish.

fis = | /Wet p(y, by )dhydh, (16)

In the case of isotropic Gaussian surfaces, it can be expressed as:

—tanby 2fy, _ 7
s = /0 e dh, (17)

The expression above is the cumulative Rayleigh function. By making the substitution

2
g(r) = %’, we obtain:

—fanzey 1 51 5
firs=1—e & =1—edZe " (18)

Using Equations (18) and (15) in Equation (3), all slopes within the range h, < —tan(6,)
contribute to the CA, which is true for smooth surfaces; see Figure 2a. However, as the
RMS slope increases, the (LS) interface rises between the structures towards the tops; see
Figure 2b. Consequently, slopes in the range /1, < —tan(6,) at the valleys do not contribute
to the CA. Therefore, the LS fraction is overestimated at higher RMS slopes. To address this,
we propose a correction factor to obtain the correct CA for cases with a high RMS slope.

[CLiquid
[ Solid
[CGas

Figure 2. (a) Region containing LG interface on surface with low RMS slope. (b) Elevated LG interface
between high RMS slope surface structures.

According to Longuet-Higgins [24], the density of maxima and minima (i.e., peaks
and valleys) are equal on an isotropic Gaussian surface, and the number of extrema should
equal the number of saddle points. In the limit of very high RMS slopes, only the tops of
the structures are wet—specifically, only the maxima—which correspond to one-fourth
of the equilibrium points that comprise the surface. On the other hand, statistically, the
cumulative distribution reveals the amount of slopes that fall below a certain value. Here,
the value of interest is —tan(6y), as described in Equation (18), which represents the wet
portion of the slopes. This portion decreases as we increase the RMS slope value. Based on
this, we propose the following correction factor:

3 —tanzf)y 3 1 2—1 .
:1—7 o2 :1—7172 COSG}/” 1
k 46 4e e (19)

The above fraction approaches 1 when the RMS slope tends to 0 and converges to
1/4 as the RMS slope tends to infinity. It represents the portion of the LS interface that
contributes to the CA, with the liquid rising through the surface structures due to capillary
forces as the RMS slope increases. Therefore, by using Equations (18), (19), and (15) in
Equation (3), we obtain:
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1 31 3 1 11—
cos8,, = koeo? {F(Z, 02) — 1"(2, Coszegzﬂcos% -1+ k(l — eaze“’sz"y"2> (20)
y

It may be possible to predict CA through the topography and chemical composition
of the system, and to determine the required value of the RMS slope needed to achieve
superhydrophobicity, based on the static criterion (6 > 150°).

3. Materials and Methods

In order to experimentally validate this theoretical result, we constructed hydrophobic
and superhydrophobic alumina films with graded nanostructured topographies.

The alumina was synthesized using a sol-gel process, following a well-established
route described in the literature [25]. The molar ratio of the reagents used was 20:1:4:1, cor-
responding to IPrOH:EAcAc:H20:Al(O — Al(O — Al — sec — Bu)s. The specific reagents
used are listed in Table 1. Further details about the synthesis can be found in a previously
published work [22].

Table 1. Information about the used reagents in the alumina synthesis.

Reagent Chemical Formula Provider Purity
Isopropyl alcohol iPrOH Sigma Aldrich ~ 99.5%

Tri-sec-butil-alumina ~ AI(O — Al(O — Al —sec — Bu)3  Sigma Aldrich ~ 99.99%
Ethyl acetoacetate EAcAc Sigma Aldrich 99%

Sigma Aldrich Brasil Ltda, Cajamar 07790-330, Brazil.

The alumina films were deposited using the dip coating method with homemade
equipment. It is moved by a stepper motor that moves a rack through a pulley system,
generating movement at controlled speed. The substrate is attached to the equipment and
follows its movement, submerging into the solution positioned just below. The immer-
sion speed was set at 1 mm/s, and the immersion time was 10 s. The film thickness was
controlled by the emersion speed, which was set at 2 mm/s. After deposition, the films
underwent thermal treatment in a muffle furnace at a temperature of 400 °C for 10 min
to perform hydrolysis and condensation, thereby improving film stability and adhesion.
At this temperature, the boehmite sol does not yet transform into y — Al,O3. The surface
structures were formed through chemical etching using boiling water with varying expo-
sure times (0s,6s,105s,165,32s, 64 s, 128 5, 512 5) to achieve different roughness levels, as
varying topographies result in different wettability. After etching, the films were subjected
to another thermal treatment in a muffle furnace at a temperature of 400 °C for 10 min.

Functionalization was performed to achieve low surface energy. A 1% solution of
Dynasylan F8815 surfactant from Evonik in water was used, and it was deposited onto the
films via dip coating with an immersion speed of 1 mm/s, an immersion time of 10 s, and
an emersion speed of 2 mm/s. After surfactant deposition, the films were subjected to a
thermal treatment at 120 °C in an oven for 15 min.

Two sets of samples were prepared using the same production parameters. However,
characterization of wettability and characterization of topography were performed in
different laboratories to verify reproducibility (we expect the AFM measurements to have a
similar resolution so as not to significantly alter the value of the RMS slope). For the first
group of samples produced, topography characterization was performed using atomic force
microscopy (AFM) measurements. The equipment used was the Veeco Dimension 3100
from Veeco Digital Instruments Metrology Group, with a measurement area of 2 x 2 um?
to capture a representative sample of the entire surface with sufficient image resolution.
The scanning probe used was the ScanAsyst-Air, with an elastic constant of 0.4 N/m.
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The wettability characterization was performed by measuring the contact angle. The
measurements were performed at room temperature and humidity (approx. 22 °C, 40%).
Set 1 samples were measured using homemade equipment and a drop volume of 10 uL,
while Set 2 samples were measured using a Kruss Goniometer (DSA 100S/2014) and a
drop volume of 5 uL. A drop of distilled water was deposited in three distinct regions of
each sample; a photo was taken of each drop. The contact angle was calculated for every
drop and the average of the contact angles was calculated. The contact angle values were
obtained by analyzing the images using Image]J software (version v1.54k). The uncertainty
was calculated from the standard deviation of the mean plus the instrumental accuracy.
The hysteresis was calculated by the method of volume variation through subtracting the
advance and retreat angle of the drop at the time when it is being inflated and deflated. The
volume was varied from 5 uL to 20 puL and from 20 uL to 5 uL, with a variation of 1 uL/s.
The hysteresis present in next section refers to the volume of 5 puL.

The topography of the second set of samples was measured using the Bruker Dimen-
sion Icon equipment, with the TAP150A probe having an elastic constant of 5 N/m. The
measurement area was also 2 x 2 um? . Wettability was quantified using the same method-
ology as for the first set of samples; however, the drop size was 10 pL. The handmade
equipment used was a contact angle measurement device (CAMD).

4. Results and Discussion
4.1. Topography

The following presents the AFM measurement images of the alumina films on glass
substrates with graded roughness. Both the RMS roughness and RMS slope are expected
to increase with increasing etching time as the chemical reaction with the alumina surface
reaches deeper layers.

The topographies of the two sample sets are shown in Figures 3 and 4 (Set 1 and
Set 2, respectively). The values of root mean square (RMS) roughness, 7, ,5., and RMS
slope are presented for the respective surfaces. In general, it can be observed that these
values increase with etching time, especially for the 16 s textured sample. In Figure 3,
Sample 128 exhibits small measurement artifacts where the tops of the structures are not
well resolved. In the same figure, Sample 512 appears well resolved in the upper part
of the image; however, upon careful analysis, a loss of resolution can be noticed in the
lower part. To confirm this suspicion, we selected the well-resolved area and calculated
the RMS roughness, obtaining a value of 40.5 & 1.3 nm, which is higher than the value
obtained for the entire measured area (37.6 & 1.1 nm), thus supporting our hypothesis. This
demonstrates that small measurement artifacts can significantly influence the measurable
values of topography.

Figure 4 exhibits the same trend of increasing RMS roughness and RMS slope with
longer etching times, except for the case of Sample 32, which shows a notably high value
of RMS slope (2.480 £ 0.074) compared to Samples 128 and 512. Upon closer inspection
of the topographic image for Sample 32, a drift in the AFM measurement, potentially
causing a tilt in the surface structures image, may be responsible for an increase in the RMS
slope. However, the RMS slope values obtained for Samples 128 and 512 closely align with
those obtained for the sample set in Figure 3, despite the small variations between sets in
the surface structures observed in the images, probably attributed to the use of different
AFM tips.
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SAMPLE O SAMPLE 6 SAMPLE 10 SAMPLE 16
127.0 nm
Trms=3.38 + 0.10 nm - 844 +0.085 nm “127.0nm
Ty ms=2.675 1 0.080 nm TR - - & T
2848 + 0.0085 6=0.2403 + 0.0072 .371 + 0.011
Height Sensor 2.0 um 0.0 Height Sensor 2.0 um 0.0 Height Sensor 2.0 um 0.0 Height Sensor 2.0 ym
RN 127.0 nm
4 .
b -127.0 nm

X v
T, m3=37.6'% 11 g’

Y 2 >
N % »
L ‘Qrzs
§032.750 £,0.083 !
5 5

.
7‘-}7(20\&%083" - Y . o'=2‘.2$l-i_-'0.066 .

2.0pm 0.0

2.0 um

Height Sensor

Height Sensor

0.0 Height Sensor 2.0 um 0.0 Height Sensor 2.0 um 0.0

Figure 3. Representation of the topography of alumina films, textured for 0s,6s,10s,16s,32s,64 s,
128 s and 512 s, with a measuring area of (2 x 2) um?.

SAMPLE 0 SAMPLE 6 SAMPLE 10
Trms=3.95+012nm  1,,,=4.49+0.14nm  7ym,=11.29+0.34nm
6510nm & = 0.3206 +0.0096 10nm o = 0.870+0.026 50nm

6=0.2152+0.00

. TE

1o . 1o
SAMPLE 16 " SAMPLE 32 " SAMPLE 128
Trms = 17.75 +0. 53nm Trns = 29.52 +0.89nm Trms = 34.9+1.1nm
6=1.14440.034 50nm =2.480+0.074 75, o =2.265+0.068 100mm
_ - d SRl S < T

Yer™ pe -

6 nm SAMPLE512  -/5nm’ G0N
Trms= 36.6x1.1nm

0=2.472£0.074 159,

S —— il

Figure 4. Representation of the topography of alumina films, text.ured for 0s, 6s,10s,16s,32s,
128 s, and 512 s, with a measuring area of (2 x 2) pm?2.

Table 2 presents the results of RMS slope for the two sets of samples. One can observe
an evolution in the topographical parameter with etching time. In the case of the first
set of samples, the reduction of roughness between Samples 0 and 6 is attributed to the
measurement position. The substrate and the deposition contain irregularities that may or



Coatings 2025, 15, 202

10 of 15

may not be included in the AFM measurement area. These irregularities tend to decrease
with etching time. It is noteworthy that Sample 10 shows a more significant difference
between the values of the two sets (0.371 £ 0.011 and 0.870 £ 0.026), showing that the first
few seconds of etching significantly contribute to the increase in RMS roughness and slope.

Table 2. RMS slopes for both sets of samples.

Sample o Set1 o Set2

Sample 0

0.2848 + 0.0085

0.2152 £ 0.0065

Sample 6 0.2403 + 0.0072 0.3206 + 0.0096
Sample 10 0.371 £ 0.011 0.870 = 0.026
Sample 16 1.401 £ 0.042 1.144 £ 0.034
Sample 32 2.375 £ 0.071 2.480 £+ 0.074
Sample 64 2.760 £ 0.083 -

Sample 128 2.211 £ 0.066 2.265 £ 0.068
Sample 512 2.750 £ 0.083 2.472 +0.074

4.2. Wetting

Figures 5 and 6 show images of water droplets deposited on each surface, along
with their respective average contact angles and errors. In general, it is evident that the
contact angle increases with the RMS roughness and slope generated by the etching process.
For both sample groups, starting from an etching time of 32 s, the static criterion for
superhydrophobicity is achieved, within the error range. In Figure 6, in addition to the
contact angle, the hysteresis values are also presented, indicating that the sample etched
for 512 s satisfies the dynamic criterion for superhydrophobicity (H < 10°).

Sample 0 Sample 6 Sample 10 Sample 16
6 = 147.78° + 0.82°

6=116.9°+5.2° 6 =118.1° + 3.0° 6=121.8°14.6°

| AN (‘/ e

|
o

i

Sample 32 Sample 64 Sample 128 Sample 512
6 =160.67° 1 0.61° 6 =162.0°t2.1° 6=162.7°+1.8°

6 =159.34° £ 0.67°

Figure 5. Contact angles for Set 1, Drop Volume = 10 uL.

Figure 5 displays images of the 10 pL droplet along with their corresponding average
contact angles. Comparing these wettability values (Table 3) with the topographical data
from Set 1 presented in Table 2, Samples 0 and 6 have near contact angle (CA) values
(116.9° £ 1.7° and 118.12° 4 0.93°, respectively), and they also exhibit similar RMS slope
values (0.2848 4 0.0085 and 0.2403 + 0.0072, respectively). These CA values increase for
Sample 10 and display even higher values for Sample 16, as well as the RMS slope values
(Table 2). The latter presents a significant increase in CA, reaching 147.78° £ 0.27°, which is
considerably higher than the CA limit (around 120°) for smooth surfaces determined by
chemical composition [26]. The static criterion for superhydrophobicity is achieved with
Sample 32, precisely where a noticeable increase in slope occurs (2.375 £ 0.071). The CA
values continue to increase for Samples 64, 128, and 512, not following the variation of
the RMS slope values. However, the RMS slope values for these samples are high when
compared to the slope values of the samples that did not reach the minimum CA for
superhydrophobicity (Samples 0, 6, 10, and 16). Furthermore, the uncertainty in the CA
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values of Samples 128 and 512 suggests that these angles are almost the same. Comparing
the slope values for these samples, it is possible to observe that these values are very close
(2.211 £ 0.066 and 2.750 £ 0.083), further strengthening the direct relationship of CA with
the RMS slope.

Sample 0 Sample 6 Sample 10 Sample 16
0 =125.3°+6.7° 0 =122.46° + 0.91° 6 =134.65°+ 0.70° 0 = 145° + 14°

H =62.22°10.03° H = 4!,!0" + ||,03° H =47.00°+0.03°

Sample 32 Sample 128 Sample 512
0 =149.0°+ 6.7° 6 =161.240° £+ 0.035° 6 =162.9°+3.5°

O

H =173.62°1 0.03° H =13.15°+0.03° H =9.77°10.03°

Figure 6. Contact angles for Set 2, Drop Volume =5 pL.

Figure 6 displays images of a 5 pL droplet deposited on each surface of the Set 2 sam-
ples, along with their respective average contact angles (CAs). CA hysteresis values are
presented at the bottom of the images. A slight reduction in CA can be observed between
Samples 0 and 6, while the RMS slope slightly increases for these samples. The remaining
samples show an increase in CA values with etching time. The RMS slope values (Table 2)
increase up to Sample 32; Sample 64 was not available for this set. Samples 128 and 512
present a small reduction in RMS slope values compared to Sample 32, with Sample 512
having a value greater than that of Sample 128.

Sample 32, within a margin of error, achieves the static criterion for superhydropho-
bicity, while the dynamic criterion is achieved for Sample 512.

All these observations further reinforce the notion that the RMS slope is the pri-
mary factor influencing the surface wettability of these samples, assuming that all the
samples possess the same chemical composition, as they undergo the same manufactur-
ing procedure.

Table 3. Contact angles.

Sample CA Set 1 (10 uL) CA Set 2 (5 uL)
Sample 0 116.9° £ 5.2° 125.3° £ 6.7°
Sample 6 118.1° £ 3.0° 122.46° £ 0.91°
Sample 10 121.8° + 4.6° 134.65° + 0.70°
Sample 16 147.78° 4+ 0.82° 145° + 14°
Sample 32 159.34° £+ 0.67° 149.0° £ 6.7°
Sample 64 160.67° £+ 0.61° -

Sample 128 162.0° £ 2.1° 161.240° 4 0.035°
Sample 512 162.7° + 1.8° 162.9° + 3.5°

4.3. Correlation Between Topography and Wetting

Figure 7 displays the fitting of the model proposed here for the contact angle (CA) as a
function of the RMS slope and Young'’s angle (0), according to Equation (20), represented
by the solid curve. The experimental data points of the CA, along with their corresponding
RMS slopes and associated errors, were plotted for both sets of samples. In this graph,
Young’s angle (6,) was determined by the fitting.

It is noticeable that the experimental points exhibit the same behavior as the theoretical
curve and reasonably align with it, considering the inherent complexity of the proposed
equation. The sample showing the greatest deviation is Sample 32 from Set 2. We have
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two hypotheses for this: the RMS slope may be increased due to an artifact from the
AFM measurement, or the functionalization process with the Dynasylan F8815 surfactant
may have failed, resulting in a lower contact angle. The other observed deviations at low
RMS slopes can be explained by the AFM measurement area’s inability to capture the
contribution of the undulations or agglomerates arising from substrate and deposition
irregularities in the RMS slope calculation. Longer etching times tend to smooth out
these irregularities.

CA x RMS slope (2x2pm?2)
180 T T T T T T

170 3

160

150

140

CA B8(°)

130

120

110

ecb |
elxperimenltal pointsI s

100 1 1 1
0 0.5 1 1.5 2 25 3 3.5

RMS slope o

Figure 7. Fit of the theoretical curve (Equation (20)) to the experimental points. The obtained
parameter was 6, = 120.60° 4- 0.54°.

Considering that the theoretical curve fits satisfactorily with the experimental data,
and assuming the validity of our hypotheses regarding the deviations of the data points
from the model, the CA can be predicted from topography and the chemical composition of
the three phases. Furthermore, we can establish a static criterion for superhydrophobicity.
In other words, we can determine the necessary RMS slope value for the surface to achieve
a CA of 150°. According to the theoretical model proposed here, the topographical static
criterion for superhydrophobicity, at the angle 6 = 150°, is ¢ = 1.60.

The chemical composition of the system is incorporated into the model through 6,.
An increase in its value raises the beginning of the theoretical curve, increasing all values
of CA on the curve and reducing the RMS slope value of the superhydrophobic criterion.
Further studies exploring these possibilities are necessary.

The value of 8y is above the 120° limit. Again, the explanation lies in the existence of
clusters and undulations not detected by AFM measurements. This can underestimate the
RMS slope values for low etching times. The aforementioned can shift the theoretical fit,
leading to a higher 60, value.

Theoretically, the model should encompass all isotropic Gaussian surfaces, provided
that the gravitational force is negligible compared to the capillary force. As the dimensions
of the structures and, specifically, the spacing between them increase, the gravitational force
pulling the droplet downwards becomes more significant in relation to the capillary force
pulling the droplet upwards. The wetted area would no longer be characterized solely by
the local slope but dictated by the balance between these two forces in which the height,
shape, and distance between the structures must be considered, falling outside the scope
of our model. In our model, the wetted and non-wetted areas are entirely determined by
the capillary force defined by the local slope of the surface structures. In this sense, we
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expect that this model also applies to surface structures of micrometric order, in addition to
nanometric order, because micrometric spacings between structures are capable of lifting
the fluid to heights that often exceed the micrometric height of these structures due to the
capillary force. However, this fact must be experimentally corroborated.

In relation to the application of the model on hierarchical surfaces, an extension of
the model is necessary for this case. The calculations were based on a simple Gaussian
distribution and not on the combination of slope distributions. For now, we can state
that the evaluation of 6, and ¢ is sufficient to predict the static contact angle for isotropic
Gaussian structures of nanometric order.

5. Conclusions

A new theoretical model for calculating the CA in terms of the RMS slope and 6,
has been proposed using the modified Cassie—Baxter equation and considering isotropic
Gaussian surfaces, i.e., surfaces with a Gaussian height distribution whose statistical
moments exhibit isotropy. This is a relatively broad case since most deposited or abraded
surfaces (such as those produced by wet bench processes, physical vapor deposition
techniques, or chemical or physical etching) by processes that do not impose preferred
directions or shapes (such as the use of masks in the previously mentioned techniques)
possess this characteristic.

Two sets of alumina samples with graded topography were fabricated and func-
tionalized, and their wettability and topography were quantified using the sessile drop
method and AFM in two distinct laboratories. Superhydrophobicity under static criteria
was achieved in both sets, while dynamic criteria were met in at least one of them.

The quantified data were plotted, and the theoretical curve was fitted to these data,
showing reasonable agreement. We can say with relative confidence that the contact angle
for the Cassie-Baxter model can be predicted if we know the RMS slope and Young’s
contact angle, which are related to the topography and the chemical composition of the
involved phases, respectively. This allowed us to define the value of the RMS slope, given
8y, at which the static superhydrophobic angle is achieved, establishing a superhydrophobic
topographic criterion.

The establishment of a superhydrophobic criterion and the potential to predict the
contact angle given chemical and physical factors, such as surface topography, allow
for the optimization and creation of new processes for the construction of micro- and
nano-structures aimed at applications where these are relevant, such as self-cleaning,
anti-corrosive, anti-fogging, and anti-contaminant surfaces, which can combine these
characteristics with other functionalities of interest.

As future perspectives, we aim to test the theoretical model for structures with varying
orders of magnitude in dimensions and, if possible, determine the model’s range of validity.
To enhance the model’s practical applicability, we plan to assess the behavior of the static
topographic criterion for superhydrophobicity, namely, the RMS slope value for which
the contact angle exceeds 150°, as a function of Young’s contact angle. Finally, we intend
to extend the model to hierarchical surfaces and to predict dynamic wettability, such
as hysteresis.

Summary of conclusions:

1. A new model for predicting the wettability of hydrophobic surfaces in terms of the
RMS slope and Young’s contact angle for stochastic surfaces was presented.

2. To experimentally test this model, hydrophobic and superhydrophobic alumina sur-
faces with graded roughness were constructed.

3. The contact angle and RMS slope of these surfaces were experimentally measured.
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4. The theoretical curve of the model adequately fitted the experimental data, confirming
its validity.

5. The curve fitting allowed for the determination of a Young’s angle-dependent topo-
graphic criterion for superhydrophobicity.
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RMS root mean square

WRP Wenzel roughness parameter

H hysteresis

AFM atomic force microscopy

CAMD  contact angle measurement device
LS liquid-solid
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