University of Wollongong

Research Online

L2J(r)1i1v7eisity of Wollongong Thesis Collection University of Wollongong Thesis Collections

2021

Enamel Coatings and Surface (Super) Hydrophobicity

Hong Huynh Nguyen

Follow this and additional works at: https://ro.uow.edu.au/theses1

University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.

You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the

conversion of material into digital or electronic form.

Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily

represent the views of the University of Wollongong.

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/theses1
https://ro.uow.edu.au/theses1
https://ro.uow.edu.au/thesesuow
https://ro.uow.edu.au/theses1?utm_source=ro.uow.edu.au%2Ftheses1%2F1380&utm_medium=PDF&utm_campaign=PDFCoverPages

UNIVERSITY
OF WOLLONGONG
AUSTRALIA

Enamel Coatings and Surface (Super) Hydrophobicity

HONG HUYNH NGUYEN

Supervisors:
Senior Professor Kiet Tieu

Professor Shanhong Wan

This thesis is presented as part of the requirement for the conferral of the degree:

Doctor of Philosophy

University of Wollongong
School Mechanical, Materials, Mechatronics and Biomedical Engineering

Faculty of Engineering and Information Sciences

November 2021



Abstract

Vitreous enamel is hydrophilic due to its oxide components being affine to water, and there is little
research on the hydrophobicity of enamel coatings. The Thesis introduces new knowledge on hydrophobic
enamel coatings and significant contributions to the non-wettability concept through various solutions to
hydrophobize enamel coatings. Experimental methodologies are based on a combination of surface
roughening and silane treatment. The former increases roughness and the latter imparts a low surface energy
to produce (super) hydrophobicity.

The distinct inner microstructure of enamel was readily exposed by appropriate acid etching. After
surface silanization, the microstructures improved the static hydrophobicity of coatings to a contact angle
of 134°. The etched microscale structure contributed to mechanical durability against an abrasive cloth,
while fluoroalkyl silane reagents provided a thermal stability of the enamel’s hydrophobic properties at an
elevated temperature (400°C). Hydrophobic enamel coatings produced a water condensation in a dropwise

manner which indicates qualitatively the enhanced surficial heat transfer for heat exchanger applications.

As an alternative surface roughening method to acid etching, laser texturing was able to produce a
structural hierarchy on the enamel surface. Areal parameters supported the contribution of resultant
hierarchical structures to the Cassie-Baxter superhydrophobic state with which water rolled off the coating
surface readily. However, the superhydrophobicity of the coatings could not endure a severe sandpaper
abrasion due to the enamel’s brittle behaviour causing the collapse of the hierarchical structures. Although
water stuck to the surface after abrasion, the coatings remain hydrophobic with a static contact angle of

over 90°.

A combination of porous structures and silane treatment produced superhydrophobicity with an
abrasion tolerance. The porosity of materials not only sustained hierarchical morphologies against abrasion
and wear but also helped maintain silane reagents on the surface. A so-called self-similar low-surface-
energy hierarchical structure was then formed for the surface to repel water. Alkyl silanes were also
effective hydrophobic modifiers, being a replacement for fluoroalkyl compounds with fluoride concerns.
This combination provided a blueprint for the mechanically robust (super) hydrophobicity of enamel

coatings.

Cerium oxide and colloidal capsules were proven to be potential modifiers in the hydrophobization of
enamel coatings. Hydrophobic ceria particles modified the enamel morphologically and chemically without
using low-surface-energy organics. The particles imparted hydrophobicity to the enamel coatings with a
high static contact angle (140°). Meanwhile, CaCOs-decorated SiO; colloidal capsules with hierarchical
micro/nanoscale structures were able to mimic the structural hierarchy of the superhydrophobic lotus leaf.
The hierarchical capsules combined with alkyl silanization delivered a superior hydrophobicity with an

ultrahigh contact angle (156°).
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Chapter 1

Literature review

1.1.  Vitreous enamel coating

Vitreous enamel is fundamentally a combination of a substrate and a glass coating, which is achieved
by melting and fusing the glass to the substrate at temperatures between 720-870<C [1]. Some enamels can
be prepared to obtain a high heat resistance up to 1000 <C [2]. The thermal treatment during a manufacturing
process can also crystallize some compositions of the enamel coating [3-5], making it either glass or glass-

ceramic. The latter enamel has combined properties from both glass and ceramic.

Enamel coatings are classified into single-layer and double-layer categories. The former category has
more advantages in terms of time and energy because only one enamel layer is applied to the substrate,
which reduces manufacturing time and materials. Although it is more time-consuming and expensive, the
double-layer coating still prevails in industry. The double-layer enamel is applied to alleviate the differential
thermal expansion coefficient (CTE) between the surface coat and the (ferrous) substrate. It can also resolve
issues in the enameling process, e.g., difficulty wetting the substrate surface with glass, enamel-substrate
bond formation, and hydrogen-induced problems [6]. With the two-layer technique, the enamel coating
includes a prime coat and a cover coat. These two coats undergo a similar curing heat treatment. The prime
coat (or the ground coat) plays a significant role as an intermediate layer that binds the substrate and the
surface coat. The surface coat is a functional layer that gives the object suitably outstanding properties for
a full-service lifetime. The CTE of the ground coat should be 15% and 10-25% lower than that of the cover

coat and the metallic substrate, respectively [6].
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Figure 1-1. Application areas of the glass-ceramic coatings [7].

Enamel has various applications (Figure 1-1), from ornament to industrial manufacture and daily-life
practice to engineering requirements [8, 9]. In Egyptian times, the enamel was used for sole decoration,
e.g., in jewels, badges, and brooches. Since the advent of the industrial revolution, the enamel has become
popular not only for the aesthetical aims but also for the requirements of engineering properties, such as
corrosion protection, abrasion resistance, heat resistance, and easy-to-clean capability [1, 10, 11]. The
enamel coating can protect a substrate from various physical, chemical, and mechanical impacts of reactants
(gases, liquids, and solids). For example, the enamel protects the steel surfaces of tanks, boilers, ovens, and
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tubes from severe corrosion [12, 13]. The enamel coating has also been commonly used for kitchenware,
utensils, indoor furniture (e.g., bathroom), and outdoor usage (e.g., building constituents, street signs and

advertising boards).
1.1.1. Composition of vitreous enamel coating

Although it can be regarded as glass with many chemical components, vitreous enamel coating has a
phase complexity due to an enamel-substrate interface [2]. The enamel is a glass-based material composing
an oxide mixture of elements classified into three categories: network formers, network modifiers, and
intermediates [14, 15]. Network formers, e.g., silicate, borate, and phosphate, build the interconnected glass
network; they have a high valence state and covalently bond with bridging oxygen (BO). Meanwhile,
network modifiers consist of ions of low-valence elements that alter the glass network; they link to the
network through ionic bonds with non-bridging oxygen (NBQO) and reduce network connectivity. These
modifying constituents are alkalis, alkali earth metals, and intermediate metals (e.g., copper, zinc, yttrium,
and indium). In the meantime, intermediate elements, e.g., aluminum, titanium, and zirconium, are network
formers or modifiers depending on the glass composition. Enamel compositions can also be classified by
their function in the fabrication and construction of the enamel coating. Table A- 1 in Appendix 1 shows

the role of commonly used elements as the enamel constituents.

As mentioned, enamel coatings usually compose two layers of different functions: the top coat with
aesthetical and functional properties and the ground coat as the adhesive intermediate between the top coat
and the substrate. Thus, their chemical compositions are different. Many enamel chemical compositions
have been investigated and patented, e.g., US 6,475,939 [16] , US 6,566,289 [17] , US 6,511,931 [18] , Us
7,005,936 [19], US 9,072,400 [20] , and US 8,778,455 [21] . Example compositions are given in Appendix
1 (Table A- 2). Accordingly, the ground coat usually contains more fluxes/softening agents (e.g., borate,
fluorine, alkalis) and adhesion accelerators (e.g., nickel, cobalt, manganese) to enhance the wettability and
adhesion of molten enamel on the substrate. On the other hand, the cover coat includes additives for

functional surfaces, e.g., zirconia added to increase the acid resistance of the enamel coating.
1.1.2. Properties of vitreous enamel coating

As mentioned, the enamel coating is an outstanding candidate for aestheticism and functionality due
to its decorative and protective function. The decorating characteristics of the enamel coatings relate to their
optical properties [22]. The enamel can be produced with a glossy, semi-glossy, or matt finish. Moreover,
a wide range of colors is easy to achieve with pigments added to the enamel compositions. The colors are
brilliant, fade-proof, light and ultra-violet resistant, and sustainable against industrial pollutants. Thus, the

enamels are beneficial for decorating object surfaces (e.g., jewels, badges, advertising boards, street signs).

Many researchers have investigated the protective function of the enamel in the coated substrate. They
have found the enamel to have good properties such as high hardness [4, 5, 8, 22-24], high-temperature
resistance and thermal-shock resistance [25, 26], chemical inertness [27], anti-corrosion, anti-oxidation [28-
35], and resistance to abrasion and scratching [36-41]. These properties can protect the coated object from
severe damage [6] and help avoid massive costs, e.g., hundreds of billions of dollars relating to the wear

and corrosion of metals [7].



Enamel coatings are well-known for protective functions associated with a continuous glass network
of disconnected pores [38], which protects the object from corrosion and oxidation [28-35]. In the research
by Tang et al. [28-32], enamel-coated steels demonstrate an outstanding corrosion resistance in a chloride
solution due to the chemical stability of the enamel coating, and it shows an even better outcome with the
enamel of no interconnected bubbles. For example, a bare steel experiences an early corrosion initiation
and a corrosion current density exceeding the passivity threshold in a 3.5% NaCl solution; an enameled
steel maintains a current density below the threshold despite a corrosion initiation [31]. Therefore, visual
observation of the corroded area with rust is apparent with the bare steel but not visible with the enamel-
coated sample (even after a long study period of 173 days). The enamel also provides efficient protection
in harsh environments such as high-temperature oxidation and corrosion. The enamel impedes the diffusion
of oxidizing/corroding agents into the substrate, thus providing an excellent resistance to oxidation at 800-
1000°C and corrosion in molten alkaline sulfates at 900°C [33-35].

Regarding physical properties, enamel coatings are rigid materials with the popular Mohr hardness of
5-7 [8], similar to the hardness of apatite (5 in Mohr) and quartz (7 in Mohr). In other units, the hardness
of the enamel coating is 535-867 HV (Vickers) or 5.25-8.52 GPa (SI). Many researchers have provided the
hardness values of enamel materials, e.g., 3.61-5.97 GPa [23] and 5.71-9.72 GPa [4], which are far higher
than most steel substrates. The enamel hardness is dependent on various factors, e.g., the compositions and
the firing conditions during fabrication. The addition of fine clay helps to increase the micro-hardness of
both primer and cover coats; meanwhile, kaolin can be used to reduce the hardness of both types of coatings
[24]. The firing process of the enamel also impacts the coating hardness because changes in treatment
temperature and duration can affect the coating hardness [4, 5]. For example, there is an increase in the
micro-hardness to 5.85 GPa when the enamel is heated to 760°C [5]. Meanwhile, a prolonged firing can
increase the hardness to 9.72 GPa [4]. This thermal effect is due to compositional phase changes, a glass-

crystal transformation [3-5, 42].

As a result of the high hardness, the enamel coating is anti-abrasion and anti-scratching [36-41]. These
characteristics allow the enamel to withstand mechanical impacts and are composition dependent. Many
studies dedicated to property-structure-composition relations have enabled researchers to understand the
abrasion and scratching properties of the enamel coating. According to Rossi et al. [38], potassium feldspar
and zirconium silicate as mill additives undermine the abrasion resistance of the enamel because they are
dissoluble in the enamel and increase the coating roughness. Meanwhile, additions of spodumene, feldspar,
zirconium silicate, and quartz increase the abrasion resistance of enamel coatings as they reduce porosity
[39] to improve the abrasion resistance [43, 44]. However, the dissolubility and large size of the additives

increase abrasion wear [39].

Although enamel coatings are hard and abrasion-resistant, their low fracture toughness affects their
abrasive wear behaviour because it is associated with a brittleness-induced fracture [37]. During tribological
testing, the enamel can protect metallic substrates from damage caused by severe mechanical impacts [45,
46]. According to Zhang et al. [45], the enamel coating reduces the wear loss by 3.12 times that of a bare
Ti alloy and exhibits an additional wear reduction of 1.64 times with added rare earth oxides. These results
are due to the high hardness of the enamel and its inner porosity-free structure stemming from the adjusted

composition. Moreover, the enamel also significantly enhances the wear resistance of coated Ti alloys with
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a four-fold drop in mass loss; this occurs due to the coating hardness increasing the wear resistance and the
roughness reducing the fretting damage [46-48]. A common conclusion from these studies indicates that

the wear mechanism of enamel coatings is an abrasive type.
1.1.3.  Why does the enamel coating need to be hydrophobic?

This section provides some rationales for why enamel needs to be hydrophobic. The enamel can be
used for wide-range applications, e.g., panels, signs, heat exchangers, and kitchenware [8, 9]. The enamel-
coated materials in service must be exposed to non-friendly working environments. For example, many
architectural panels and road signs are exposed to outdoor working environments and thus are negatively
affected by moisture, dust, airborne particles, biofouling (fungi, bacteria), and wind. Besides, an icing
phenomenon is likely to occur with the cold winter. The accumulation of ice and pollutants and the gradual
deterioration by the abrasive wind accompanied by solid particles [49] will downgrade the aesthetical
appearance and information function of these panels and signs. In other words, they affect aestheticism and
advertising/regulatory purposes and can cause difficulties on the road. Therefore, these enameled objects

should be water-repellent, easy-to-clean, anti-biofouling, and anti-icing to overcome such negative impacts.

In heat exchanger applications, the enamel is fused onto heat-transfer surfaces of the metallic plate/tube
to improve its mechanical strength and corrosion resistance. This kind of glass or glass-ceramic coating
protects metallic substrates from various corrosive fluids [38], such as gaseous fuels, liquid fuels, steam,
and water during operation. Another requirement of the heat exchangers is heat transfer effectiveness. As
the enamel coating is made of a mixture of hydrophilic oxides, it experiences a film-wise condensation with
condensate covering the surface and impeding the heat transfer, resulting in operational inefficiency. In the
meantime, a dropwise condensation results in a much higher heat-transfer efficiency than the film-wise
counterpart [50-52]. It is noted that the condensation mode, dropwise or film-wise, depends mainly on the
surface’s wetting properties. The water vapour condensation as droplets on hydrophobic surfaces can
improve heat transfer performance up to 5-10 times higher than that obtained by the condensate film on
hydrophilic surfaces [53-55]. Therefore, condensing surfaces should be water repellent to promote steam
condensation into water droplets that easily roll off the surface. The dropwise condensation on the surface

should be maintained during the exposure to typical 100°C steam in a condensing process [53].

Teflon has been commonly used in kitchenware due to its non-sticking properties. And yet, it can leak
carcinogens into food when cooking articles are exposed to the high temperatures of 360-500°C [56]. It is
also vulnerable to mechanical impacts. Enamel is a promising alternative because of its thermal stability,
high mechanical strength, and abrasion resistance. However, the enameled (and metallic) cookware surfaces
without non-sticking properties are exposed to various types of food (such as meat, eggs, and vegetables),
thus suffering from subsequent sticking phenomena. Cleaning kitchenware costs time and energy, and it
requires harsh scrubbing that leads to surface scratching, abrasion, and possible leaching of toxic elements
such as lead [57]. Therefore, the kitchenware and the enameled articles should be easy-to-clean, abrasive

resistant, and free of leachable toxins.

In short, daily-life and industrial applications require enamel coatings to protect the substrate from
abrasion and corrosion and be water-repellent, self-cleaning, easy-to-clean, anti-biofouling, and anti-icing.

A potential solution is to render the enamel coating hydrophobic to make the surface water-repellent, self-



cleaning, anti-adhesive [58-62]; anti-icing [63-65]; and corrosion-resistant [66, 67]. Thus, rendering the

hydrophilic enamel surface hydrophobic and even superhydrophobic is intriguing and challenging.
1.2. Methods to render the enamel surface hydrophobic

1.2.1. General concept of hydrophobicity

The wetting of a liquid on a surface is a natural event such as water spreading on the back surface but
accumulating on the front side of a rice leaf, water rolling off a lotus leaf, and water-spiders walking on the
water surface [68]. The wetting phenomenon was firstly studied by Thomas Young in 1804, using a static
water contact angle (0y) at the three-phase (liquid, solid, and air) contact line to evaluate the surface
wettability [69]. Accordingly, an ideally smooth and chemically homogenous surface is hydrophobic if 6y
is higher than 90° and hydrophilic if 6y <90°. The contact angle of 90° has been accepted as the cutoff value
between hydrophobicity and hydrophilicity.

The water contact angle 6y by Young in Figure 1-2 is calculated as in the following equation:

Eq. 1-1: cos By = 2S4 951
OLA
In that equation, 8, is the Young contact angle, o is the interfacial tension, and suffixes present solid
(S), liquid (L), and air (A). Accordingly, the hydrophaobicity of a surface defined by Young is dependent
solely on the material chemistry. With that said, a sample surface is hydrophobic with 6y >90° when the

surface material has a low surface energy o5, <72 mN/m which is the surface tension ag; of water.

Figure 1-2. A schematic figure of Young’s equation.

Nevertheless, a practical surface is not perfectly flat but has a certain roughness. Therefore, the actual
contact angle of a rough surface is not the same as that estimated by Young’s equation with an ideally flat
surface. Since the mid-20" century, a roughness factor has been taken into account with Wenzel’s equation
[70, 71] as below:

Eq. 1-2: cos By, = r cos by

Under this equation, 8y, and 8y are the static contact angles on a rough surface (Wenzel) and a smooth
surface (Young), respectively. Meanwhile, r is the roughness factor (or Wenzel factor/roughness), defined
as the ratio of the actual surface area to the apparent surface area. Accordingly, the roughness renders a

surface more hydrophobic if 8, >90° or more hydrophilic if 6,, <90°.

As described above, there are two assumptions in the Young equation, including the ideal smoothness
and homogeneity of a surface. Therefore, only roughness is addressed by Wenzel. Another shortcoming of
surface inhomogeneity was discussed in 1944 by Cassie and Baxter [72]. Since then, the modified contact

angle formula for a two-phase surface has been adopted as the following:

Eq.1-3:  cosOcp =005 Oy 1 + @c08 Oy, = B1cos Oy 1 + (1 — @1)cos by,



From this equation, 6.5, 8y 1, and By , are contact angles of a heterogeneous surface, a smooth surface
of phase 1, and a smooth surface of phase 2, respectively; @, and @, are the fractional area (or Cassie-
Baxter factor) of phase 1 and 2.

With a surface comprising a solid phase (6y ; = 6y,0, = @) and an air phase (8y , = 180°), the Cassie-

Baxter equation is reduced to as below:

Eq. 1-4: cos B =0Bgcos by — (1 — D)

[ LRI

Figure 1-3. Different states of superhydrophobic surfaces: (a) Wenzel state, (b) Cassie state, (¢) “Lotus”
state (a special case of Cassie state), (d) Wenzel-Cassie transitional state, and (e) “Gecko” state of the
polystyrene nanotube surface. The grey shaded area represents the sealed air, whereas the other air
pockets are continuous with the atmosphere (open state) [73].

From the literature, most-hydrophobic polytetrafluoroethylene (PTFE) can only obtain the maximum
contact angle of 110° [74]. Therefore, a hydrophobic surface needs a morphology modification following
Wenzel’s (Eq. 1-2) and Cassie-Baxter’s (EqQ. 1-4) equations to obtain a higher contact angle, e.g., 150° —
the consensus defining value for superhydrophobicity [75]. Surface roughness and surface texture also
introduce diversity to wetting phenomena. Besides the two observed Wenzel and Cassie (or Cassie-Baxter)
superhydrophobic states, there are three more possible states, including the “Lotus” state, the Wenzel-
Cassie transitional state, and the “Gecko” state, as per Wang et al. [73]. These superhydrophobic states all
show high contact angles (e.g., CAs >150°), and yet they have different sliding/roll-off angles and contact
angle hysteresis (see definitions in Figure 1-4). Accordingly, the water droplet facilely penetrates cavities
and attaches to the surface even when tilted, forming the Wenzel state (Figure 1-3a). Meanwhile, the droplet
sits beaded-up on the trapped air in the Cassie superhydrophobic state (Figure 1-3b) and will roll off the
surface easily (low roll-off angle and contact angle hysteresis). It is due to the trapped air that reduces the
water-solid adhesion. The lotus leaf is a typical Cassie state with hierarchical nano/micro surface structures.
It is thus considered a unique case of the Cassie state, then called the “Lotus” state (Figure 1-3c). With the
Wenzel-Cassie transitional state (or metastable state), the water droplet penetrates partially into the cavities
(Wenzel mode) and still sits on the air pockets (Cassie mode) (Figure 1-3c). In this case, the droplet will
not roll off but slide off the surface when tilted at a certain angle (high sliding angle and contact angle
hysteresis). The “Gecko” state is a new superhydrophobic state proposed by Wang et al. [73] for the surface
of polystyrene (PS) nanotubes. Unlike the Cassie state only with the air-pockets connected to atmospheric
ambient, their PS nanotube superhydrophobic surfaces have both the air-pockets connected to the
atmosphere and the air-pockets sealed inside the PS nanotubes. According to their research, the sealed air

can generate a high water-surface adhesion.



Figure 1-4. Tilted surface profile (tilt angle, ) with a liquid droplet; advancing and receding contact
angles are Gy and G, respectively [76] . The tilt angle at which water droplets start to slide off (or roll
off) the surface is the sliding (or roll-off) angle; the difference between advancing and receding angles is

the contact angle hysteresis. Either of them can be used to evaluate dynamic wetting properties.

With a hydrophobic surface (6 >90°) with known r and @, the Cassie state is thermodynamically
preferred when cos 6y < (@5 — 1)/(r — @) [77]. Alternatively, cos 8, = (@5 — 1)/(r — @s) is utilized
by Lafuma et al. [78] to determine the hydrophobic regime of such a defined hydrophobic surface, which
is demonstrated by the Wenzel-Cassie diagram (Figure 1-5). In this diagram, the contact angle & that is
either the Wenzel angle v or the Cassie (Cassie-Baxter) angle écs is plotted as a function of the Young
angle &, using the Wenzel equation (Eg. 1-2) and the Cassie-Baxter equation (Eq. 1-4), respectively.
Accordingly, if & >@, the Cassie (or Cassie-Baxter) superhydrophobic state is thermodynamically
preferred. Otherwise, the Cassie state is metastable (dotted line), presenting the Wenzel-Cassie transitional

state. Meanwhile, the Wenzel state is favored when 90° <& <.

cos 6*
-1 cosbc 0 cosfy
Wenzel
W
Cassie b 140
l ........
-1

Figure 1-5. Diagram of Wenzel and Cassie superhydrophobic models [78]. The figure is redrawn using

&, g, and &, whereby 6" is either Gy or &cs.

Note also from the Wenzel-Cassie diagram in Figure 1-5 that the relative position of the Cassie line to
the Wenzel line indicates the superhydrophobic state of the surface. The Cassie state has the Cassie line
(solid part) above the extended Wenzel line, while the Wenzel-Cassie transitional state has the Cassie line
(dotted part) below the Wenzel line. This relation is a supportive indicator of the superhydrophobic state of
practical surfaces of irregular features because their Cassie-Baxter factor (or the fractional area @) is

difficult to determine. Meanwhile, their Wenzel roughness r is achievable with surface metrological
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equipment such as atomic force microscopes and optical profilers. The measured roughness r can then be
used to plot the Wenzel line with a known Young contact angle &. The contact angle & is obtained by
applying the Young equation (Eg. 1-1) to a material with a confirmed surface energy from the literature. &
can also be determined experimentally by a contact angle measurement on a flat surface as per the Young
definition. From the plotted diagram, if the contact angle obtained on the hydrophobic surface is above the

Wenzel line, the superhydrophabicity is the Cassie state; otherwise, it is the Wenzel-Cassie transition.

Table 1-1. Relevance between wettability parameters and metrological surface parameters (ISO 25178-2)

Wettability | Surface

Definition
parameter | parameter
r (Wenzel) roughness factor:
(or 1) ratio between the actual surface area and the projected area
Ds (Cassie-Baxter) fractional area:
(or @¢p) fractional area of the surface parts in contact with the liquid

Surface area index:

- SAI . .
ratio between the total measured area and the nominal flat area

Bearing (area) ratio (or areal material ratio):

BR ratio of the bearing area to the evaluation area, with the bearing area being
or S,,-(c) | the area of a surface intercepted by a plane parallel to the mean plane of the
evaluated surface

Mean roughness:

- S . . .
@ arithmetic mean value of the absolute of the ordinate values of a surface

Root mean square roughness:

- S )
a root mean square value of the ordinate values of a surface

Skewness — indicator of surface composing peaks or valleys:

Ssk quotient of the mean cube value of the ordinate values and the cube of S,
of a surface

Kurtosis — behavioral indicator of height distribution:

- Sku quotient of the mean quartic value of the ordinate values and the fourth
power of S, of a surface

The evaluation of the wetting regime of a hydrophobic surface needs the Wenzel roughness factor (r)
and the Cassie-Baxter fractional area (@g). Table 1-1 introduces some metrological surface parameters (as
per I1ISO 25178-2 [79]) and wettability parameters. Accordingly, the roughness factor r is the same as the
surface area index SAI, and the fractional area @5 can be represented by the bearing ratio BR. Therefore,

the surface metrology can help assess the wetting regime of a hydrophobic surface.

The metrological measurement also provides surface roughness S, skewness Sg;, and kurtosis Sy,,. As
values of r and @ are induced by surface roughness, S, and morphological images presenting S, (e.g.,
SEM images and profiled contours) are usually used to evaluate hydrophobicity (see section 1.2.2). On the
other hand, S, and Sk, that describe surface features are hardly discussed with wettability. Romano et al.
[80] have revealed that skewness and kurtosis do not correlate with the contact angle of the Wenzel and
transitional hydrophobic regimes; there exists no discussion on the relationship between these parameters
with the Cassie-Baxter hydrophobicity.

1.2.2. Brief review in strategies for the superhydrophobic surface/coating
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Based on hydrophobicity fundamentals, a surface needs low surface energy to be hydrophobic, as per
Young (Eq. 1-1). For superior hydrophobic properties, especially superhydrophobicity with a contact angle
of at least 150°, the surface must undergo a morphology modification, according to Wenzel (Eg. 1-2) and
Cassie-Baxter (Eq. 1-4). That said, the hydrophobicity of the surface can be adjusted by using hydrophobic
materials of low surface energy and controlling surface morphology. Hence, popular methods to produce a
(super) hydrophobic surface include roughening/texturing hydrophobic materials or modifying the rough
surface with water-repellent agents. Examples of superhydrophobic samples prepared by these two

methodological categories are tabulated in Table 1-2 and Table 1-3, respectively.

Table 1-2. Superhydrophobicity solutions by roughening hydrophobic (low surface energy) materials

CA/CA®
Material Preparation method SA™) Surface Characteristics Ref.
Silicone
105°/175° Hydrophobic chain ordering
PDMS COgz-pulsed laser expossure [81]
- Porous surfaces
. 113°/162° | 25 um convexes decorated with
PDM L. h . 2
S aser etching 50 109 nm/(0.5-3.2) um particles [82]
PS L -/163° PDMS-enriched fibrous surfaces
Electrospinning . [83]
PS/PDMS 17° 300 nm fibers, 0.2-1.5 um pores
. 103°/163° | PDMS-enriched porous surfaces
PS/PDMS Phase seperation i i [84]
~7° Microscale protrusions
Fluorocarbon
. 118°/165° .
PTFE Extension Coarsed-fiber surfaces [85]
- -/160° Honeycomb-patterned films
Fluoro Humid-conditioned casting 4 P [86]
polymer - 300 nm pores
Hydrocarbon polymer
L 95°/>157° o
HDPE Templated replication 50 Nanoscale fibrils/microscale steps | [87]
. -/154° . .
HDPE/GO Evaporation Porous surface with cracked slices | [88]
. 95°/160° Nanofibers/porous microspheres
PS Electrohydrodynamics . [89]
- 50-70 nm papillae, 2-7 um spheres

) Contact angles before and after roughening and ¢ Sliding angle after roughening
PDMS: polydimethylsiloxane; PS: polystyrene; PTFE: Teflon; HDPE: high-density polyethylene; GO: graphene oxide

For hydrophobicity, widely used hydrophobic materials are silicone rubbers, fluorocarbon polymers,
and hydrocarbon polymers, such as PDMS (Polydimethylsiloxane), PTFE (Polytetrafluoroethylene), and
HDPE (High-density polyethylene). Between them, PTFE, or Teflon, is well-known to have the lowest
surface tension of ~20 mN/m with a maximum contact angle of 110° [74]. These hydrophobic materials
must undergo surface roughening to obtain superhydrophobicity with a minimum contact angle (CA) of
150° [81-89] (Table 1-2). For example, PDMS is laser-textured for porous textures with hydrophobic chain

ordering [81] and hierarchical micro/submicron/nanoscale structures [82], resulting in an improved contact
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angle from 105° (before texturing) to over 160°. PDMS is also used as a copolymer block with polystyrene
(PS), which is either electrospun for a non-wetting fibrous surface (CA ~163°) [83] or phase-separated for
a water-repelling porous surface (CA ~163°) [84]. Meanwhile, hierarchical structures of an acid-etched Al
plate are replicated on the thermoplastic HDPE plates that then obtain an improved contact angle of 160°
compared to the flat HDPE (CA = 95°) [87]. Surface morphologies, e.g., porous surfaces, micro/nanoscale
structures, and fibrous textures, can improve hydrophobicity. It is because high roughness and many air

cavities are advantageous to water repellency per Wenzel and Cassie-Baxter, respectively.

Table 1-3. Superhydrophobicity solutions by combining surface roughening and hydrophobic modifiers

Material Preparation method CAJ/SAD) Surface characteristics Ref.

Wet chemical reaction

Hydrophobic copper carboxylates
Flower-like micro/nanostructures (with [90]
nanosheets of 60-130 nm thickness, 3-

10 pum width, and tens of micron length)

S Hydrophobic PDMSVT
Wet surface oxidation . i
Cu . 158°/<5° | Lotus-leaf-like structures (with 20-50 | [91]
PDMSVT maodification . .
nm thick petals and 2-8 um protrusions)

Cu Carboxylic acid immersion | 162°/2°

Hydrophobic alkyl phosphonates

Ni Monoalkyl phosphonic 1530/<50 | Flower-like m_icro/nanostructures (with [92]
acid immersion 8-10 um peonies and 0.6-1.5 um petals
of 10-20 nm thinkness)
Etching
Al . ) 156°/5° . .
cu Acid etching 153980 Hydrophobic fluoroalkyl chains [93]
Fluoroalkyl modification Double-roughness surfaces
Zn 155°/6°
Hydrophobic fluorinated silane

Mg-Li | Hydrochloride immersion | .0 o, | Peony-like micro/nanostructures (with [94]
(alloy) FAS silanization 2-3 um wide peonies and 30-60 nm

thick petals)

Electrochemical deposition

Cu Cu electroplating Hydrophobic n-octadecyl chains

154°/5° 95
(mesh) n-octadecyl thiol grafting Nanoparticles-decorated mesh [95]
Cu Cu electroplating /70 Hydrophobic fatty alkyl chains
. e 158°/2 . [96]
(mesh) Fatty acid modification Nanoparticles-decorated mesh
Hydrophobic fluoroalkyl chains
Ag/Au galvanic deposition o0 | Hierarchical-roughness surfaces (with
Zn/Cu Fluoroalkyl thiol grafting 173°<1 0.2-1 um flower-like clusters and 60- [97]
200 nm faceted crystalites)
Sol-gel
Cu HMTA, EG reagents Hydrophobic fluoroalkyl chains
> reage 1569/<5° yarophot <y [98]
(alloy) FOS-12 silanization Lotus-leaf-like Cu-ferrite nanorods
MTEOS sol-gel Hydrophobic alkyl chains
Glass 9 1559/- YETopnobie gyl e [99]
Phase separation Porous surfaces (with porosity of 75%)
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Surface texturing

Hydrophobic octyldecyl chains

164°/<5° |  Nanopillars of 117 nm diameter, 792 | [100]
nm height, and 300 nm pitchess

Si Electrobeam patterning
(wafer) Surface silanization

Ultrafast laser texturing 165%/<5° Hydrophobic fluoropolymer

Ti . . .
Fluoropolymer coating Nanoridges/microcones structures

[101]

() Contact angle and sliding (roll-off) angle

PDMSVT: vinyl terminated polydimethylsiloxane; FAS: fluoroalkyl silane; HMTA: hexamethylenetetramine; GE:
ethylene glycol; FOS-12: dodecafluorooctyl triethoxysilane; TEOS: triethoxysilane; CNT: carbon nanotube

On the other hand, hydrophilic materials (e.g., glasses, ceramics, metals, alloys) have been rendered
superhydrophobic with a contact angle >150° by a combination of surface roughening and hydrophobic
modification [90-101] (Table 1-3). Accordingly, the roughening processes include various methods such
as wet chemical reaction, electrochemical deposition, sol-gel, laser texturing, lithography, and etching. The
hydrophobic substances can be polymeric compounds, alkylsilane, fluorinated silane, and carboxylic acid.
For example, copper surfaces with flower-like micro/nanoscale structures having a contact angle of 162°
and a sliding angle of 2° have been obtained by a facile single-step carboxylic acid immersion [90].
Alternatively, Cu substrates have been etched with a hydrochloride-based solution for a hierarchical
roughness before the fluorinated silane treatment to become non-wetting surfaces (CA = 153°, SA = 8°)
[93]. Also, various metallic surfaces (e.g., Cu, Zn) with a structural hierarchy (e.g., nanoparticle decoration)
have been obtained by electrochemical processes. They then perform a superior water-repellency (CAs
>150° SAs <5°) after the treatment with different hydrophobic substances (e.g., fatty acid, alkyl thiol,
fluoroalkyl thiol) [95-97]. A combination of surface texturing (e.g., electron beam lithography, laser
texturing) and hydrophobic modification (e.g., silanization, polymer coating) produces samples with a high
CA ~155° and a low SA <5° [100, 101]. The underlying mechanism of these superhydrophobicity
fabrication methods is similar to the super-hydrophobizing of hydrophobic materials. That is increasing the
roughness and the trapped air for the surface, as per Wenzel and Cassie-Baxter.

More studies on superhydrophobicity have been reviewed by Wang et al. [68]. Accordingly, methods
to produce superhydrophobic surfaces are divided into physics, chemistry, and a combination. Physical
processes include plasma treatment, ion-assisted deposition, template-based fabrication, phase separation,
spin-coating, spraying, and electro-spinning. In the meantime, chemical methods involve sol-gel, layer-by-
layer, self-assembly, bottom-up fabrication, electrochemical processes, and solvothermal technique.
Physical-chemical methods are vapor deposition and etching. These methods use surface roughening to
enhance the hydrophobicity performance of low-surface-energy materials. Thus, they are able to produce
superhydrophobicity. For example, a simple sol-gel process (due to its simple requirements like room
temperatures and no special equipment) is applicable for various substrates, such as metals, glasses, and
ceramics, to obtain a water contact angle over 150°. It usually involves two steps: creating a rough surface
via a sol-gel solution and a subsequent modification of the very smooth surface (several to hundred
nanometers) with fluorinated-alkyl compounds [102-107]. This method has also been developed into a
single-step technique whereby starting materials contain hydrophobic groups for sol preparation [108-114].
The (super) hydrophobic properties produced by the single-step method are attributed to in-situ roughness
formation and hydrophobic functional groups of precursors.
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Table 1-4. Contact and sliding angles (CA/SA) of various surfaces with different nano/microscale features and root-mean-square roughness (S,)

Sample Low surface energy material Feature pattern Sq CA/SA Ref.
Sol-gel coatings Dimethoxy dimethyl silanes Smooth surfaces 0.3nm 98°/4.5° [115]
Polymer-based coatings Polydimethylsiloxanes Smooth surfaces 0.36 nm 104°/33° [116]
Polymeric coatings Polymethylhydrosiloxanes Smooth surfaces 0.74-1.07 nm | 108-110°/<8° | [117]
Sol-gel coatings Polymethylhydrosiloxanes Hierarchical morphology 14.6 nm 168°/3° [102]
Polymer-based coatings Perfluorodecyl POSS @ Nanoscale rough morphology 31 nm 126°/10°@ | [118]
Molded polypropylene Polypropylenes Nano-post arrays 90 nm 109°/14°® [80]
Molded polypropylene Polypropylene Parallel nano-ridges 140 nm 115°/14°@ | [80]
Sprayed coatings Perfluorodecyltriethoxysilanes Nanoparticle aggregates with hierarchical structures 143 nm 158°/2° [119]
E;gg;ggeposne‘j silica TSUPQD ® lgljrréc;;i)til/rticle aggregates with hierarchical structures and 285 nm @ 160.7°/- [120]
Molded polypropylene Polypropylene Lotus-leaf-like patterns 780 nm 116°/14°@ [80]
Polymer-based coatings Perfluorodecyl POSS Nanoscale rough morphology 1371 nm 125°/26°@ | [118]
Molded polypropylene Polypropylene Lotus-leaf-like patterns 1400 nm 124°/16°® [80]
Molded polypropylene Polypropylene Square-cell patterns with rough walls 4.3 um 143°/34°@ [80]
Phosphate glasses Trisilanol isooctyl POSS Irregular protrusions >10 um - 138°/- [121]
;Z?ﬁ{;esxger;d carburized Perfluoropolyether Chanel-like patterns (100 um wide, 11 um deep) - 170°/- [122]
Laser-textured aluminum Fluorinated silanes Regular/irregular protrusions with hierarchical structures - 172°/1.5° [123]
Laser-textured carbon steel Perfluorodecyltriethoxysilanes Circle-bumps arrays with hierarchical structures 9.02 um® 162°/- [124]
Laser-textured stainless steel | Polydopamine/Octadecylamine Periodic round humps with hierarchical structures 147 um @ 157°/5° [125]
Sprayed coatings Dimethyl silicone polymer Random hierarchical micro-nanoparticles 15 um @ 167/6°®? [126]

@ polyhedral oligomeric silsesquioxane; @ Contact angle hysteresis; @ N, N'-Bis(4 -(3-triethoxysilylpropylureido)-phenyl) -1,4-quinonenediimine; ) Average roughness S,
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Roughness, as discussed above, has a significant contribution to non-wettability, and its effect is further
presented in Table 1-4; the table shows the contact and sliding angles of (super) hydrophobic surfaces with
different micro/nano features and roughness levels. Generally, smooth surfaces have lower hydrophobicity
than rough ones and do not reach superhydrophobicity. For example, samples with a low root-mean-square
roughness (Sq <1 nm) have a low contact angle (CA <110°) [115-117], while a rough surface (Sq = 14.4
nm) obtains superhydrophobic properties (CA = 168°) [102]. The increase in roughness is correlated with
the enhancement in hydrophobicity; however, this correlation is investigated mainly for the Wenzel and
transitional wetting regimes [80]. Wettability is also likely to rely on the arrangement of surface features.
Despite its lower roughness, the surface with hierarchical micro/nanoscale structures has a far superior
hydrophobicity than the one possessing a single roughness. Using the same fluorinated alkyl chains, while
nano rough polymer-based coatings with Sq = 1371 nm have CA = 126° [118], sprayed coatings with
double-scale nanoparticles aggregates with a lower Sy of 143 nm obtain a much higher CA of 158° [119].
With a structural hierarchy, variously rough surfaces can have similar contact angles [119, 124]. In the
meantime, similar roughness values can produce different contact angles depending on surface modifiers
[125, 126].

Table 1-4 also shows that a low sliding angle can be obtained on surfaces of different wettability. The
SA below 10° of superhydrophobic samples is attributed to the structural hierarchy that reduces the water-
solid contact area of the Cassie-Baxter model. On the other hand, such a low value of a smooth surface with
hydrophobicity is due to the superior smoothness combined with the high mobility of low-surface-energy
chains [115].

Table 1-5. Hydrophobicity of metallic glass obtained by thermal methods

MGs Fabrication method CA (O™ Surface characteristics Ref.

Pd-based | Hot-embossing with a Honeycomb structures (8 um thick wall,
glass honeycomb silicon mold 98.8/>150 100 pm high hole, >115.5 um pitch) [127]
Zr-based | Hot-embossing with a 82.5/130- | Honeycomb structures (8 um thick wall, [128]
glass honeycomb silicon mold 151 100 um high hole, >115.5 um pitch)
Pd-based Thermoplastic forming Nanoprotrusions (80-100 nm) on

with a AAO **) template 52/156 | micropores (12 um diameter, 14 pm [129]
glass o .

and a silicon mold pitch)
Fe-based | Thermal spraying (with B
glass high velocity oxygen fuel) 78/136 | Roughness ~9 um [130]

() Contact angle without and with using thermal fabrication and ) AAO: anodic aluminum oxide

Furthermore, many researchers are interested solely in surface morphology and put aside the effect of
surface chemistry. They have produced rough, patterned/non-patterned surfaces using thermal methods,
e.g., hot embossing and thermal spraying. With high efficiency, cost-effectiveness, and large-scale
fabrication, embossing has been widely used. This method is applied to polymer patterning at a temperature
below 300°C. This method is also used to imprint viscous glassy materials at elevated temperatures. The
high-temperature imprinting, or hot embossing, is carried out above the glass transition temperature of
metallic glasses and traditional glasses or at temperatures at which metallic materials behave plastically in
a vacuum chamber. The imprinting process includes three stages: heating, pressurizing, and cooling. The

chosen mold materials must be highly heat resistant and non-adhesive to the molded materials. For example,

13



a micro-lens array is fabricated on bulk metallic glass by Pan et al. [131], micro honeycomb structures by
Xia et al. [127] and Li et al. [128], and nano concaves on metallic foils by Mekaru [132]. The fabrication
of tiered micro/nanostructures is addressed by Ma et al. [129] with a two-step imprinting. Later, Jiang et al.
[133] reported similar hierarchical structures with a single imprinting step. With the hot embossing
technique, (super) hydrophobic metallic glasses (MG) are produced without a modification by hydrophobic
substances (Table 1-5). A hydrophobic MG surface is also prepared by a thermal spraying method (Table
1-5). Note that hydrophilic MGs (CAs <90° on a flat surface) can also be made hydrophobic (even
superhydrophobic), as shown in Table 1-5. The underlying (super) hydrophobicity is attributed to massively
trapped air in microstructures.

Figure 1-6. Schematic re-entrant micro-hoodoo structures of highly hydrophobic silica surface [134].

Strikingly, Tuteja et al. [134] have prepared for the first time the highly hydrophobic SiO- (on a Si
substrate) with a contact angle of 143° (despite the intrinsic hydrophilicity of silica, 8, ~8 ~10°). They have
introduced “re-entrant curvature” as the third factor (besides chemistry and morphology) that controls the
surface wettability. Such a silica surface has micro-hoodoo structures (Figure 1-6) prepared by a complex
multistep process, including preparing a cap-geometry photoresist mask via photolithography, transferring
cap patterns onto silicon dioxide (deposited on a silicon substrate) using CFs plasma reactive ion etching,
and removing caps via vapor-phase XeF; isotropic etching. The resultant re-entrant curvature (of micro-
hoodoo structures) generates capillary forces upward (due to surface tension) to balance downward forces
(caused by Laplace pressure and droplet gravity), thus preventing irreversible Cassie to Wenzel transition.
That said, the water droplet sits on the re-entrant structure in a stable metastable Cassie superhydrophobic
state with a high contact angle. Therefore, the re-entrant texture can also rationalize unprecedented (super)
hydrophobicity obtained with the hot-embossed metallic glasses in Table 1-5. After being treated with
fluoroalkyl silane, SiO, micro-hoodoos perform superomniphobicity (CAs >150° for both water and organic
liquids, e.g., octane). Then, a combination of re-entrant curvature and alteration of the solid surface energy
has been utilized to fabricate superomniphobic surfaces [135]. The examples are electrospun surfaces
(fluorinated silsesquioxane, polymer) [136, 137] and imprinted substrates (PDMS) [138]. Also, Grigoryev
et al. [139] have prepared superomniphobic surfaces comprising nickel micronails with hemispherical caps.
They have used template-assisted electrodeposition without any modification with hydrophobic materials.
Meanwhile, Liu et al. [140] have fabricated a doubly re-entrant silica surface consisting of microscale posts
with nanoscale vertical overhangs. They have applied a complicated sequential process (Si oxidation, SiO>
reactive ion etching, and Si anisotropic/isotropic etching). The resultant silica obtains superomniphobicity

that can withstand high temperatures over 1000°C.
1.2.3. Hydrophobicity of the enamel coating

From section 1.1.1, the enamel is nominally composed of mixed oxides (such as SiO;, B»Os, P,0s,
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Al;O3, TiOy, ZrO,, Na;0, K70, Ca0 ...) that have surficial hydroxyls (OH), thus making the enamel surface
hydrophilic with a low contact angle, e.g., ~16° [141]. Therefore, the surface roughening to improve surface
hydrophobicity (section 1.2.2) cannot be applied to the enamel coating due to its intrinsically hydrophilic
properties. With the hot-embossing method, although the enamel can perform a glass transition like the
metallic glass, this technique has unique requirements, such as high temperatures, vacuum conditions, and
non-sticky micro/nanostructured molds [127-129]. Therefore, hot embossing is not a facile method and is
inapplicable for large-scale fabrication. Furthermore, the enamel (CA ~23°) is more hydrophilic than the
amorphous metals (CA >52°) (Table 1-5), which will give rise to doubt about the hydrophobicity of the
embossed enamel surface. Meanwhile, the re-entrant structure can provide a hydrophilic material (e.g.,
Si02) with superomniphobicity but is a time-consuming multistep fabrication [134, 140]. Besides, they
require sophisticated techniques, such as photolithography, reactive ion etching, and anisotropic/isotropic
etching) [134, 140]. Therefore, the more facile and potential solution to make the enamel (super)
hydrophobic is the surface modification both in morphology (by roughening/texturing) and in chemistry

(by water repellent substances).

It is noted that there is much research on the hydrophobic properties of glasses, ceramics, metals, and
alloys [142]. And yet, there is very little work done on the hydrophobicity of enamel coatings. For example,
Chen et al. [143] and Fang et al. [144] have rendered the hydrophilic enamel hydrophobic via a sol-gel
method. They have produced a silica film with a tetraethoxysilane (TEOS) sol-gel solution and modified
the film with dimethyldichlorosilane (DDS) [143, 144]. The DDS-modified silica film improves the contact
angle of the enamel coating from ~23° (of a bare enamel surface) to 115°. In other studies, Reinosa et al.
[145, 146] have obtained a hydrophobic surface of the glaze (a material similar to enamel but usually
applied on earthware and stoneware, e.g., tiles) through the crystallization of copper oxide nanoparticles.
In particular, the temperature difference (higher in the volume than at the surface) during the cooling stage
results in convection currents in the forms of counter-rotating rolls (so-called Rayleigh-Benard cells); and
copper moves along the convection path, then oxidizes and crystallizes at the surface to form oxide
nanoparticles of ~30 nm with cellular micro/nanostructures [145]. The resultant structure, like naturally
hydrophobic leaves, shows a good hydrophobicity with a water contact angle of 115° due to the formed
cuprous oxides. Soon later, a similar result is obtained on the glaze surface, showing that copper oxide
nanoparticles of 20 nm crystallite sizes produce a surface roughness of 0.11 um and render the surface
hydrophobic (115°) [146]. However, the larger the crystallite size is, the rougher but more hydrophilic the
surface becomes. It is due to the decreased intergranular voids between the water droplet and the sample
surface. Note that the thermal and mechanical durability of the hydrophobicity in their research is yet to be
investigated [143-146].

Based on the above review, it is worthwhile investigating enamel coatings in (super) hydrophobicity.
Therefore, the Thesis is to study possible solutions to hydrophobize the enamel surface. The below are
potential methods for making the enamel coating hydrophobic by modifying the surface chemically and

morphologically. They include:
(i) A combination of the halogenic acid etching and silane treatment,

(i) A surface laser-texturing followed by silanization,
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(iii) A combined porosity-silanization method,
(iv) The use of cerium oxide for both chemistry and morphology modification, and
(v) The use of colloidal capsules as surface morphology modifiers.

1.2.3.1. Wet chemical etching in combination with surface silanization

Wet chemical etching is usually combined with water-repellent modifiers to fabricate hydrophobic and
superhydrophobic surfaces for various substrates such as metals, alloys, steels, and silicon [147-150]. Via
electrolytic reactions between the surface and the etchant solution [151], the etchant dissolves the substrate
and exposes the inner micro/nanoscale structures. The etched textures are then modified with a low-surface-
energy/hydrophobic substance to achieve an enhanced (super) hydrophobicity. For example, an aluminum
substrate obtains a hierarchical nanoplatelet-microplateau surface after hydrochloride etching and boiling-
water immersion, which has a contact angle (CA) of 160° and a sliding angle (SA) of 0° after being silanized
[147]. Hydrofluoric etching and fluoropolymer deposition produce superhydrophobic steel with a CA of
~160° [148]. Wang et al. [149] have fabricated a superhydrophobic surface (CA ~154°, SA ~3°) with flower-
like structures by etching a magnesium substrate with a sulfuric acid-based etchant and followed by a stearic
acid modification. Aluminum foils are roughened by mechanical grinding and chemical etching to make a
hierarchical structure of microscale crater-like pits and nanoscale reticula [150]. Roughened surfaces are
then modified with decyl triethoxysilane for superhydrophobicity with a water contact angle of 160° [150].
Generally, chemical etching combines with surface modification of organic materials, e.g., fatty acids, alkyl
thiol compounds, and alkyl/fluoroalkyl silanes [147-150]. With the fluorinated silane as an example, the
contribution of these organics is demonstrated in Figure 1-7. The surface initially has a high affinity with
water due to many hydroxyl groups. These hydroxyls interact with fluoroalkyl silanes via silylation in a
silanization process. The silanes have long hydrophobic chains that repel water.
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Figure 1-7. Demonstration of silanization rendering a hydrophilic surface hydrophobic.

Various low surface energy materials can be used to render a surface hydrophobic and beyond. Some
materials are listed in Table 1-4 (column 2), such as dimethoxy dimethyl silanes, polydimethylsiloxanes,

perfluorodecyl POSS (Polyhedral oligomeric silsesquioxane), trisilanol isooctyl POSS, and perfluorodecyl
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triethoxysilanes. Generally, they comprise short and long carbon chains, cycled hydrocarbon groups, and
fluorinated alkyls that have low surface energy to hydrophobize the surface (Figure 1-7). The fluoroalkyl
groups not only have the lowest surface energy [152-154], but they are also more stable than the others
under ultraviolet (UV) radiation and high temperature [155-159] due to the higher energy of C-F bonding
compared to C-H [158]. Fluoroalkyl silanes endow the substrate with a superior hydrophobicity with a
thermal durability of up to 400°C. Therefore, fluorinated silanes have been chosen for surface modification
in many research studies. Noticeably, the use of fluoroalkyl trialkoxysilanes and organic solvents in
aerosolized forms (e.g., marketed spray products) is restricted due to health hazards [160]. The fluorinated
substances possess environmental risks due to their non-biodegradability and persistence [160, 161].

However, non-fluoro silanes as alternative reagents can address these concerns.

In short, chemical etching is a facile roughening method to apply to the enamel surface. The etching is
expected to expose inner micro/nanoscale structures of the amorphous and glass-ceramic enamel coating.

The roughened surface will then be modified with water-repellent silane to obtain hydrophobic properties.
1.2.3.2. Laser-texturing and silanization for the superhydrophobic hierarchical surfaces

Laser texturing has been a mask-less and efficient micro/nanoscale fabricating method to produce bio-
inspired superhydrophobic hierarchical surfaces [162-164]. With laser texturing, superhydrophobicity has
been fabricated on glasses [165, 166], metals, alloys, and steels [122, 124, 125, 167-172]. For example, a
water-repelling hydrophobic silica glass with arrayed micro-pits (comprising submicron ripples with
numerous nanorods and nanoparticles) is prepared by laser texturing combined with fluoroalkyl silane
treatment showing a high contact angle of 161° and an ultralow sliding angle of 2° [165]. Similarly, a
hierarchically textured glass slide of nanoparticles-decorated micro-ripples has a contact angle above 160°
and a rolling angle below 10° after being modified with fluoro-silane [166]. Meanwhile, the combination
of laser-texturing and fluorinated silane results in superhydrophobicity (CA ~154°) on the treated aluminum
alloy [167]. Its surface comprises cauliflower-like nanostructures on microscale (corrugated, mastoid, and
flat) structures [167]. A tungsten substrate is laser-textured for lotus-like hierarchical structures. It is then
fluoroalkyl-silanized for superhydrophobic properties with CA = 162° and SA = 1° [172]. Non-wetting
metallic surfaces (CAs >150°) with hierarchically structured patterns (e.g., grooves, pillars, and cones) have
also been produced by combing laser texturing and hydrophobic substances [122, 124, 125, 169-171]. These
results confirm that bio-inspired hierarchical structures are instrumental in fabricating superhydrophobic
properties. Also, microscale structures can protect vulnerable surface modifiers and nanoscale structures
from different mechanical contacts (e.g., falling sand, oscillating sand, and sandpaper abrasion) to maintain
non-wetting phenomena [166, 169, 171]. However, most studies have applied laser texturing on metallic
substrates but glass-ceramics. Thus, laser texturing has a potential in the hydrophobizing process of the
enamel coating due to its proven effectiveness in emulating multi-modal roughness of bio-inspired surfaces

without special requirements, such as clean-room equipment and expensive master stamps.
1.2.3.3. Silanized porous strucutres as a candidate for the mechanical durable superhydrophobicity

Structural hierarchy is essential in producing superhydrophobicity for glasses and metallic substrates.

It can also provide functionally protective microstructures to retain superhydrophobicity against abrasion

[166, 169, 171]. However, the obtained non-wettability will be reduced when the microstructures are worn

out to expose the hydrophilic substrate [166, 169, 171]. An obvious indicator of the non-wettability
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degradation is the increased sliding angle, e.g., water droplets sticking to the sample after abrasion [166].
So, investigations on the enduring structural hierarchy are needed to produce durable superhydrophobicity

with a high contact angle and a low sliding angle for enamel coatings and other materials.

Superhydrophobic monoliths with surface-energy-lowered micro/nanoscale structures (so-called self-
similar structures) have offered a promising solution for the above challenge [173]. For these materials, the
abrasion will expose a fresh new surface that maintains the hierarchical roughness thanks to the self-similar
structures and thus maintains a durable superhydrophobicity with a high CA and a low SA. Although water-
repellency will vanish when such materials are wholely worn out, non-wetting self-similar structures will

be a remedy for sustainable superhydrophobicity.

Porous structures have been used to produce robust superhydrophobic materials, such as polymer/gel
monoliths [174], organic-inorganic coatings [156, 175], and metal/ceramic foams [176, 177]. Although the
mechanical robustness of superhydrophobicity stems from the self-similar low-surface-energy structure
[174], there is a lack of detailed reports on the stability mechanism against abrasion, especially for non-
polymer-based materials [156, 175-177]. Thus, it is significant to investigate the anti-wear water-repellency
of non-wetting induced porous inorganics that are originally hydrophilic materials. Diatomaceous earth
(DE) has been applied to prepare various coatings of abrasion-enduring superhydrophobicity (CAs >150°)
due to its intrinsic porosity [178-182]. However, DE particles in these studies are composited with polymer
and cement binders that might undermine the porous structure. There is also a report on the binder-free
superhydrophobic silanized-DE thin layer on a glass slide but without any analysis of mechanical durability
[183]. Accordingly, diatomites can be used to investigate the mechanism of the robust porosity-induced
superhydrophobicity. Note that diatomites are hydrophilic inorganic materials. Thus, the result will provide

a guide to preparing the mechanically robust superhydrophobicity for enamel coatings.
1.2.3.4. Hydrophobic ceria used as the surface modifier in both chemistry and mophology

Over the past decade, there has been surging interest in cerium oxides (and other rare earth oxides) as
they can produce a hydrophobic surface without any modification with low surface energy substances [184].
Since then, many (super) hydrophobic ceria (CeOy) surfaces have been fabricated by various methods
(sintering, sputtering, thermal spraying, laser-ablation, electrochemical deposition, and hydrothermal
fabrication) [184-196]. A smooth surface of the magnetron sputtered ceria (roughness ~7 nm) achieves a
hydrophobicity with a contact angle of ~100° [185], similar to that obtained on the mirror-polished ceria
surface of the sintered ceria pellet (CA ~102°) [184]. With air plasma spraying, a steel substrate is coated
with a CeO,/TiO; coating (roughness ~6.8 um) with 90 wt% of ceria, producing a hydrophobicity with a
contact angle of 138.6° [186]. Likewise, a plasma sprayed CeO, coating ( roughness ~ 4.9 um) on an alloy
surface attains a CA of 139° [187]. Alternatively, metallic substrates (stainless steel, nickel, and aluminum)
have been coated with a ceria film using the suspension high-velocity oxy-fuel (SHVOF) thermal spraying
[188]. As a result, the CeO, coating (roughness ~2.55-7.33 um) having a lamellae structure with fully
deformed molten droplets obtains CAs of 130-140° [188]. For superhydrophobicity, hierarchical structures
are incorporated into the ceria surface, such as in a laser-ablated ceria pellet of fractal-protrusions with a
high contact angle of 160° and repelling impinging water droplets [189]. Meanwhile, the superhydrophobic
coating of ceria nanorods has been prepared on various substrates (metals, alloys, steels, and silicon) via a
hydrothermal method, showing a contact angle of 160° and a sliding angle of ~5.3° [193]. Similarly, CeO,
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nanotubes coatings prepared by the hydrothermal treatment reach a CA of 157° [194]. By electrochemical
deposition, CeO,-coated substrates (stainless steel meshes and copper) perform an excellent water-
repellency with CAs >155° [195, 196].

It remains challenging to determine the precise hydrophobicity origin of ceria. Mechanisms governing
the intrinsic non-wettability of ceria can be the unique electronic structure with the outermost orbital full
of eight electrons to prevent the water-ceria interaction [184] or the adsorption of atmospheric hydrocarbons
[197], or perhaps a combination of both. Either way, the cerium oxide as a ceramic material can outperform
other hydrophobic materials made of organic substances in terms of mechanical and thermal durability,
such as CeO; surfaces sustaining hydrophobicity (CAs ~102-105°) against high temperature (1000°C) and

abrasion (sandpaper) [184]. So, cerium oxide can potentially render enamel coatings durably hydrophobic.

According to the literature, cerium oxide is usually deposited on a metallic substrate (such as metals,
alloys, and steels). There is a lack of investigations on depositing ceria on glass and glass-ceramic materials.
Besides, current CeO; fabrications usually come with chemical methods (e.g., hydrothermal treatment and
electrochemical deposition) [193-196] and complicated techniques (e.g., magnetron sputtering, air-plasma
spraying, SHVOF thermal spraying, laser-deposition, and glancing angle deposition) [184-192]. That said,
cerium oxide is barely used or perhaps difficult to be applied in the particle form. This difficulty can be
overcome for the glass material like the enamel that has a glass transition. As the enamel melts at high
temperatures, it can work as a binder to cross-link the ceria particles. Hence, ceria particles can be applied

to hydrophobize enamel coatings as an alternative solution to commonly used silanization.
1.2.3.5. Capsules used as the surface morphology modifier

Recently, nanoparticles (NPs),e.g., silica, titania, and alumina, have been incorporated into polymer
[198-201] and inorganic binders [119, 202] for durably superhydrophobic coatings. Within these coatings,
while hydrophobic agents (e.g., PDMS, PTFE, fluoroalkyl silane, and alky! silane) make the whole coating
thickness water-repellent, the incorporation of NPs can introduce massive nanocavities to maintain the
Cassie-Baxter non-wetting state. Meanwhile, adhesives are used for the NPs bondings (coating cohesion)
and the coating-substrate bondings (coating adhesion). Their combination produces mechanically durable
superhydrophobic coatings until they are completely worn out through usage. For example, Al,O3 NPs have
been incorporated into fluorinated epoxy via an inverse infiltration process, showing superhydrophobicity
with a contact angle above 165° and a sliding angle below 2° [198]. A suspension of SiO» NPs and silicone
polymer has been spray-coated on solid substrates (e.g., glass slides, stainless steel meshes, and aluminum
sheets), and the coated samples obtained CAs >150° and SAs <10° [199]. A steel plate has been coated with
a coating composed of carbon nanotubes, alumina NPs, and PTFE, which shows non-wetting with a CA of
161°and a SA of 4°[200]. Meanwhile, Liu et al. [202] have used inorganic binders (due to their low toxicity,
strong adhesion, and outstanding resistance to high temperature and radiation) as an alternative for organic
adhesives. Consequently, a coating made of TiO, NPs, aluminum phosphate - AP, and alkylsilane has been
produced by spray-coating on various substrates (glass, ceramic, fabric, nickel foam, and steel mesh). They
show superhydrophobic properties with a contact angle above 150° and a sliding angle below 10°. Similar

water-repellent coatings have also been prepared using fluorinated SiO, NPs and AP binders [119].
As per the above studies, incorporated particles into superhydrophobic coatings are of the nanoscale
size. That said, hierarchically structured particles have been inefficiently exploited for such applications.
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Microcapsules have emerged as multiscale-roughness particles [203, 204] with the potential for fabrication
of superhydrophobicity. It is because their hierarchical micro/nanostructures can mimic surface features
(micro papillae decorated with nano wax tubules) of the superhydrophobic lotus leaves [76]. For example,
cotton fabrics have been dip-coated with fluorinated cellulose-silica hybrid microcapsules (30 um spheres)
[203]. The coated sample with a hierarchical roughness performs superhydrophobic properties with a
contact angle above 150° and a sliding angle of 6.5° [203]. Similarly, the fluorinated cellulose-silica hybrid
microcapsules (1.2 um capsules, 30-40 nm SiO; NPs) have been deposited on the glass slides and metallic
substrates [204]. It makes a superhydrophobic surface with a contact angle above 150° and a roll-off angle
below 6° [204]. It is noted that these microcapsules are hybrid materials that comprise inorganic silica
particles and organic cellulose. Meanwhile, Wang et al. [205] have prepared all-silica microcapsules with
a particle-bilayer shell by Pickering emulsion (so-called colloidal capsules/colloidosomes). Their
colloidosomes have multiscale structures of 0.7-4.8 um spherical outsides decorated with 50 nm SiO, NPs.
Subsequently, Pham et al. [206] have fabricated hierarchically structured double-shell colloidal capsules
that comprise 6.3 um silica inner-shells and 50 nm CaCO3; NPs outer layers [206]. The inorganic CaCOs-
SiO; colloidosomes possess superior mechanical and thermal stability, e.g., maintaining the structural
hierarchy at 973°C [206]. These stable all-inorganic colloidosomes of hierarchical structures are yet to be

exploited to produce superhydrophobic coatings.

As the enamel is intrinsically hydrophilic, the enamel coating needs a modification both in surface
energy and surface morphology for superhydrophobicity. Thus, it is highly desirable to construct the bio-
inspired texture (e.g., the lotus leaf) on the enamel surface before the hydrophobic modification to make
the coating superhydrophobic. Using inorganic colloidosomes (e.g., CaCOs-SiO; colloidal capsules) will

be more facile and beneficial than complicated methods, such as laser texturing with special equipment.

1.3.  Research scope
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Figure 1-8. Schematic summary of research scope. The number in the bracket denotes the chapter.

According to the review above, there is little research on the hydrophobicity of enamel coatings, which
otherwise further promotes various coating functions, such as water-repelling, self-cleaning, anti-icing, heat

transfer, and so on. The Thesis presents potential methods to hydrophobize the enamel surface, transforming
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its hydrophilicity into hydrophobicity. It will contribute to the knowledge of the hydrophobic enamel and
the non-wettability concept. The research scope of the Thesis is summarized in Figure 1-8 and is delivered
in six chapters.

Chapter 3 presents characterizations of different enamel coatings, revealing the relationship between
chemical compositions, crystalline compositions, and tribological behaviour (e.g., friction and wear). This
chapter presents the inner microstructures of enamel coatings. It initiates the concept of applying chemical
etching as a roughening method to improve the enamel’s hydrophobicity (Chapter 4). Chapter 3 also
provides a basic understanding of the coating’s tribological properties during sliding wear. It helps explain

its changed hydrophobicity against abrasion (Chapter 5).

Chapter 4 reveals a facile combination of acid etching and surface silanization to produce hydrophobic
enamel coatings. Before a silane treatment, in-coating microstructures are exposed using hydrofluoride and
hydrochloride. The relationship between coating microstructures, acidic etchants, and hydrophobicity is

established. Thermal and mechanical stabilities of hydrophobicity are evaluated.

Chapter 5 describes superhydrophobic enamel coatings prepared with a combined method of laser-
texturing and silanization. The laser-based roughening is applied as an alternative to the acid etching. The
contribution of laser texturing to surface morphologies and subsequent superhydrophobic properties is
investigated. Furthermore, this chapter discloses the relationship between the mechanical robustness of
superhydrophobicity and the durability of surface structures. This relationship is related to the tribological

behaviour of enamel coatings.

Chapter 6 discloses the relationship between surface parameters and superhydrophobicity. Note that
roughness is a commonly used value to evaluate wettability. The chapter discusses both roughness and
other morphological values (e.g., surface area index, skewness, kurtosis) with superhydrophobic properties.

The surface parameters of superhydrophobic enamel coatings in Chapter 5 are utilized.

Chapter 7 proposes a coating structure for mechanically robust superhydrophobicity against abrasion.
The superhydrophobicity is obtained using porous sintered diatomite pellets and silane treatment. Then, its
robustness is evaluated against severe sandpaper abrasion. The result will be of guide for preparing the
mechanically durable (super) hydrophobicity for the enamel coatings. This study is designed upon the
knowledge of surface morphology and silanization from the previous chapters (Chapter 4, Chapter 5, and
Chapter 6).

Chapter 8 provides two more potential methods to make the enamel surface (super) hydrophobic. This
chapter describes the use of hydrophobic cerium oxide particles as surface modifiers both in chemistry and
morphology for hydrophobic enamel coatings without any modification of low-surface-energy substances.
Due to an intrinsic hydrophabicity, ceria particles can be used both as surface roughers and as hydrophobic
modifiers. This chapter also describes colloidal capsules used as morphological surface modifiers to prepare
superhydrophobic enamel coatings. Colloidal capsules with hierarchical micro/nanoscale structures can be

applied as building blocks to mimic the structural hierarchy of the superhydrophobic lotus leaf.

In conclusion, the contributions of the Thesis are solutions to hydrophobizing enamel surfaces. These
solutions are based on surface roughening and silanization; the roughening methods are acid etching, laser

texturing, and colloidal capsules. Hydrophobic enamel coatings can be obtained by ceria particles without
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low-surface-energy organics. Besides, the Thesis reveals the relationship between superhydrophobicity and
various morphological parameters. Furthermore, the Thesis provides a potential guide to producing enamel

coatings with anti-abrasion (super) hydrophobicity.
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Chapter 2

Research methodology

This chapter provides information on materials, experimental design, equipment, and characterization

techniques used throughout the Thesis.
2.1. Materials

The materials used in the Thesis are divided into two main groups. The first group includes borosilicate-
based materials (W.G. Ball Ltd., United Kingdom) for preparing enamel coatings, which are the focus test
samples in the following chapters. The chemical compositions of these coatings are provided in Table 2-1.
The second group is materials related to the surface modification of enamel coatings, such as 1H, 1H, 2H,
2H-perfluorooctyl triethoxysilane (PFOTES) (Sigma-Aldrich), octyl triethoxysilane (OTES) (Sigma-
Aldrich), cerium oxide particles (<5 um, Sigma-Aldrich), and colloidal capsules (synthesized by our team).
There are also materials used for sample treatment, such as hydrofluoric acid, hydrochloric acid, ethanol,

and acetone.

Table 2-1. Elemental compositions (wt%) of used enamel coatings by EDS

Coatings SiOz B,O3 TiOz Na,O K>0 Cao ZnO A|203 CoO ZrO; PzOs

W 40.39 | 14.35 | 18.15 | 7.58 | 7.36 - 0.73 | 9.37 - - 1.73
Y 50.00 | 10.72 | 6.37 | 17.23 | 1.22 | 2.00 - 7.54 - 4.92 -
B 51.22 | 1425 | 457 | 16.82 | 1.43 | 4.39 - 7.25 | 0.07 - -

Note in Chapter 7 that enamel coatings are replaced by diatomite pellets as test samples. These pellet
samples are made of diatomaceous earth (DE) (Plant Doctor, Australia) with chemical compositions shown
in Table 2-2.

Table 2-2. Chemical compositions of diatomaceous earth (DE)

Composition | SiO; Na K Mg Ca Al P S Mn Fe
wt% 92-94 | 036 | 011 | 020 | 085 | 232 | 003 | 0.15 | 0.02 | 1.00

2.1.1. Preparation of enamel coatings

Test enamel coatings were prepared on the mild steel using slurry spraying and firing. For a better
adhesion between the test enamels and the substrate, a ground coat (with supplied compositions of 40-50
wt% SiOg, 14-24 wt% B,03, 13-21 wt% TiO,, 4-12 wt% Nay0, 4-12 wt% K30, and 0-5 wt% ZnO) was
applied as a bonding layer. The coating preparation started with the substrate pre-treatment, where a mild
steel surface was sandblasted to improve the adhesion between the ground coat and the steel substrate [207].
The sandblasted steel was sonicated in acetone, washed with deionized (DI) water, and air-dried. Then, a
slurry of the ground coat was sprayed on the treated steel, dried in a muffle furnace at 100°C for two hours,
and subsequently enamelled at 830-850°C for 3.5 min, and cooled in air. Afterward, each test enamel (W,

Y, and B) was prepared on the ground coat with the same procedure, starting from the slurry-spraying step.
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2.1.2. Preparation of diatomite pellets

Test diatomite (DE) pellets were prepared by pressing and heating DE particles. Firstly, DE (4 g) was
pressed into 5 mm thick pellets with a diameter of 30 mm. The pressing was carried out under a pressure
of 27.6 MPa and a temperature of 100°C for 15 min. The as-pressed sample was heated to a steady chosen

temperature with a heating rate of 10°C/min and then sintered at 1000°C and 1200°C for one hour.

2.2.  Experimental design and details

The Thesis builds on new scientific contributions to the field of the hydrophobicity of enamel coatings.
These contributions are based on the following experimental designs to address the challenges in rendering
the enamel surface hydrophobic, as discussed in the literature review. These designs correspond to the
research scope summarized in Figure 1-8.

2.2.1. Tribological behaviour of enamel coatings

The experiment designed here aims to provide the tribological behaviour of enamel coatings. This
design can also help understand how the enamel coatings change their wettability during abrasion in the
other experiments. Briefly, enamel coatings underwent a ball-on-plate test. Their tribological properties
were then evaluated based on friction, wear, and morphology.

The enamel surface was slid against ceramic (SisN4 and ZrO,) and steel (GCr15) balls as stationary

counterparts. The 6.35 mm balls had properties shown in Table 2-3. The as-supplied SisN4 ball had

numerous cavities, while the GCr15 and ZrO, balls were dense bulks, as presented in Figure 2-1a.

Table 2-3. Properties of commercial balls used in the tribological tests [208]

Property GCr15 (GC) Zr0O, (2) SizNa4 (Si)
Density (d, g/cm?®) 7.8 6.0 3.26
Young’s modulus (E, GPa) 200 210 300
Hardness (H, GPa) 7.57 13.35 14.71
Poisson’s ratio 0.27-0.30 0.22-0.32 0.23-0.28
Measured surface roughness (Sa, nm) 20 25 10

a)

I
lg

<
1

30 mm

Figure 2-1. (a) Optical image of the ball’s cross-section and (b) scheme of the tribological test.
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The ball-on-plate test was carried out at room temperature using a Bruker UMT TriboLab tribometer.
The dry reciprocating conditions included a 10 N load, a 4.8 Hz reciprocating speed, and a 27mm stroke
length (Figure 2-1b). With an applied load of 10 N, the equivalent maximum Hertzian contact pressure was
about 840 GPa, 846 GPa, and 890 GPa when the enamel coatings were paired with the GCr15, zirconia,
and silicon nitride balls, respectively. The Young’s modulus (70.6 GPa), Poisson’s ratio (0.23) of a similar
borosilicate enamel (45 wt% SiO,, 15 wt% B,0s, 7.4 wt% NaO, 5.8 wt% K0, 3.2 wt% CaO, 3.5 wt%
Al>03, 3.2 wt% TiO2, and others) from reference [209] were used to calculate the Hertz contact pressure.
Coupled sensors automatically recorded the normal and lateral forces, which were processed by the Viewer
software to obtain the friction coefficient (COF) for a total travel distance of 233.28 m (with a testing period

of 900 s). The average COF of three tests was reported for each tribo-pairs.
2.2.2. Hydrophobicity of enamel coatings by acid etching and silanization

This experimental design presents a facile method to produce hydrophobic enamel coatings, combining
surface acid-etching and surface silanization. In short, enamel coatings (30>30>L.5mm?) were roughened
by either hydrochloric acid (10 wt%) for 10 min or hydrofluoric acid for 7 s. The used hydrofluoride is
Kroll’s reagent (3 mL hydrofluoric acid, 6 mL nitric acid, and 100 mL distilled water). The etching exposed
inner microstructures of enamel layers to increase surface roughness and improve hydrophobicity. The
etched samples were washed with excessive water and then dried at 100°C for an hour. After that, they were
hydrophobized with a 1-vol% solution of fluorosilane (PFOTES) in ethanol for five hours. The samples
were then air-dried and treated at 140 <C for one hour. Table 2-4 provides the sample labelling of enamel
coatings undergoing these surface treatments. The modified samples had an improved hydrophobicity as
compared to the untreated ones.

Table 2-4. Sample label of bare and silanized acid-etched enamel coatings

Bare surface Silanized HF etched surface | Silanized HCl-etched surface
Enamel W W WHFP WHCP
Enamel Y Y YHFP YHCP
Enamel B B BHFP BHCP

(*) HF, HC, and P indicate hydrofluoric acid, hydrochloric acid, and fluorosilane (PFOTES), respectively.
2.2.3. Picosecond laser texturing toward superhydrophobicity of silanized enamel coatings

According to literature, a hierarchical surface texture is a significant factor for superhydrophobicity.
This section designed an experiment also based on surface roughening and surface silanization. Laser
texturing was introduced to produce a surface hierarchy before enamel coatings were treated with fluoro-
silane (PFOTES) reagents (described in section 2.2.2). As a result, the silanized textured samples obtained
superhydrophobicity.

The sample preparation in this experiment is demonstrated in Figure 2-2. Briefly, laser texturing was
conducted on the 5x5 mm? specimens of enamel coatings by using a Coherent SuperRapidHE picosecond
laser in a Microstruct-C chassis (3DMicromac, Germany). A Gaussian laser beam of 532 nm wavelength
was focused by f-6 lenses and then scanned on the coating. The scanning was done by an x-y Scanlab Galvo

system with a focal length F = 100 mm. The optimal focal height of the optics was set beforehand by making
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marks and moving the Z-axis in 100 um steps to ensure the focusing. The focal point was then recorded as
the offset height for the visual system and the Keyence laser height sensor. The laser beam had a nominal
focal spot size of 16 um and a pulse width of 8 ps. After that, textured enamel coatings were rinsed and

treated with a 1-vol% PFOTES solution to achieve superhydrophobicity.

Lines densities:

Enamel coating d=1,3,57,10 _

Iteration number
n=1,24 |

— Textured enamel

Pillar sizes:
s =20,30,45 pm

BN S

Figure 2-2. Preparation procedure of superhydrophobic silanized laser-textured enamel coatings.

Superhydrophobic surface

Table 2-5. Sample notation of silanized laser-textured coatings and their texturing conditions

Line Pillar Iteration Repetition Scanning
. . Power
Group | Sample density size number W rate rate
d s (um) n L (mmis)
P20-d 20 1 507
Ps-d P30-d 30 1 507
P45-d 45 1 507
13,5 50 200
11-d 7,10 20 1 251
In-d 12-d 20 2 251
14-d 20 4 251

Table 2-5 shows laser texturing setups and corresponding sample notations. Two sets of samples with
microscale pillar structures were fabricated using the crosshatch irradiation of 75% pulse-overlapping (a
200 mm/s scanning speed and a 50 kHz repetition rate). The first group included samples of various scripted
pillar sizes s (s = 20 um, 30 um, and 45 um) textured with a laser power of 507 mW. They were denoted
as Ps (P20, P30, and P45). The other group consisted of samples labeled In (11, 12, and 14) with the pillar
size set at 20 um. They were textured with a 251-mW laser beam for different scanning iteration numbers
n(n=1,2, and 4). The lower laser power of 251 mW was selected to minimize severe laser impacts on
samples In because the texturing process was iterated multiple times, as shown in Figure 2-2. The gap
between pillar arrays for both sample groups (Ps and In) was constructed by a range of line densities d (d
=1, 3,5, 7, and 10). The line density was defined as the number of times the laser beam scanned to make
a gap before jumping a step of the scripted pillar size to the next one. The line-to-line distance was set at 5
pum. This way could vary the height of the pillars and the spacing (or the gap) between them for different

surface morphologies that would affect resultant hydrophobic properties.
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2.2.4. Relationship between superhydrophobicity and surface morphology of silanized

laser-textured enamel coatings

Surface morphology has a significant contribution to surface wettability. Therefore, the understanding
of its effect on superhydrophobicity is of interest. An experimental design here aims to reveal if there is a
relationship between the quantitative parameters of the morphology and the superhydrophobic properties
of the surface. This experiment is a further investigation into non-wetting silanized laser-textured enamel
coatings, involving the analyses of morphological parameters and contact angles. The surface parameters
not only include roughness (usually discussed in the literature) but also surface areal index, bearing ratio,

skewness, and kurtosis.

Table 2-6. Label and contact angle of superhydrophobic silanized laser-textured enamel W coatings

Iteration Scr_ipted Line density Contact angle
Group | number plllar d) Sample CA (°) Cos(CA)

(n) size (s)

1 P15-1 144.942.8 -0.818

3 P15-3 179.840.1 -1.000

1 20 5 P15-5 179.740.1 -1.000

7 P15-7 179.740.2 -1.000

10 P15-10 179.740.1 -1.000

P25-1 145.6+1.7 -0.826

P25-3 171.1#.3 -0.986

Ps-d 1 30 5 P25-5 179.940.1 -1.000

pP25-7 179.630.1 -1.000

10 P25-10 179.840.2 -1.000

P40-1 146.2+1.4 -0.831

P40-3 167.043.9 -0.974

1 45 5 P40-5 178.9+1.3 -1.000

P40-7 179.740.2 -1.000

10 P40-10 179.640.1 -1.000

1 11-1 135.0+1.3 -0.707

11-3 179.740.1 -1.000

1 20 5 11-5 178.242.5 -1.000

11-7 177.244.3 -0.999

10 11-10 179.740.1 -1.000

12-1 147.5+1.3 -0.843

12-3 179.640.1 -1.000

In-d 2 20 5 12-5 179.640.1 -1.000

12-7 179.740.1 -1.000

10 12-10 179.740.1 -1.000

14-1 171.345.8 -0.988

14-3 179.740.1 -1.000

4 20 5 14-5 178.6+2.4 -1.000

14-7 179.740.1 -1.000

10 14-10 179.740.1 -1.000
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Briefly, metrological surface parameters include surface area index SAl, bearing ratio BR, roughness
Sa, kurtosis Sy, and skewness Ss. They were obtained with the ContourGT-K — Vision64 profilometric
software. During the analysis of a 3D contour, the Gaussian regression filtering with a 5 um cutoff length
was applied to separate surface features into two scales. Accordingly, characteristics with wavelengths less
than 5 um were referred to as roughness and those greater than 5 pm as waviness. The metrological
parameters related to waviness and roughness were denoted with suffixes w and r, respectively. These
parameters were then discussed to reveal their relationship with superhydrophobicity. Table 2-6

summarizes the label and contact angle of superhydrophobic silanized textured enamel W coatings.
2.2.5. Abrasion-tolerant superhydrophobicity of silanized sintered porous diatomite

For a durable superhydrophobicity against abrasion, an object needs to sustain low surface energy and
surface structural hierarchy. Maintaining a hierarchical surface structure against mechanical impacts is
challenging; however, the porosity of materials appears as a promising solution. The experiment proposed
here is thus to evaluate the abrasion tolerance of the superhydrophobicity produced by a combination of
porous materials and hydrophobic silanes. Briefly, porous diatomite (DE) pellets were prepared by sintering
DE particles at high temperatures (1000°C and 1200°C). The two temperatures were selected, based on the
DE sintering study of Akhtar et al. [210], to observe different sintered DE structures and their effect on the
surface wettability. The samples were silanized overnight in an ethanol solution of 2% octyl triethoxysilane
(OTES) and then treated at 140°C for one hour. The fluoride-free OTES was used as a replacement for the
PFOTES fluorosilane to address current concerns related to fluoride. The prepared DE samples obtained
superhydrophobicity, whose durability was evaluated against abrasion. Also, the understanding of resultant
durable superhydrophobicity was established based on surface morphology and chemistry.

The abrasion testing was conducted on a Bruker UMT tribometer with a cyclic sliding mode. The
sample surface was abraded by a 5x5 mm? hard alumina flat tip (S, = 4.0620.06 pm) traveling back and
forth at a speed of 10 mm/s. The set pressure was 30-120 kPa (calculated values) for 1000 cycles; 1000
cycles are equivalent to a 1000 cm abrasion distance. The first 100 cycles were considered a running-in
stage to ensure the contact between two surfaces. Abraded surfaces were cleaned by airflow and rinsed with
water before further characterizations.

Table 2-7 shows the labeling of diatomite samples after various treatment.

Table 2-7. Label of differently treated diatomite samples

Sintering at 1000°C

Sintering at 1200°C

Sintered diatomite DE1000C DE1200C
Silanized diatomite S-DE1000C S-DE1200C
Abraded diatomite AS-DE1000C AS-DE1200C

2.2.6. Other potential solutions to hydrophobize enamel coatings

The experimental designs for two more potential solutions to hydrophobizing enamel coatings are
introduced, including using cerium oxide particles and hierarchical colloidal capsules. The Thesis only

provides some preliminary investigations for these designs. Further studies need consideration.
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2.2.6.1. Hydrophobic ceria-embedded enamel without low surface energy modifiers

According to the literature, cerium oxide is hydrophobic, although there are opposite arguments in its
origin of hydrophobicity. The experiment here proposes using ceria particles as surface modifiers both in
surface chemistry and surface morphology for the hydrophobization of enamel coatings. Thus, hydrophobic
enamel coatings can be prepared without the surface modification of low surface energy organics. Briefly,
the enamel surface was decorated with ceria particles via the diffusion of enamel melt into the ceria layer.

Then, the hydrophobicity and morphology of the ceria-embedded enamel coatings were evaluated.

a) 1_1 Crucible

Enamel B
g 1) Heating CeuB-HF10
(4 Steel . Sample eCenuB LS
! | 1) Settlement \ o\ 2) Sonication eCeuB-HF20
f — ———
2) Drying (80°C) [ g ™! i | 3) Drying eCeuB-HF30
----- | —
CeO, suspension CeO, layer '-- -f— == ‘
(3 droplets) (250pum  Crucible CeO, 4
thickness) 1) HF etching (10-305s)
2) Sonication
b) Pressing 3) Drying
CeO, powder 1) Heating ‘ *
~1 mm thickness inati I
2) Sonication pCeW30-HF10
. . I
*\ S 3) Drying pCeW90-HF20
Pressed CeO, Sample pCeWT pCeW120-HF30

Steel ~Enamel W T = 30,60, 90,120

on enamel W

Figure 2-3. Preparation process of ceria-embedded enamel coatings: (a) eCeuB and (b) pCeWT.

There were two methods to produce ceria-embedded enamel coatings, depending on the preparation of
the layer of ceria particles, as depicted in Figure 2-3. With the first method (Figure 2-3a), a thin layer of
evenly distributed ceria (CeO,) particles was first produced by settling three droplets of a ceria/ethanol
suspension (0.1 mg/ml) in a ceramic crucible via gravity and evaporating the ethanol solvent at 80°C after
the settlement. A sample surface (1010 mm?) of the amorphous enamel coating B (~1.3 g) was then
positioned on this CeO.layer and heated up to 700°C for an hour. After that, the heated sample was sonicated
with deionized water for an hour to remove loose particles and then dried in a muffle furnace at 120°C for
an hour. The sample prepared by this method was labeled as eCeuB. The eCeuB sample was etched by the
HF acid for various durations to expose desirable ceria surfaces, then rinsed with deionized water and dried
as above. The etched sample was labeled as eCeuB-HFt, where t is the etching duration in second, e.g., 10,
20, and 30.

For the second method, powder pressing was used as an alternative for the suspension evaporation to
prepare the ceria particle layer (Figure 2-3bs). The sample was prepared by pressing cerium oxide powder
(0.1 g) with a pressure of 27.6 MPa and a temperature of 100°C on the glass-ceramic enamel coating W
(1010 mm?). The chosen pressure and temperature were operational conditions of a Buehler mounting
presser, which provided a good ceria particles layer on the enamel surface. Then, the sample was heated up
to 800°C in a muffle furnace. There were four samples, pCeW30, pCeW60, pCeW90, and pCeW120, which
were heat-treated for 30 min, 60 min, 90 min, and 120 min, respectively. They were then sonicated with

deionized water and dried as mentioned for sample eCeuB. For preliminary results, sample pCeW60 was
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used to obtain more information on the embedded ceria layer in terms of coating thickness, particle density,
and elemental spectrum. Meanwhile, other samples were etched with an HF acid solution to study the
hydrophobicity of ceria-embedded enamel surfaces. Particularly, pCeW30, pCeW90, and pCeW120 were
HF-treated for 10 s, 20 s, and 30 s, respectively; they were then labeled pCeW30-HF10, pCeW90-HF20,
and pCeW120-HF30.

The hydrophobicity of the pure cerium oxide was tested on a sintered ceria surface prepared by a high-
temperature sintering process according to Azimi et al. [184] with a modification. Firstly, the ceria particles
were pressed into a pellet of 1 mm thickness and 30 mm diameter at 27.6 MPa and 100 °C. Due to the low
pressure of a Buehler mounting presser, powder needed to be pressed thin at 100°C to avoid the cavities
formed during the sintering process. Then, the pellet was sintered at 1560°C for 6 hours [184]. The

properties of pure ceria surface (e.g., hydrophobicity and X-ray diffraction) were used as references.
2.2.6.2. Hierarchically structured enamel with colloidal capsules

The structural hierarchy is a crucial factor in superhydrophobicity. Therefore, colloidal capsules with
hierarchical structures are potential morphological modifiers in preparing superhydrophobic surfaces. The
experiment herein introduces water-repellent enamel coatings produced by the hierarchically structured
CaCOs;@SiO; capsules as surface roughers and octyl triethoxysilane (OTES) molecules hydrophobic
agents. Briefly, the capsules were mixed with aluminum phosphate binders and sprayed on the vertically

placed enamel coatings. The coatings were then hydrophobized with the OTES surface modifiers.

Hierarchical CaCOs-decorated SiO; (CaCOz@SiO;) colloidal capsules were prepared according to our
previous paper [206]. The synthesis process of colloidal capsules by Pickering emulsion template assembly
is reproduced in Figure 2-4. Stearic acid-modified calcium carbonate (1 g) was suspended in toluene (10
ml) using ultra-sonication. Pickering emulsification was then carried out with the addition of 1 ml distilled
water into the above suspension under high-shearing conditions. Subsequently, n-hexyl amine was added
to the Pickering emulsion (50 mg/ml) under mild stirring to catalyse the silica shell formation. Next, various
volumes of TEOS (0.5 ml, 0.3 ml, and 0.2 ml) were gently dropped into the solution over 24 h under
constant stirring. The colloidal capsules were formed after 24 h from the last TEOS addition and were

centrifugally washed with acetone, ethanol, and distilled water before drying in an oven.
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Figure 2-4. Synthesis process of colloidal capsules [206].
The preparation of aluminum phosphate (AP) binders and the process of mixture spraying were referred
to in the work of Liu et al. [202]. The mixture was sprayed on the enamel surface using an airbrush with
200 kPa compressed air at a 20 cm distance. The coated enamel was naturally dried and heat-treated at
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120°C for two hours and then at 240°C for one hour. Regarding silanization, the sample was treated with a

solution of 2% OTES in ethanol for five hours. It was then dried and heated at 140° for one hour.
2.3.  Characterization methods

The characterization techniques in the Thesis can be divided into three main groups, corresponding to
the analyses of surface chemistry, surface morphology, and wettability. Most chapters of the Thesis involve
wetting properties and contain all three types of material characterization. Meanwhile, Chapter 3 focuses
on the tribological behaviour of enamel coatings, thus not including wettability characterization. Other

characterizations and tests within different chapters are also introduced later in this section.
2.3.1. Surface chemistry

Chemistry characterizations involved various analytical techniques: X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR) spectroscopy, and X-ray diffraction (XRD).

The XPS analysis helped determine the oxidation state of the chemical element. The XPS measurement
was performed with a Thermal Fisher Scientific Nexsa X-ray photoelectron spectrometer under a high
vacuum working pressure of 5x10°° mbar. The X-ray source was the Al K, radiation with the photon energy
hv = 1486.6 eV at the 12 kV voltage and 70 W power. The binding energy (BE) was recorded with the 50-
eV pass energy and the 0.1-eV step width. In Chapter 4, the XPS was performed on a SPECS PHOIBOS
100 Analyzer installed in a high-vacuum chamber with the base pressure below 10—8 mbar. X-ray excitation
was provided by Al Ko radiation with photon energy hv =1486.6 eV at the high voltage of 12 kV and power
of 120 W. The XPS binding energy spectra were recorded at the pass energies of 20 eV and a step width of
0.05-0.3 eV in the fixed analyzer transmission mode. The analysis of the XPS data was carried out by using

the commercial CasaXPS2.3.15 software package.

The FTIR measurement provided information on functional groups. It was conducted with an 8-cm™

resolution on a Shimadzu Prestige IR-21 FTIR instrument with a Miracle ATR attachment.

The XRD analysis revealed the compositional insights into crystalline phases. The measurement was
carried out with a GBC MMA Diffractometer using a Cu K, source. The scanning was set with a step size
of 0.02° and a scan rate of 1°/min at the operating voltage and current of 35 kV and 28.4 mA, respectively.
Then, the HighScore software with a database of Powder Diffraction FileTM PDF-4 + 2019 processed the
XRD patterns.

Energy-dispersive spectroscopy (EDS) (run by Aztec software) was applied to observe the elemental
compositions and their distribution.
2.3.2. Surface morphology

The morphology of sample surfaces was observed in detail with scanning electron microscopy (SEM),
scanning probe microscopy (SPM), and optical profilometry. The used equipment included:

A JEOL JSM-6490LA SEM was run at an accelerating voltage of 15 keV and a working distance of
10 mm under a high vacuum environment. This SEM was attached with an energy-dispersive spectroscope
(EDS) operated by the Aztec software for further elemental analysis. In addition, a Jeol NeoScope JCM
600 Benchtop SEM was utilized and run at 5 keV; the low electron beam was used to overcome the charging

on poorly conductive samples.
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A Veeco atomic force microscope (AFM) and a Bruker ContourGT-K 3D optical profilometer were
utilized to obtain surface contours and roughness values. The optical profilometer provided more surface
parameters, such as skewness, kurtosis, surface areal index, and bearing ratio. The AFM measurement was
conducted with a 50>60 mm? scanning size and a 2 Hz scanning rate. The surface profiling was operated
by the Vision64 software using white/green interferometry. At least three measurements were done for an

averaged value (and standard deviations) to be reported.
2.3.3. Surface wettability

Surface wettability was evaluated by water contact angle (CA) (static wetting) and sliding/roll-off
angle (SA/RA) (dynamic wetting). Note that the dynamic wettability could also be assessed by the contact
angle hysteresis (CAH) — the deviation between advancing and receding angles. However, the measurement
of these angles requires equipment with a unique setup (such as a high-resolution camera and a controlled
tilting stage) to capture the movement of the droplet (tilting method [211]). Otherwise, it needs equipment
with a precise volume control of water dispensing and retracting to determine advancing and receding
angles, respectively (needle method [211]). Additionally, SA/RA and CAH are correlated [212, 213]; a low
SA/RA accompanies a small CAH [117]. Thus, a simple SA/RA measurement was chosen but manually
conducted with much care. All measurements were carried out at least three times, and the averaged values

(and standard deviations) were reported.

The CA measurement was conducted at room temperature (~25°C), using a lab-customized goniometer
equipped with a charge-coupled device (CCD) camera. Firstly, a water droplet of 3-5 pL was dispensed on
the tested sample, and the CCD camera captured its image. The recorded droplet contour was then fitted
using the Contact Angle plugin of the ImageJ software to retrieve the static contact angle. The procedure
included three simple steps (Figure 2-5). Firstly, a raw image was processed to determine the water droplet
contour. Then, it was defined with a selection of five points and fitted to get the contact angle.

Processed image

Find edge and

adjust brightness/contrast Pick 5 points for contour fitting

Raw image

_

Fitted contour

Fit the contour
(with Manual Points Procedure)

Figure 2-5. Procedure of using ImageJ to determine contact angle values.
The RA/SA measurement was carried out with a water droplet of at least 10 pL, utilizing a lab-made
tool with a flat surface attached to a 100-division rotating nob. The visually differentiable rotation of the
nob was around 1° and done with tedious care. The 10 uL volume was used so that the droplet to roll/slide
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off the calibrated adjustably tilting surface by its gravity.
2.3.4. Other testings and characterizations for enamel coatings samples

Additional characterizations and testings were done, such as hardness, thickness, fracture behaviour,
and hydrophobicity durability. They were carried out to observe and evaluate the physical properties and

non-wettability of the produced enamel coatings.

2.3.4.1. Vickers hardness

The microhardness of the enamel coatings was measured using a Matsuzawa Via-F automatic Vickers
hardness tester at a load of 0.49 N and a dwelling time of 10 s. The reported hardness was an averaged

value of nine random measurements.

2.3.4.2. Optical microscopy

Thickness and inner bubble structures were observed from the coating cross-section images using a

Nikon Eclipse LV100NDA optical microscope. The thickness values were averaged from nine positions.

2.3.4.3. Scratch test

The fracture behaviour of the coating was qualitatively evaluated with the micro-scratch test, using a
CSM Revetest Xpress Plus scratch tester fitted with a Rockwell C diamond of 120°cone apex angle and
200-um tip radius. The test was conducted in a progressive loading mode from 0.01 N to 100 N in 1 min.

The scratch tracks of 3 mm were obtained, and their morphology was observed.

2.3.4.4. Thermal durability test for hydrophobicity

The thermal durability of the hydrophobicity of silanized enamel coatings was evaluated. The sample
was exposed to various temperatures (200<C, 300<C, 350<C, 400<C, and 450<C) for one hour using a
Ceramic Engineering CE MLS muffle furnace. After each heat treatment, the contact angle was measured
to determine the temperature at which the sample lost its water repellency. Furthermore, the contact angle
was measured after each hour of the 15-hour thermal treatment (200 <C, 300<C, and 350 <C) to evaluate the

dependence of the hydrophobicity on the thermal treatment duration.

2.3.4.5. Mechanical durability test for hydrophobicity

The test was done on the same Bruker UMT TriboLab tribometer used for the tribological testing. The
sample was slid against the abrasive surface, and changes in wetting properties and morphology were then
observed to assess the mechanical durability of the sample’s hydrophobicity. The durability testing for the
hydrophobic properties has not been standardized, and the test was customized suitably in each chapter. In
Chapter 4, the sample (with nanoscale/microscale structures) was fixed on a plate reciprocating at 1 Hz.
The tip of a 5 mm diameter pin was covered with a napless cotton cloth (BUEHLER METCLOTH®) and
used as the stationary counterpart. The test was conducted at the applied load and stroking distance of 1-5
N and 20 mm, respectively. The applied pressure was 51 kPa with a 1 N load. In Chapter 5, the sample
(with hierarchical nano/microstructures) was slid against the #600 (P1200) silicon carbide (SiC) paper
(Allied) at a speed of 5 mm/s with a stroke length of 5 cm. The abrasion distance was up to 440 cm. The
applied load was controlled at around 0.27 N with a corresponding pressure of 10.8 kPa on the 5>6 mm?

specimen. At this load, the sandpaper caused scratches on a bare enamel surface.
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2.3.4.6. Vapor condensation test

The enhanced heat transfer of silanized enamel coatings was qualitatively assessed. It is done using the
dropwise condensation of water vapour on their surfaces. Both hydrophilic and hydrophobic enamel
samples were positioned at a 60° angle and 3 cm height above a boiling water beaker on a heater. The
images of vapour condensing on these samples were captured at 0 min, 30 min, and 60 min, and the form

of condensate (film or droplet) was compared.

2.3.5. Other characterizations for diatomite samples

2.3.5.1. Porosity measurement

The effect of porous structures on mechanically durable hydrophobicity was evaluated. It was based
on the porosity of diatomite pellets. The porosity was determined with a pycnometer. Firstly, the sample
cubes of 5x5x5 mm? were prepared, dried at 120°C overnight, and weighed. Then, they were submerged in
water overnight to evacuate air in pores before the porosity measurement. The submerge was done until no
air bubbles were observed around the sample. After that, the weights of the pycnometer with deionized (DI)
water and DI water plus a DE cube were recorded. The mass difference was used to deduce the volume of
cavities and then the pellet porosity (vol.%). The resulting porosity was 54.4532.66 vol.% for DE1000C
(and S-DE1000C) and 50.7442.44 vol.% for DE1200C (and S-DE1200C).
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Chapter 3

Tribological behaviour of enamel coatings

The content of this chapter has been published in “Nguyen et al., Tribological behaviour of enamel
coatings, Wear, 426427, Part A, 2019, 319-329.” (DOI: 10.1016/j.wear.2019.02.002)

3.1. Introduction

As per Chapter 1 (section 1.1.2), the hard enamel has been used to protect metallic substrates from
abrasion/wear. There are many studies on the abrasion resistance of the enamel based on the relationship
between composition, structure, and property. For example, the additives (e.g., zirconium silicate, quartz,
feldspar, and spodumene) can either promote the abrasion resistance of the coating (due to improved enamel
densification) or undermine such anti-abrasion properties (due to their large sizes and dissolubility) [39].
And yet, there is little research on the enamel’s tribological behaviour to understand more detail about its
abrasion and wear mechanism against mechanical contacts. Zhang et al. [45] and Feng et al. [46] studied a
borosilicate-based enamel and a GCr15 ball [45, 46]. They found that the high-hardness enamel improves
the wear resistance of the enamelled substrate, but it also suffers from abrasive wear due to the brittle
fracture. Therefore, it is significant to have a more detailed understanding of the tribological behaviour

between different tribo-pairs of the enamel and ball materials.

This chapter provides some characterizations of three enamel coatings and their tribological behaviour
against various ball materials (chrome steel, zirconia, and silicon nitride). These enamels are commercial
borosilicate materials but different from each other in their crystalline compositions. They are either glass
or glass-ceramic. The added crystals (e.g., titania, zirconium silicate) improve mechanical properties of the
enamel coating (e.g., hardness, fracture toughness), thus can affect their friction and wear behaviour. The

tribological behaviour of these enamel-ball tribo-pairs has been studied under dry reciprocating conditions.

This chapter provides information about the crystalline compositions of three enamel coatings by an
X-ray diffractometer and their corresponding morphology of the acid-etched surfaces by a scanning electron
microscope. Such knowledge will lay the groundwork for Chapter 4, where the enamel will be rendered
hydrophobic. Furthermore, the studied wear mechanism of the enamel will provide a better understanding

of hydrophobic enamel surfaces against abrasion in Chapter 5.
3.2. Experimental details

Briefly, three types of enamel coatings were reciprocated against three different balls. Then, the friction
and wear of these tribo-pairs were analysed and compared. The morphologies of the countering parts were

observed to investigate the wear mechanism.

Experimental details are described in Chapter 2, with section 2.2.1 presenting the experimental design.
3.3.  Results and discussion

3.3.1. Characterizations of enamel coatings

Three test enamels have different chemical contents of titania, zirconia, and cobalt oxide (Chapter 2,
Table 2-1), which produce different colours and crystalline phases of the coatings. Particularly, enamel W
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has a high TiO, concentration (~18 wt%) that results in an opaque-white appearance of the coating sample
(see the inset in Figure 3-1b), while coatings Y and B are yellow and blue due to ZrO; (~5 wt%) and CoO
(<0.1 wt%), respectively. As per the XRD patterns in Figure 3-1a, enamel B solely has a broad peak (26 =
15°-38°) of amorphous borosilicate, indicating that B is a glass coating and cobalt oxide is a colour pigment.
In the meantime, enamels W and Y have additional crystalline diffraction peaks of titanium dioxide anatase
[214] and zirconium silicate (zircon) [215], respectively. Thus, W and Y are glass-ceramic coatings with a
borosilicate base. The SEM image of HCl-etched surfaces (Figure 3-1b) reveals that enamel W has densely
distributed submicron/nanoscale titania particles. Compared to titania in coating W, zircon particles are
distributed randomly in coating Y, and they are microscale but much less in amount. Fragments observed
on the etched surface B can be attributed to silicon oxide backbones of the glass network. The properties of
enamel coatings are also improved due to crystalline phases forming combined characteristics of crystals
and glasses [4, 5], but they are dependent on the added titania and zircon crystals. Note from Table 3-1 that
the glass coating B (without any crystal) has a hardness of 6.33 GPa. Meantime, enamel Y with added
zircon (zirconium silicate) with a Mohs hardness of 6.5-7.5 has a high hardness of 6.92 GPa. Coating W
has a low hardness of 5.23 GPa with the addition of the anatase titania with 5.5 Mohs hardness. The enamels
have a hardness 4-6 times that of the mild steel, thus can provide the substrate with wear resistance [46]. In
the meantime, enameled steels show a thermal diffusivity 85-89% lower than the bare steel (Table 3-1),
indicating that the coating has a better heat insulation. Thus, these enamel coatings need modifications (e.g.,
adding thermally conductive metallic materials) to produce an effective thermal diffusivity and conductivity

(e.g., for heat transfer applications). This topic is not discussed here as it is out of the scope of the Thesis.
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Figure 3-1. (a) XRD pattern of different enamel powders and (b) SEM surface image of HCI-etched

enamel coatings. The inset is the photo of the coating.
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Table 3-1. AFM surface roughness, Vickers micro-hardness, and thermal diffusivity of enamel coatings

Steel W Y B
Roughness Ra (nm) - 16.6+2.0 30.348.9 28.94.9
Peak-to-valley R; distance (nm) - 181.743.5 244.0422.8 309.9448.5
Hardness (GPa) ~1.28 5.2340.48 6.9240.29 6.3320.26
Thickness (mm) ~1.50 0.438+0.030 0.4730.019 0.414+0.023
Thermal diffusivity ® a (em?/s) | 0.20640.005 | 0.030+0.001 0.024+0.001 0.029+0.001
o
|| we | s | e

(*) Thermal diffusivity is obtained with the LFA 1000/1600 thermal analyzer (300 V voltage, 2 ms pulse length, and

room temperature).
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Figure 3-2. (a) 3D AFM contours and (b) cross-sectional optical images of different enamel coatings.

All the original enamel coatings have a smooth surface (with a slight waviness) and a bubble structure,
as shown in Figure 3-2. In particular, the enamel surfaces are flat with a low roughness R, of 16-30 nm,
and they are slightly wavy (Figure 3-2a) with a small peak to valley distance R, between 180 nm and 310 nm
(Table 3-1). The added crystalline phases that can aggregate might reduce the waviness, leading to a lower
R, of 182 nm for enamel W and 244 nm for enamel Y, compared to 310 nm for glassy coatings B (Table
3-1). In the enamel coatings, the porosity is an intrinsic characteristic as bubbles are formed by gas evolution
(e.g., hydrogen, carbon dioxide, carbon monoxide, and water vapour) at the steel/enamel interface [216] or
within the enamel layer [217]. Thus, a ground coat not only can improve the coating-substrate adhesion,
but it can also reduce the bubbles formed at the steel/enamel interface to penetrate the cover coat (the test
enamels W, Y, and B). Large bubbles of 20-40 pm (with a few 80 um ones) are confined within the ground
layer, but they can also penetrate toward the cover coats. For example, there are several large bubbles at
the interface between the ground coat and enamel W (Figure 3-2b). There are tiny bubbles (<10 um) in the
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surface enamels (W, Y, and B). Compared to fine bubbles in enamel Y, enamel B has well-distributed large
bubbles due to the presence of cobalt [218]. With a slurry spraying method, the thickness of sprayed layers
is not precisely controlled, leading to enamel coatings having different thicknesses. From optical images in
Figure 3-2b, enamel coatings are 400-500 um thick (shown in Table 3-1), including a similar ground coat

of 252417 wm and a surface coat of 186+13 pm, 221+2 pm, and 162+6 um for W, Y, and B, respectively.

20 40 60 80 100

Normal force (N) 500 pm

Figure 3-3. Micro-scratch image on different enamel coatings (W, Y, B).

Enamel coatings are brittle materials as confirmed qualitatively by the micro scratching (Figure 3-3).
There is no visible scratch up to 14 N, beyond which the scratch expands laterally due to the brittle fracture
(or the low fracture toughness of the enamels) [219]. The average crater widths on glass-ceramic enamels
W (312 pm) and Y (398 um) are smaller than amorphous coating B (446 um), indicating the addition of
crystalline phases improving the coating fracture toughness to constrain the lateral expansion of fractures.
Noticeably, many titania crystals of submicron/nanoscale in coating W enhance such a property better than

a smaller amount of microscale zircon particles in coating Y.
3.3.2. Results of friction and wear of the enamel-ball tribo-pairs

The friction results show that all enamel-ball tribo-pairs behave similarly during the dry reciprocating
test (Figure 3-4a, b). They begin with a short running-in stage with a steep increase of friction followed by
a stable friction phase. Noticeably, the second stage has different characteristics when the enamel is in
contact with various ball materials (enamel W paired with GCr15, ZrO,, and SisN.) (Figure 3-4a), but
similar behaviour for enamels W, Y, and B with the SisN4 ball material (Figure 3-4b). As per Figure 3-4a,
both GCr15 and ZrO, produce stable friction with a significant signal fluctuation, indicating the W-GCr15
and W-ZrO; tribo-pairs have rough contacts (see section 3.3.2 for discussion on the wear track/scar surface
morphology). While W-GCr15 experiences a gradual friction decrease, W-ZrO- has a significant COF drop
after a sliding distance of 130 m. As shown in Figure 3-4a, the COF drop divides the friction curve of W-
Zr0O; into two stable COF subsections of ~0.6 (before the sliding distance of 130 m) and ~0.46 (with the
sliding distance from 180 m to 240 m). This result indicates that the ZrO, ball cuts across enamel W and

contacts the ground coat, which is confirmed by the wear track depth bigger than the thickness of coating

38



W (see Figure 3-5a). In the meantime, three enamel-silicon nitride tribo-pairs experience a similar friction
reduction before reaching a steady stage with a smooth COF curve compared to the W-GCR15 and W-ZrO;
tribo-pairs (Figure 3-4b). The smoothness of these COF curves suggests that enamels (W, Y, and B) and
their countering SisN4 ball experience a surface smoothening event. Because the SizN4 ball has a high
hardness (14.71 GPa) and a very low initial surface roughness (10 nm), the ball and its wear debris can
polish (or smoothen) the mating surfaces and reduce friction (see sections 3.3.2 and 3.3.3 for more
discussion). Generally, the W-GCr15 tribo-pair has a high COF of 0.69 (Figure 3-4c) that is lower than
reported values (COF = 0.7-0.8) [45, 46]. Zhang et al. [45] and Feng et al. [46] have found that such a high
friction between a coating of the borosilicate-based enamel (58.26 wt% SiO2, 7.98 wt% Al,O3, 5.29 wt%
Zr03, 9.00 wt% ZnO, 4.66 wt% B,0s3, 3.66 CaO, 3.40 wt% Na,O, and others) and a GCr15 ball is due to a
rough enamel surface (roughness ~0.4 um) during the sliding friction. The W-ZrO; tribo-pair shows a COF
of 0.56, but the actual COF between enamel W and the zirconia ball is higher ~0.6 (Figure 3-4c). It is
because the zirconia ball cuts across W to contact the ground coat with a significant drop in friction, as
discussed previously. The best anti-friction performance is obtained for all enamels against silicon nitride
with COFs of 0.53-0.57 (Figure 3-4d), 0.1 lower than the W-GCr15 contact. It is due to a combination of
high hardness (14.71GPa) and fine surface finish (roughness ~10 nm) of SizNa.
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Figure 3-4. Friction coefficient curve and mean friction coefficient COF of (a, c) enamel W against
various ball materials and (b, d) different enamels against silicon nitride. The COF is calculated from a
distance range of 10-240 m for GCr15-W and 70-240 m for SizNs-enamels. For ZrO,-W, the COF of 0.6
from 10-130 m is attributed to the test enamel W, and 0.56 from 10-240 m includes the ground coat.
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Figure 3-5. Cross-sectional wear track profiles of enamel coatings: (a) enamel W against different balls

and (b) various enamel coatings against a silicon nitride balls.

The wear loss of enamel coatings is uncorrelated with the friction of tribo-pairs. In particular, enamel
W experiences the most material removal against the zirconia ball with the broadest and deepest wear track
(2600 wm and 300 um, respectively) (Figure 3-5a). Noticeably, the wear depth is significantly greater than
the coating W thickness (~186 um), confirming that the wear cuts across the cover enamel W towards the
ground coat and that the reduced friction of the W-ZrO, contact (Figure 3-4a) can so be attributed to a new
contact surface within the ground coat. Meanwhile, enamel W produces better wear-resistance against other
ball materials (GCr15 and SisN4) with narrower and shallower wear tracks; the wear track is ~68 um deep
and ~1410 pum wide against the GCr15 ball while it is just 20 pm deep and 950 um wide for the SisN4 ball
(Figure 3-5a). The volume loss of enamel W against zirconia is 13.93 mm?, being 7.8 and 37.6 times higher
than the W-GCr15 (~1.79 mm®) and W-Si3N4 (~0.37 mm3) tribo-pairs, respectively (Figure 3-6). Despite a
slightly higher friction coefficient, enamel Y shares a similar anti-wear performance with coating W when
they contact the silicon nitride ball, showing similar wear track sizes (Figure 3-5b) and volume loss (Figure
3-6). Crystallite-added enamels W and Y have wear resistance superior to amorphous enamel B. Coating B
has a larger wear track of width ~1290 um and depth ~50 um (Figure 3-5a) and a higher wear loss of 1.09

mm? (Figure 3-6), as compared to coatings W and Y.
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Figure 3-6. Wear loss of coating and ball of different tribo-pairs after reciprocating test. The number
indicates the mean COF.
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Generally, the wear loss of the ball is opposite to that of the coating among tribo-pairs (Figure 3-6). In
particular, the silicon nitride ball causes low damage to enamel W but suffers high wear loss of 10.7x103
mm?3 twice that of the chrome steel ball paired with coating W. In addition, the wear of the glassy enamel
B is higher than the glass-ceramic enamels W and Y when they are tested against the silicon nitride ball.
However, more wear is experienced by the SizN4 balls paired with coatings W and Y than the ball paired
with coating B, although the difference is small. The volume loss of the ball is 9.5x10° mm?® and 11.4x10°
3 mm? for the B-SisN4 and Y-Si3N, tribo-pairs, respectively. In the meantime, the highest material removal
incurs to both components of the W-ZrO, tribo-pair can be attributed to a distinct material interaction
between the enamel coating and the adiabatic zirconia [220-222] (see further discussion in section 3.3.4).

Note that there is no correlation between the friction and wear of the enamel coatings (Figure 3-6).

3.3.3. Results of wear track observation

Rough contact surfaces Smoothened contact surfaces
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Figure 3-7. SEM morphological images of the ball wear scar (top image) and the coating wear track
(middle and bottom images) of enamel W-ball tribo-pairs: (a) W-GCr15, (b) W-ZrO,, and (c) W-SizNa.

The observation of wear track/scar morphologies in Figure 3-7 shows that contacting surfaces are
roughened when enamel W is slid against the chrome steel and zirconia balls. It also reveals that smooth
mating surfaces are observed in the W-SisN, tribo-pair. These results are in agreement with the COF curve,
which fluctuates significantly for the W-GCr15 and W-ZrO, tribo-pairs but is smoothly stable for the pair
of enamel W and the SisN4 ball (Figure 3-4a, b). The GCr15 ball and coating W have many rough grooves
on their wear scar and wear track because the coating debris can act as third-body abrasives to plough the
contact surfaces [223]. Note also that the worn surface of enamel W has large microscale protrusions (see
the bottom image in Figure 3-7a) that cause wide grooves of ~20 um on the GCr15 ball scar (Figure 3-8).
Besides, the ball scar has a grooved surface with built-up materials transferred from coating W as detected
by the EDS mapping that confirms the elemental compositions of the enamel (e.g., Si, Na, K, Al, Ti, and
P) on the ball scar (Figure 3-8). In the meantime, enamel W seems to have a strong interaction with zirconia
so that many coating debris attaches to the ball surface as confirmed by clear EDS signals of enamel
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elements, such as Si, Na, and K (Figure 3-9). The wide debris attachment causes a broad and rough wear
scar to the ZrO; ball that in turn wears out the coating with many fracture surfaces and exposes large bubbles
in the ground coat (Figure 3-7). On the other contrary, both contacting components of the W-SizNj tribo-
pair have large smooth areas despite a few grooves probably caused by the coating debris as the third-body
plougher; enamel W is also fractured and spalled due to its inherent brittleness. Surface smoothening can
be attributed to the hard SizN4 ball and its debris potentially providing a polishing effect. The chrome steel

and silicon nitride balls can also cause fractures of the enamel W surface and expose a few inner cavities.
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Figure 3-9. EDS mapping of the partial wear scar on the ZrO; ball sliding against enamel W.
The silicon nitride ball produces similar effects (e.g., polishing, ploughing, fracturing, and spalling) on

various types of enamel; however, the fracturing and delaminating are different between glass-ceramic

enamels (W, Y) and glassy enamel (B) (Figure 3-10). Based on the previous qualitative evaluation of the
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fracture toughness (Figure 3-3), the large fractures on glass enamel B are due to the low fracture toughness
(or the high brittleness). Meanwhile, the small-scale fractures on wear tracks of coatings W and Y are
attributed to additional crystalline phases (Figure 3-1) that can constrain the fracture expansion. Many
submicron/nanoscale titania particles help enamel W to resist the brittle fractures better than enamel Y with
fewer microscale zircon particles (see discussion on page 29 with Figure 3-3). Therefore, coating W suffers
fewer fractures than coating Y that shows many fractures through the wear track (bottom images in Figure
3-10a, b). The spalling will develop from these brittle fractures, and thus the glass-ceramic enamels W and
Y with small factures experience a smaller spalling compared to the glass coating B with large fractures.
The broad fracturing and spalling produce a wider and deeper wear track on enamel B than on enamels W
and Y (Figure 3-10 and Figure 3-5b). The wear tracks’ dimensions are slightly different between glass-

ceramic coatings (W and Y), although their fracture behaviour is different.

The wear scar on the balls shows corresponding characteristics to the coating wear track of the tribo-
pair (middle and top images in Figure 3-10), which can explain qualitatively how the enamel coatings
behave during the sliding contact. All the balls have an oval wear scar with a longer dimension equal to the
width of the coating wear track, indicating a predominant expansion lateral to the sliding path of the sliding
contact. The result agrees with the lateral expansion of micro-scratches due to the low fracture toughness
(Figure 3-3). A wider wear scar on the silicon nitride ball paired with enamel B than the ball scar of the W-
Si3sN4 and Y-Si3Ng4 tribo-pairs (Figure 3-10) can qualitatively confirm a lower fracture toughness of the

amorphous coating B than the glass-ceramic coatings W and Y.

In conclusion, enamels suffer from abrasive wear due to their brittleness, brittle fracture, delamination,
and spalling. The enamel coatings are ploughed by the abrasive third-body debris [223] as observed on
enamels paired with the GCr15 and SizN4 balls. The enamel (W) suffers severe wear with the ZrO; ball.

The high-hardness SisN4 ball and its debris can provide a polishing effect on the enamel-SizN4 tribo-pairs.

Smooth  Small fractures Many small fractures Large fractures

Figure 3-10. SEM morphological images of the ball wear scar (top image) and the coating wear track
(middle and bottom images) of the enamel-SisN4 tribo-pairs: (a) W-SizN4, (b) Y- SisN4, and (c) B- SizN..
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Figure 3-12. EDS mapping of the partial wear scar on the SisN4 ball sliding against the coating Y.

Debris B attachment Si;N, ball

Figure 3-13. EDS mapping of the partial wear scar on the SisNa4 ball sliding against the coating B.

Different ball materials experience distinct mechanistic wear. In particular, wear debris and worn W
surface plough abrasively the GCr15 ball to form a scar with large grooves. Along with groove features,

there is also the characteristic plastic deformation of the steel (Figure 3-8), which can cause an adhesive
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wear action to deformed parts [46]. Besides being abrasively worn by third-body debris, the zirconia ball
interacts with enamel W and its debris to form on the ball surface enamel-veneered layers with a high shear
strength [220-222]. Then, the ZrO- ball undergoes the peeling-off of the composite layers during the sliding
friction, resulting in adhesive wear (Figure 3-9). Regardless of enamel types, the hard silicon nitride ball
produces a smoothened surface with a few grooves, suggesting abrasive wear with a polishing effect (Figure
3-10). Note that coating debris can be trapped in the SisN4 ball cavities (see Figure 2-1a), as confirmed by
the EDS results on the SisN4 ball scars. The EDS mapping reveals in the ball cavities the enamel W elements
(Na, K, and Ti), enamel Y elements (Na, K, Ca, Al, Ti, and Zr), and enamel B elements (Na, K, Ca, Al, Ti,
and Co) for the W- SisNy4 (Figure 3-11), Y- SisNg (Figure 3-12), and B- SisN4 (Figure 3-13) tribo-pairs,
respectively. Under sliding conditions, the coating debris will fill in the ball cavities and then be pulled out

to cause the abrasion and expand these cavities.
3.3.4. Discussion

The highest volume loss of the W-ZrO, tribo-pair can be attributed to the high hardness of the zirconia
ball and a strong enamel-ball interaction. The heat produced by friction is not transferred to surroundings
due to a high adiabatic character of zirconia, leading to contact areas being locally heated significantly
[224]. Therefore, the zirconia ball deforms plastically, then interacts with enamel W and its debris to form
enamel-veneered zirconia surfaces. That said, there is a formation of glass/glass-ceramic layers thermally
bonded to the zirconia ball. These enamel-zirconia composite layers have a high shear strength [220-222]
and produce a rough ball surface, causing severe abrasive wear to coating W (Figure 3-7b). The ZrO; ball
also experiences a high wear loss because these composite layers are peeled off from the ball, leading to
detachments of both the zirconia and debris (from veneered layers) during the sliding. Besides cohesive
spallation of composite layers, the zirconia ball can also suffer adhesive delamination at the interface [220-
222].

Coating W has more wear against the chrome steel than against the silicon nitride; meanwhile, the ball
counterparts experience an opposite trend. The high wear of enamel W in the W-GCr15 tribo-pair is due to
rough contact surfaces of the brittle-fractured coating W and the grooved GCr15 ball (Figure 3-7a). In the
meantime, both surfaces of the W-Si3sN4 tribo-pair are smoothened (Figure 3-7¢) during the sliding. It is
due to the inert hard SisN4 ball (without any interaction with enamel materials like zirconia) and its debris,
both of which potentially provide a polishing effect to the worn coating and ball surface. On the other hand,
the wear of the GCr15 ball is lower than SisN4 due to a lower Hertzian contact pressure for the W-GCr15
pair (840 GPa) compared to W-SizN4 (890 GPa). Also, the low-hardness debris from enamel W (hardness
~5.23 GPa) and chrome steel (e.g., iron oxides with a hardness of 1.67-3.27 GPa [225]) can act as the third-
body abrasives but do not cause any severe wear to the GCr15 ball compared to the W-SizNa4 contact. It is
because the hard SisN4 ball debris (e.g., silicon oxide with a hardness of 11 GPa [226], silicon nitride with
14.71 GPa) have a comparable hardness with the SisN4 ball, which can incur wear to the ball during the
sliding action. Hard SisN4 ball and its debris are expected to provide a polishing effect, as mentioned
previously. Additionally, such high-hardness debris might embed on the wear track of coating W to protect
the coating from wearing by the ball, which reduces the coating wear loss compared to that of the W-GCr15

tribo-pair.
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The addition of crystalline phases (titania and zircon) helps to protect glass-ceramic enamels (W and
Y) from a severe lateral facture expansion (Figure 3-3) and thus from heavy wear (Figure 3-6) as compared
to the glass coating B. During the sliding friction, coating B with such a brittle-fracture vulnerability (or a
low fracture toughness) experiences large fractures that will develop into large spalls and thus cause wide
spalling/delaminating (Figure 3-10c). This event results in a spatially broader wear track on coating B
(Figure 3-5b) than on enamels W and Y with much smaller brittle-fractures (Figure 3-10a, b), thus coating
B suffers more wear loss than coatings W and Y (Figure 3-6). However, the increased contact between
enamel B and the silicon nitride ball will reduce contact pressure, which indicates that the ball in the B-
Si3Ng tribo-pair will be less worn than the balls in W-SisN4 and Y-SisN4 (Figure 3-6). Besides, a higher
hardness (6.92 GPa) of coating Y than coating W with a low hardness (5.23 GPa) can cause a slightly higher
wear loss to the SizN4 ball. That may also explain the wear of the ball in the B-SisN4 tribo-pair being lower
than that in the Y-SisN4 pair. Note that all enamels (W, Y, and B) paired with a silicon nitride ball have

smooth surfaces, indicating a polishing event coming along with the SisN4 ball regardless of enamel types.

Regarding the friction, the high COF of the W-GCr15 and W-ZrO- tribo-pairs is attributed to the rough
contact surfaces of worn coating W and GCR15/ZrO; balls (Figure 3-7a, b). The wear debris ploughs two
contacting surfaces to produce many grooves, increasing the roughness of the wear track/scar that results
in the high and fluctuating friction in the W-GCr15 contact. The gradual drop in friction between enamel
W and the GCr15 ball can be attributed to a reduction in contact pressure due to increased dimensions of
the coating wear track and the ball wear scar during the sliding (Figure 3-7a). Such a low contact pressure
can produce smoother and blunter grooves on the GCr15 ball (Figure 3-8). Meanwhile, enamel W interacts
with the zirconia ball to form a high-shear-strength composite layer and a rough ball scar (Figure 3-9). The
roughened ZrO; ball thus causes a severe wear loss and roughens the wear track on coating W (Figure 3-7b)
to produce high and fluctuating friction signals. The large drop in the friction of the W-ZrO; tribo-pair is
attributed to a significantly increased contact area between a large wear track/scar of countering surfaces
(Figure 3-7). It can also be due to the ZrO- ball cutting across enamel W to contact the underlying ground
coat (Figure 3-5). This event is not discussed in detail as the focus here is on the three main test enamels

(W, Y, and B) and not on the ground coat.

When enamels (W, Y, and B) are in contact with a silicon nitride ball, there is a high reduction in the
friction coefficient (from 0.7-0.75 to 0.55) right after a short running-in stage (Figure 3-4b). Initially, high
friction (COF = 0.7-0.75) is attributed to a high contact pressure on a small area due to an uneven surface
profile and waviness (Figure 3-2a, Table 3-1). After the running-in period, the contact area increases due
to wear and to the flattened surfaces. Also, the cavities of the SisN4 ball filled with debris (Figure 3-11,
Figure 3-12, and Figure 3-13) can increase the coating-ball contact area, thus contributing to lower friction.
Furthermore, the silicon nitride has a higher hardness than other materials (enamels, GCr15, and ZrO>) and
is inert (not reacting with the enamel as zirconia). Therefore, the SisN4 ball and its debris can produce a
polishing effect with smoothened contact surfaces of the enamel-silicon nitride tribo-pairs (Figure 3-10).
This event leads to a friction reduction and a low COF (0.53-0.57) for all enamel coatings. The insignificant
deviations in the friction coefficient of different enamels (W, Y, and B) sliding against a SizN4 ball can be
attributed to the compositions and the physio-mechanical properties, e.g., crystalline phase, hardness, brittle

fracture of enamel coatings (section 3.3.1).
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The tribological characteristics of different enamel-ball tribo-pairs are compared in Table 3-2.

Table 3-2. Tribological characteristics of different enamel-ball tribo-pairs

. Wear loss Wear mechanism Wear morphology
Tribo- COF
pair Coating Ball Coating Ball Coating Ball
Abrasive | Many grooves Many grooves
GCris- High High Low | Abrasive . . & Plastic deformation
W Adhesive | Brittle fracture )
Attached debris
ZrO»- . Very Very . Abrasive | Many bubbles Rough scar
Medium . . Abrasive . ) .
w high high Adhesive | Brittle fracture | Lot attached debris
) Few grooves Few grooves
S'f/'\\/l“' Low Low High | Abrasive | Abrasive | Smooth areas Smooth areas
Small spalls Debris in cavities
Few grooves Few grooves
SisN4-Y Low Low High Abrasive | Abrasive | Smooth areas Smooth areas
Small spalls Debris in cavities
Few grooves Few grooves
SisN4-B Low Medium | Medium | Abrasive | Abrasive | Smooth areas Smooth areas
Large spalls Debris in cavities
3.4. Conclusions

This chapter widens knowledge about the tribological properties of the enamel by studying the contact

behaviour of different enamel coatings (glass and glass-ceramic materials) against various ball materials

(chrome steel, zirconia, and silicon nitride). From the general characterizations and the reciprocating tests,

the following conclusions are drawn:

(i)

(i)

The three studied enamels are glass and glass-ceramic coatings with various crystalline compositions.
It results in different surface morphologies between enamel coatings after being etched by hydrochloric
acid. They include a surface W highly covered by nano/submicron titania particles, a surface Y
decorated with micro zircon particles, and a fractured amorphous surface B with silica-based island
structures. These results give rise to the concept of utilizing the acid etching to roughen the enamel

coatings and improve the hydrophobicity of silanized-roughened surfaces in Chapter 4.

An addition of crystalline phases improves the mechanical properties of enamel coatings compared to
an amorphous one. The crystallites (e.g., titania in enamel W and zircon in enamel Y) prevent enamel
coatings from the lateral brittle-fracture expansion, thus protecting them from severe wear. In addition,
added high-hardness crystals (e.g., zircon in enamel Y) can also provide the enamel coating with better

wear resistance.

(iii) The enamel coatings show relatively high friction, depending on the materials of tribo-pairs and their

interaction. The rough groovy surfaces of the enamel W-chrome steel tribo-pair produce high friction.
The sliding interaction between a zirconia ball and coating W results in the roughened contact surfaces
and a subsequent high friction coefficient. Meantime, a hard inert silicon nitride ball and its debris can

provide a polishing effect to smoothen the surface of both counterparts, resulting in a low friction.
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(iv) The enamel coatings suffer mainly from abrasive wear with ploughed, brittle-fractured, and spalled

v)

wear tracks. Chrome steel and zirconia balls are subjected to both adhesive and abrasive wear, while
the silicon nitride ball experiences mostly an abrasive wear. Furthermore, the interaction between an
enamel coating and a ball (e.g., zirconia and enamel W having a layer of many enamel debris attached
to the ball surface) can cause a severe wear to both sliding counterparts.

The brittle-fracture mechanism of enamel W can explain the changes to the hydrophobicity of water-
repellent enamel against the sliding abrasion in Chapter 5.
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Chapter 4
Hydrophobicity of enamel coatings

by acid etching and silanization

The content of this chapter has been published in “Nguyen et al., Rendering hydrophilic glass-ceramic
enamel surfaces hydrophobic by acid etching and surface silanization for heat transfer applications,
Surface and Coatings Technology, 370, 2019, 82-96. ”(DOI: 10.1016/j.surfcoat.2019.04.062)

4.1. Introduction

The enamel coating has wide-range applications in many areas, such as household ware, kitchenware,
automobiles, thermal power plants, and food and chemical processing [7-9] due to its outstanding properties
(Chapter 1, section 1.1.2), including high hardness, abrasion/scratching resistance, high-temperature
resistance, thermal shock resistance, chemical inertness, anti-corrosion, and anti-oxidation. The coating can
function better with a hydrophobicity that provides various surface properties, including water-repellency,
self-cleaning ability, anti-adhesion, anti-icing, enhanced heat transfer, and corrosion resistance (Chapter 1,
section 1.1.3). For example, water vapor condensation as droplets on hydrophobic surfaces can improve
heat transfer performance up to 5-10 times higher than that obtained by the condensate film on hydrophilic
surfaces [53-55]. However, rendering the enamel surface, which is intrinsically hydrophilic (with a contact
angle of 16-17°), to be (super) hydrophobic is quite challenging.

As per Chapter 1 (section 1.2.2), the (super) hydrophobicity fabrication for hydrophilic materials will
generally include a surface morphology modification and a subsequent low-surface-energy coating. There
are also (super) hydrophobic surfaces prepared solely with the morphological construction of the originally
hydrophilic materials, e.g., hot-embossed metallic glasses [128, 129] and re-entrant structured silica [134,
140]. However, their fabrication requires multistep processes, sophisticated techniques, specific conditions
and is time-consuming. Although there is much research on the hydrophobic properties of glasses, ceramics,
metals, and alloys, there are only a few studies on the hydrophobicity of enamel surfaces (see Chapter 1,
section 1.2.3). They include a hydrophobic sol-gel coating (composed of a rough silica film treated with
water-repellent dimethyldichlorosilane) on the enamel coating with a contact angle of 115° [143, 144] and
a hydrophobic Cu,O/CuO-decorated glaze (a material similar to enamel) applied on tiles with a contact
angle of 115° [145, 146]. Moreover, the thermal and mechanical durabilities of the hydrophobicity of the
enamel surface have not been investigated. Therefore, it is significant to research simple methods to render

the hydrophilic enamel (super) hydrophaobic.

This chapter describes such a facile method to hydrophobize the originally hydrophilic enamel surface.
The preparation will include a halogenic acid etching to expose inner enamel microstructures (as observed
in Chapter 3) and a silanization to obtain low surface energy. Two types of halogenic acids (hydrofluoride
and hydrochloride) are used to etch three different enamels: an amorphous enamel (B), a glass-ceramic
enamel with copious crystal particles (W), and a glass-ceramic enamel with fewer crystal particles (Y). The
combined effect of the etching-induced roughness and low surface energy of fluoroalkyl silane agents
renders enamel surfaces water-repellent with a high water contact angle. The hydrophobicity of silanized
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acid-etched enamels is evaluated for thermal and mechanical durability. Besides, the prepared hydrophobic

surfaces are used to demonstrate a drop-wise condensation of water vapour.
4.2.  Experimental details

Enamel coatings were roughened by acid etching and then hydrophobized by fluoroalkyl silane. The
hydrophobicity of the sample and its durability (e.g., thermal stability and mechanical robustness) were
evaluated. The detailed experimental design was described in section 2.2.2, and sample characterizations
were provided in Chapter 2. Sliding angle was not obtained due to water sticking to the sample, so the
wetting state was discussed based on classical wetting models (Young, Wenzel, and Cassie and Baxter)
using static contact angle values. Also, note that studied enamel coatings were borosilicate-based materials,

so chemistry analyses were conducted only for enamel W with/without treatments for representative results.
4.3. Results and discussion

4.3.1. Evaluation of hydrophobic properties
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Figure 4-1. (a) Contact angle of bare enamel coatings (W, Y, B), silanized HCI-etched surfaces (WHCP,
YHCP, BHCP), and (b) silanized HF-etched surfaces (WHFP, YHFP, BHFP).

Given hydrophilic nominal oxide components (e.g., O, Si, B, K, Na, Al, Ti) (Chapter 2, Table 2-1), an
enamel surface can become hydrophobic once treated with a low surface energy material [143, 144] (e.g.,
perfluorooctyl triethoxysilane, or PFOTES). Herein, PFOTES transforms hydrophilic bare enamels (W, Y,
and B) with a low contact angle (CA) of 16-17° into hydrophobic silanized surfaces with a high CA of 110-
112°. Hydrophobicity is improved when the enamel is chemically etched (by halogenic acids) before surface
silanization. It is due to an etching-induced roughness as per the Wenzel equation [71]. As shown in Figure
4-1a, the contact angle increases to 134° for silanized HF-etched enamel W (WHFP), 128° for treated
enamel B (BHCP), and 115-118° for other treated coatings (WHCP, YHCP, YHFP, and BHFP). The result
indicates a combined contribution of both water-repellent PFOTES agents and roughening acids to enhance
the hydrophobicity, but each etchant has a distinct effect on different enamels. In particular, hydrochloric
acid (HCI) positively affects the hydrophobic properties of the modified enamel B. In the meantime, a
hydrofluoric etchant (HF) produces a noticeable hydrophobicity improvement on coating W. For instance,
increased HF etching duration (3-7 s) leads to a significant increase in the contact angle (118-134°) for

WHFP but only a slight change (115-116°) for YHFP and BHFP (Figure 4-1b).
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Figure 4-2. (a) Optical/regular images of a water droplet on bare enamel coatings (left) and silanized HCI-
etched enamel surfaces (right), and (b) contact angle of silanized HCl-etched enamel coatings with
various pH solutions (1 M HCI is used for pH 1 and 1 M NaOH for pH 14, and other pH solutions are
prepared by changing the concentration of HCI/NaOH).

Silanized acid-etched enamels have outstanding hydrophobic properties compared to original enamel
surfaces. Instead of spreading out on a bare enamel, water is repelled from the treated surface. For example,
water maintains a droplet shape on the hydrophobic silanized HCI-etched enamels (Figure 4-2a). It is due
to a preferred state of hydrothermal stability with the lowest energy and the water surface tension (72
mN/m) higher than the surface energy (~6 mN/m) of fluorinated layers [152, 154, 227]. In addition, treated
coatings show a steady hydrophobicity for a full range of both acidic and basic solutions, maintaining a
contact angle at 125<for BHCP with 10° higher than WHCP and YHCP (Figure 4-2b). The higher CA of

BHCP is attributed to the etching-induced microscale island structures (see section 4.3.3.1).
Demonstration of dropwise vapour condensation on hydrophobic silanized HCI-etched enamels

From the literature, a dropwise vapour condensation (as condensate droplets) on hydrophobic surfaces
can produce a better heat transfer performance compared to the filmwise condensation (as condensate films)
on hydrophilic surfaces [53-55]. Here, the enhanced thermal transfer of hydrophobic enamels (e.g., WHCP,
YHCP, and BHCP) is qualitatively proven by demonstrating the dropwise condensation of water vapour on
these surfaces. With a different water-surface interaction compared to hydrophilic surfaces, hydrophobic
treated-enamels produce a dropwise condensation. Similar to the hydrophobic surfaces of graphene [53]
and copolymer [54], the water-repellent enamels experience an initiation and growth of droplet condensate,
but there are condensate films on hydrophilic bare enamels during a 60 min exposure above the boiling
water (Figure 4-3a). For a better interpretation, it is graphically described in Figure 4-3. The steam coming
to contact the coating surface will form tiny water droplets that grow in size and merge with surrounding
neighbours. They will then form either condensate films on a hydrophilic surface (due to its high water-
affinity) or larger-size droplets on a hydrophobic surface (due to its water repellency). After that, the
condensed water will wet the hydrophilic surface and fall off as large films by gravity, while condensate
droplets on the hydrophobic coating slide off the surface one by one and leave space for other droplets to
grow. Therefore, the result herein provides a simple idea to improve the hydrophobic properties of enamels

(and glass-ceramics) that have been used as protective coatings in heat exchangers (see Chapter 1, section
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1.1.3) for enhanced surficial heat transfer. It is also noted that dropwise condensation preferably takes place
on hydrophobic surfaces, which indicates that the higher the hydrophobicity, the better heat transfer the
surface will have. With the simple combined etching-silanization method to enhance the hydrophobicity
for enamel coatings, the etching process with an HCI acid and an HF etchant is suitable for the amorphous
enamel (B) and the glass-ceramic enamel (W), respectively. This idea is described graphically in Figure
4-4. The different morphologies resulting from the acid etching (shown in Figure 4-4) will be discussed

later in section 4.3.3.3.
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Figure 4-3. (a) Film/dropwise condensation and (b) corresponding schemes on bare (left) and silanized
acid-etched (right) enamel coatings.
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Figure 4-4. Demonstration of hydrophobizing solutions for different enamel coatings for enhanced

hydrophobicity and thus superficial heat transfer via dropwise condensation.

4.3.2. Surface chemistry characterization
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Figure 4-5. FTIR spectra of enamel powder W treated (a) without and (b) with PFOTES.

The analyses of FTIR and XPS confirm the successful PFOTES modification with additional signals
of fluorine elements in the spectra of the modified enamel compared to the pristine one. The FTIR spectra
of specimens with and without PFOTES treatment share the same underlying glass chemistry of the enamel
(Figure 4-5), including the B-O peaks at 1400, 800-650, and 600 cm%, and the Si-O bond at 1025, 800-650,
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and 466 cm™ [228]. The broad frequencies of 3200-3600 cm can be attributed to atmospheric moisture.
The FTIR spectrum of the silanized enamel has additional signals of PFOTES components at 2970-2866
cm™? for C-H, 1300-1100 cm™ for CF, and 650-600 cm™* for CF3 [229]. The insets visually reconfirm the
wetting properties of the specimen before and after the PFOTES treatment, transforming from being wetted

to repelling water.

The XPS analysis can also differentiate the fluorinated enamel from the pristine surface via the distinct
binding energy (BE) of fluorine-containing bonds. Compared to the untreated sample, the modified surface
possesses additional F-related signals at 688.8 eV (F 1s) and 291.9 eV (CFy in C 1s) in the XPS survey
(Figure 4-6a). In a further analysis, the high-resolution F 1s deconvolution (Figure 4-6b) includes two BE
levels at 688.8 eV attributed to CF, and 689.3 eV assigned to CF3 [230]. As the unmodified enamel does
not comprise any carbon component, the C-H bond at around 284-285 eV in the C 1s scanning (Figure
4-6¢) can be attributed to atmospheric carbons. Meanwhile, the C-H bond of the silanized surface (Figure
4-6d) comes from both airborne hydrocarbons and PFOTES. The added C 1s peaks at 290.8 eV and 292.7
eV correspond to CF, and CF3, respectively [230].
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Figure 4-6. (a) XPS survey of the representative enamel W with and without PFOTES maodification, (b, d)

F 1s and C 1s deconvolution of the modified W, and (c) C 1s deconvolution of the unmodified W.

4.3.3. Surface morphology observation

The hydrogen halide etching roughens the enamel to improve the hydrophobicity of the sample after it
is treated with PFOTES modifiers. According to Table 4-1, the acid-etched enamel has an increased Wenzel
roughness rw (a ratio of the actual surface area to the apparent one, see Chapter 1, section 1.2.1) compared
to the bare surface. The rw increases from ~1 (for W, Y, and B) to 1.24 for WHFP (highest rw between HF-
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etched enamels) or 1.56 for BHCP (highest rw between HCl-etched enamels). That leads to an improved
contact angle (CA) of 133.3° for WHFP and 128° for BHCP, respectively. As bare enamels are relatively
smooth with rw ~1, the measured CA of ~111° is assumed as an approximate value for the Young CA (6v).
The Wenzel CA (6w) is then calculated for each sample and shown in Table 4-1. Accordingly, the measured
CA of silanized acid-etched surfaces (WHFP, WHCP, and BHCP) is higher than the corresponding Wenzel
CA. It indicates that their hydrophobicity is in the metastable Cassie state. Other samples (YHFP, BHFP,
and YHCP) with a slight difference in the CA and 6w (0-2°) are close to the Wenzel state. The effect of the

acid etching on morphology and hydrophobicity of enamel samples is discussed in the following sections.
Table 4-1. Wenzel roughness (rw, obtained by a Bruker ContourGT-K 3D profilometer), contact angle as
per Wenzel (Bw), and measured contact angle of bare enamel coatings and silanized acid-etched surfaces
(with the HF acid etching duration of 7 s for WHFP, YHFP, and BHFP)

Sample w Y B
rw 1.001 1.002 1.001
Ow ~111° ~111° ~111°
Measured CA ~111° ~111° ~111°
Sample WHFP YHFP BHFP
rw 1.2440.05 | 1.1340.05 | 1.0540.04
Ow ~116.5° ~113.9° ~112.1°
Measured CA | ~133.3° ~113.9° ~113.0°
Sample WHCP YHCP BHCP
rw 1.0440.01 | 1.2340.11 | 1.5640.05
Ow ~111.8° ~116.3° ~124.1°
Measured CA | ~118.6° ~118.2° ~128.0°

4.3.3.1. Hydrochloric acid etched enamel surfaces

Table 4-2. AFM roughness (hm) analysis of various HCI-treated enamel coatings

Enamel WHCP YHCP BHCP

Roughness Ra 30.843.2 161.2442.6 454,324

Peak-to-valley R; | 676.0#88.6 | 1120.0+140.7 | 4081.33339.7

Pristine enamel coatings are smooth with a low roughness R, of ~16-30 nm but a high peak-to-valley
distance R, of 180-310 nm (Chapter 3, Table 3-1). The acid etching roughens the enamel by exposing
distinct inner microstructures to increase the R, (and R;) for better hydrophobic properties. An HCI acid
roughens coating B more effectively than coatings W and Y. Particularly, the roughness Ra increases
slightly from 16 nm to 31 nm for WHCP or grows over five times to 161 nm for YHCP, and yet skyrockets
about 15 times to 454 nm for BHCP (Table 4-2). The corresponding peak-to-valley R, also experiences
similar changes, e.g., BHCP having R; increased over 13 folds from 310 nm to 4081 nm. The increase in
roughness is attributed to the etching-induced exposure of inner enamel features (Figure 4-7). Particularly,
WHCP has numerous submicron/nanoscale particles assigned to titanium dioxide (Chapter 3, section 3.3.1),
making copious submicron sharp peaks on the surface (Figure 4-7a, d). Meanwhile, there are a smaller
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number but larger particles of zirconium silicate (Chapter 3, section 3.3.1) and different-size cracks; they
produce a rougher surface of YHCP with irregular and broad protrusions (Figure 4-7b, €). Note that the
AFM scanning of YHCP can be obtained at an area with many cracks, as shown in the SEM image (Figure
4-7e). Most noticeably, the etched enamel B comprises broad highlands and micro-deep valleys, making
BHCP the highest roughness of 454 nm (Figure 4-7c, f).

Figure 4-7. AFM 3D and SEM morphological images of different silanized HCI-etched enamel coatings:
(a, d) WHCP, (b, ) YHCP, and (c, f) BHCP.

The hydrophobicity of silanized-etched enamels relies not only on the roughness but also on the surface
texture as per Wenzel [71] and Cassie-Baxter [72] equations, respectively (see Chapter 1, section 1.2.1).
For example, WHCP and YHCP have a similar contact angle despite their different surface roughness. For
explanation, WHCP and YHCP have similar cross-sectional profiles with many peaks, but their peak size
and density are different (Figure 4-8a, b). Particularly, WHCP has small peak features with a high density
(Figure 4-8a) that can slightly increase the surface roughness and the Wenzel roughness (from ~1 to 1.04)
(Table 4-1) but produce many small air cavities to produce the metastable Cassie state as discussed in
section 4.3.3. The air cavities and metastable hydrophobic state improve the contact angle of WHCP. As
for YHCP with large smooth areas (Figure 4-7e), the large and yet coarse peaks (Figure 4-8b) produce a
higher surface roughness and a higher Wenzel roughness (1.23) (Table 4-1) but with few air cavities. These
factors lead to the surface having a Wenzel state, as discussed in section 4.3.3. Finally, WHCP and YHCP
have a similar contact angle of ~118°, slightly higher than silanized non-etched surfaces (CA ~111°). In
contrast, BHCP attains a contact angle of 128< 10° higher than WHCP and YCHP (Figure 4-1a, Figure
4-2b) due to an island-structured surface with micro-deep valleys (Figure 4-8c) to trap more air under the
water droplet. The microscale-island structure of BHCP significantly increases the surface roughness, the
Wenzel roughness (1.56) (Table 4-1), and large air cavities to support the Cassie-Baxter state with a better
hydrophobicity. Moreover, submicron/microscale peaks decorating the island features can form a structural
hierarchy, partially simulating the lotus leaf but not achieving the efficient “lotus effect” [231]. It is because
the BHCP surface structure is not highly hierarchical like the lotus leaf surface and still has large microscale

areas in contact with water (Figure 4-7c, f). Thus, BHCP has the metastable Cassie state (see section 4.3.3).
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Figure 4-8. AFM 2D image and cross-sectional profile of various silanized HCI-etched enamel coatings:
(@) WHCP, (b) YHCP, and (c) BHCP.

4.3.3.2. Hydrofluoric acid etched enamel surfaces

Figure 4-9. AFM 3D and SEM morphological images of different silanized HF-etched enamel coatings:
(a, d) WHFP, (b, e) YHFP, and (c, f) BHFP.

A hydrofluoric etchant behaves opposite to hydrochloride. The HF acid can expose more inner titania
particles of WHFP but not the island structure on BHFP. In particular, there are many exposed titania
particles densely covering WHFP (Figure 4-9a, d) to make the surface rougher with the etching duration
resulting in an increased roughness R, from ~55 nm (3 s) to ~85 nm (7 s) and steady peak-to-valley distance

R; (780-850 nm) (Table 4-3). The R, of WHFP is about 2-3 times higher than WHCP, but the two samples
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do not differ much in R; values. Meanwhile, HF is inferior to HCI in roughening enamel B because it
produces just a wavy BHFP with some exposed contaminant particles making randomly distributed
microscale protrusions on the surface (Figure 4-9c, f). The contaminant can be from preparation processes,
e.g., some zircon particles of enamel Y remained in the sprayer. The resultant surface morphology of BHFP
has lower roughness values R, ~105 nm and R, ~1333 nm (Table 4-3), respectively about a fourth and a
third as that of BHCP (R, ~454 nm and R, ~4081 nm) (Table 4-2). Similar to YHCP, YHFP has exposed
zircon particles with an uneven distribution but lacks roughening fractures. YHFP shows a wavy surface
decorated with few microscale protrusions similar to BHFP (Figure 4-9b, e). The surface YHFP with R, of
50-70 nm (Table 4-3) is smoother than YHCP with the R, ~160 nm (Table 4-2), and yet they have a similar

R; due possibly to the presence of zircon.

Table 4-3. AFM roughness (nm) analysis of various HF-treated enamel coatings

Etching WHFP YHFP BHFP
duration Ra R. Ra R, Ra R,
3s 54.744.6 | 842.74249.4 | 48.847.9 | 697.7+100.6 | 82.746.0 | 1139.34203.7
5s 59.345.1 | 782.3#85.1 | 69.646.3 | 1005.7#84.5 | 101.843.8 | 1242.04178.5
7s 85.146.5 | 850.7+110.8 | 53.7#2.1 | 953.3213.5 | 104.7+1.9 | 1332.54206.5
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Figure 4-10. AFM 2D image and cross-sectional profile of different silanized HF-etched enamel coatings:
(a) WHFP, (b) YHFP, and (c) BHFP.

The HF acid renders the silanized-etched enamel rougher and more hydrophobic, especially for WHFP

with many submicron/microscale particles. The exposure of titania that fully covers WHFP leads to a cross-

sectional profile of dense and sharp peaks (Figure 4-10a) compared to WHCP (Figure 4-8a). These peaks

not only increase the Wenzel roughness (rw = 1.24) (Table 4-1), but they also produce more air cavities. It
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leads to an increased contact angle of 134° of WHFP as per Wenzel and Cassie-Baxter, respectively, with
the metastable Cassie state as discussed in section 4.3.3. On the contrary, the wavy profiles with randomly
and coarsely distributed micro-peaks of YHFP and BHFP (Figure 4-10b, c) are of inferior surface textures
to WHFP in improving hydrophobicity with support from air cavities. They result in a low contact angle at
113-116° regardless of the HF-etching duration, and this contact angle is only a little higher than that of
silanized non-etched enamels (CA ~110°). The wettability of YHFP and BHFP (with an HF acid-etching
duration of seven seconds) are close to the Wenzel state as the measured contact angle closely matches the

Wenzel contact angle (Table 4-1).
4.3.3.3. Distinct effects of etching process on hydrophobicity of modified enamels

From Chapter 3 (section 3.3.1), enamel coatings are different from each other in compositional phases,
as confirmed with the X-ray diffraction analysis. Particularly, coating B has an amorphous glass network;
therefore, particles observed on BHFP (Figure 4-9f) are contaminants possibly coming from the preparation
processes. Meanwhile, coating W has an additional crystalline phase with copious submicron/nanoscale
titania particles. Enamel Y also has microscale rod crystals (zirconium silicate), but they are less in quantity.

These exposed particles act as the surface roughers on acid-etched enamels.

HCl-treated -2 puyn EESSS——— 2um  HF-treated -2 pun S D m

Figure 4-11. 3D optical profile of different silanized acid-etched enamel coatings: (a) WHCP, (b) YHCP,
(c) BHCP, (d) WHFP, () YHFP, and (f) BHFP.
From the previous sections, the phase compositions of enamels significantly contribute to the different
etching effects on the surface microstructures. Generally, hydrochloride roughens the surface of amorphous
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enamel B more effectively with microscale-island structures to enhance the hydrophobicity than crystal-
added coatings W and Y (Figure 4-11a-c). On the other hand, hydrofluoric etchant acts positively on the
highly crystallized enamel W to produce a spiky surface with an improved contact angle (Figure 4-11d-f).
For a better explanation, the HF etchant with aggressively corroding action toward most inorganic materials
can digest the glassy silica-based network to expose inner titania crystals that might have better acid
resistance. Thus, the modified surface of WHFP (CA ~134°) is densely covered by submicron/microscale
particles. It results in an improved roughness factor and air cavities to favour the Wenzel and Cassie-Baxter
hydrophobicity. With a dominating amorphous phase, YHFP and BHFP (CA ~113-116°) are etched evenly
throughout the surface and only obtain the wavy surface morphology that is not effective for improving
hydrophobicity compared to the rough spike texture of WHFP. Alternatively, the HCI acid, during a long
etching time (10 min), gradually attacks network modifiers and intermediates, e.g., sodium, potassium,
calcium (Chapter 2, Table 2-1) within the glass structure [15], which destroys the glass structure and
consequently initiates fractures. The surface fractures spread spatially and terminate at the subsurface to
form craters/spalls and island structures on BHCP. Highlands/islands are made of silica-based networks,
and valleys stem from expanded fractures, both of which are covered with fluorocarbon (Figure 4-12) to
produce an improved hydrophobicity for BHCP (CA ~128°). However, the fracturing is constrained by
crystalline phases with some short fractures on the anatase-rich WHCP and more cracks on YHCP with a
few zircon particles (Figure 4-7). The fracture-confinement by crystals and hydrochloride as a weaker acid
for the glass etching cannot produce roughness and texture that benefit the hydrophobicity on WHCP and
YHCP. For example, the exposed titanium oxide by the acid etching produces the coarsely distributed
spikes on WHCP instead of the densely spiky surface of WHFP. As a result, WHCP and YHCP have a
lower contact angle (CA ~118°) than BHCP.

F

Figure 4-12. Representative EDS mapping of a silanized HCl-etched enamel coating B (BHCP).
4.3.4. Mechanical stability evaluation of hydrophobicity

From the above results, BHCP and WHFP have the best water repellency due to the hydrophobicity-
effective structures that are multi-spike morphology and island structure, respectively. Therefore, they are
prepared for an evaluation of the mechanical durability of their hydrophobic properties. Both BHCP and
WHFP experience a hydrophobicity reduction, although the former endures the sliding impact better than
the latter (Figure 4-13). In particular, the contact angle of BHCP gradually drops from ~126° to ~113° with

an increase in the applied force (1-3 N, corresponding to 51-153 kPa) and then remains above 110° at higher
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loads (3-5 N, corresponding to 153-255 kPa). Moreover, BHCP shows more durable hydrophobicity against
cyclic sliding with a high CA >110° after 15 cycles, compared to WHFP. The WHFP surface obtains a
superior water repellency with an initial CA of ~136°. And yet, its CA drops by 30° under a load of 1 N.
After that, its hydrophobicity gradually transforms into a hydrophilic state (CA <90°) with the increased
load (3 N) or the cyclic sliding (5 cycles, 1 N). The test is stopped when CA <90°.
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Figure 4-13. Effect of the sliding force on the hydrophobicity of best modified enamel coatings: BHCP —
enamel B treated with HCI and PFOTES, and WHFP — enamel W treated with HF and PFOTES.

The steep drop in the hydrophobicity of WHFP in Figure 4-13 can be attributed to the combined losses
of fluoroalkyl silane and surface roughness/morphology. An increased load (1-3 N) causes an observable
collapse of WHFP morphology to a flattened surface (Figure 4-14a-d), and then the roughness is reduced,
e.g., Sa decreasing from 0.29 to 0.15 um (Table 4-4). Such morphological damages indicate the PFOTES
disappearance, whereby both factors contribute to a significant drop in the contact angle [155]. Despite a
similarity in the surface morphology of WHFP with and without sliding against the cloth-covered tip under
1 N or51 kPa (Figure 4-14a, b, and e), the low force contact also wears out gradually spike features, leading
to the reduced S, to 0.24 um for one cycle and 0.22 um for five cycles. The slight S, decrease indicates that
the significant hydrophobicity loss can be attributed to an accumulated removal of the PFOTES modifiers
[232]. The cyclic sliding thus implies more silane removal and a higher hydrophobicity reduction.

Table 4-4. Surface roughness (Sa, S;), Skewness (Ssk), and Kurtosis (Sku) of WHFP (silanized HF-etched
enamel coating W) after the sliding test (obtained with a Bruker ContourGT-K 3D optical profilometer)

Parameter ON 1N 2N 3N 1 N (5 cycles)
Sa (um) 0.29 0.24 0.15 0.15 0.22
S, (um) 8.85 9.00 6.34 7.25 7.64
Ssk -1.99 -2.62 -2.25 -3.81 -2.72
Sku 11.88 16.54 18.52 29.82 20.43

The difference in roughness values between Table 4-3 and Table 4-4 is due to different prepared samples.
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Figure 4-14. 3D optical morphology of WHFP (silanized HF-etched enamel coating W) slid for 1 cycle at
(@ ON, (b) 1N, (c)2N,and (d) 3N;and (e) for 5 cycles at 1 N. The inset shows the optical image of a

water droplet and the corresponding contact angle.

Table 4-5. Surface roughness (S,, S;), Skewness (Ssk), and Kurtosis (Sky) of BHCP (silanized HCl-etched
enamel coating B) after the sliding test (obtained with a Bruker ContourGT-K 3D optical profilometer)

Parameter ON 1IN 2N 3N 4N 5N 5 cly:es) (15 iyl\(l:les)
Sa (um) 0.82 0.72 0.71 0.64 0.79 0.75 0.67 0.82
S; (um) 10.30 9.57 10.65 9.54 11.20 10.72 8.76 10.52
Ssk -1.82 -0.78 -2.07 -1.91 1.44 -0.89 -1.09 -1.30
Sku 7.73 4.85 9.42 7.86 6.232 3.81 4.32 5.49

The difference in roughness values between Table 4-2 and Table 4-5 is due to different prepared samples.

On the other hand, BHCP experiences a less hydrophobicity loss due to the protective micro-island
morphology. BHCP has little change in the surface texture regardless of the sliding conditions, including
microscale high lands and deep valleys (Figure 4-15) with a surface roughness S, of 0.6-0.8 um (Table

4-5). The relatively similar peak-to-valley distance S, of 8.5-11 um can also indicate the impact resistance
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of the island structure. Thus, PFOTES within the valleys is protected from the mechanical sliding, while
PFOTES on the asperities is worn off. As a result, reduced hydrophobicity is attributed to surficial PFOTES
damage. The contact angle maintains above 110° even at a high impact of 5 N (or ~255 kPa) (Figure 4-13)
due to valleys and intact PFOTES dwelling in them. In short, a microscale island-structured enamel coating
(BHCP) has higher mechanical stability than a nano/submicron multi-spike surface (WHFP). The decrease
in the contact angle of BHCP is due to the loss of surficial fluorinated silane, while that of WHFP is caused

by the combined loss of PFOTES and surface roughness/texture.

a) Deep valle : ngh lands b)

Figure 4-15. 3D optical morphology of BHCP (silanized HCI-etched enamel coating B) slid for 1 cycle at
(@ O0N,(B)1IN,(c)2N,(d)3N,(d)4N,and(f)5N; (g) for 5 cycles at 1 N; and (h) for 15 cycles at 1 N.
The inset shows the optical image of a water droplet and the corresponding contact angle.
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Table 4-4 and Table 4-5 also show the structural parameters of BHCP and WHFP, e.g., skewness S«
and kurtosis Sku. The sign of Sg indicates a preponderance of peaks (Ssk >0) or valleys (Ss <0) on the
surface. Meanwhile, Sy, reveals the nature of height distribution with S, >3 corresponding to a surface
comprising inordinately high peaks or deep valleys, Sk, <3 indicating a gradually varying surface, and Sk,
= 3 implying a surface of normally distributed height (Gaussian distribution). Accordingly, all the sample
surfaces are characterized by valley structures due to a negative Ss and Sk, >3. It is rational because the
acid digests the substrate inwards from the top sample surface. The high Ss and Sy, of WHFP can also
indicate locally broad and deep valley features (Figure 4-14d, €). Generally, there is likely no relationship
between the hydrophobicity and the structural parameters (skewness and kurtosis). The effect of different

surface parameters on superhydrophobicity will be discussed in more detail in Chapter 6.

4.3.5. Thermal stability of hydrophobicity
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Figure 4-16. Thermally stable hydrophobicity of WHFP (silanized HF-etched enamel coating W) at ()

different temperatures (for 1 h treatment) and (b) various heating duration.

The resultant hydrophobicity is thermally stable for various temperatures. The contact angle remains
at 134°-136° up to 350°C, decreases slightly to 128° at 400°C, and finally drops sharply to 32° at 450°C
(Figure 4-16a). This thermal stability is attributed to the high heat-resistance of fluoroalkyl silane modifiers,
specifically the C-F bonds with a capability to resist temperatures to 400°C [155-159]. They are much more
thermally stable than hydrocarbons which degrade at about 200°C [158]. Therefore, the loss of hydrophobic
properties at 450°C is caused by the degradation of fluorinated silane [155, 156]. With the 200°C heat
treatment, the hydrophobicity of the modified enamel can sustain a high contact angle about134° over 15
hours (Figure 4-16b). In the meantime, the higher temperatures of 300-350°C cause more damage to silane
molecules with time. It leads to an accumulative degradation of modifiers and consequently a decrease in
hydrophobicity. For example, the contact angle of a sample treated at 350°C remains above 130° in the first
three hours of treatment, decreases gradually to 117° in the next six hours, and then plummets to 68° at the
15" hour. The WHFP surface treated at 300°C also experiences a similar trend but with a better
performance. The result indicates that fluoroalkyl silanes can endow the enamel with a superior thermally

stable hydrophobicity. Therefore, it is added to the surface modification for enhanced water repellency.
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4.4. Conclusions

Hydrophobicity can potentially enhance various surface properties (e.g., water-repellency, self-clean
ability, anti-icing, the enhanced heat transfer) for the enamels to function better in their applications (e.g.,
household ware, kitchenware, heat exchangers). However, there are very few studies on the hydrophobicity
of enamel coatings. They include a hydrophobic silanized silica film (with a contact angle of 115°) on the
enamel coating by a sol-gel method and a hydrophobic Cu,O/CuO-decorated glaze (a material similar to
the enamel) with the same contact angle of 115° This chapter describes a facile method to render the
hydrophilic enamel more hydrophobic with a contact angle of 134°, which adds a new technique to produce
water-repellent enamels. First, the acid etching is applied to expose the inner-coating microstructures for
hydrophobicity-effective morphology. Perfluorooctyl triethoxysilane (PFOTES) is then used to modify the

etched surface for water repellency.

The etching effectiveness is dependent on the phase composition of enamel coatings and etchant types.
Hydrofluoric (HF) acid is suitable for the crystallized enamel (W) containing copious crystalline (titanium
dioxide) particles. Specifically, HF exposes many inner crystallites to form multi-spike morphologies that
can increase the surface roughness, the Wenzel roughness, and air cavities. It thus enhances the (WHFP)
coating’s hydrophobic properties (with a contact angle of 134°) after the PFOTES treatment. On the other
hand, the amorphous enamel (B) is effectively etched by hydrochloric acid (HCI) that exposes the glass
network (possibly the Si-O backbone) in the coating to produce microscale island structures. This type of
morphology provides valleys as air traps to support the superior hydrophobicity of the PFOTES-treated
enamel (BHCP) (with a CA of 128°). The hydrophobic enamel surfaces (e.g., WHCP, YHCP, and BHCP)
show a dropwise water-vapour condensation, indicating an enhanced surficial heat transfer that is beneficial

to heat exchanger applications.

The micro-island structured surface (BHCP) outperforms the nano/submicron spike coating (WHFP)
in the resistance against the mechanical sliding impact. With BHCP, PFOTES dwelling in the valleys is
protected to maintain a high contact angle (CA >110°) against the sliding even at a high pressure of 255
kPa. The hydrophobicity loss of BHCP is attributed to the surficial PFOTES removal. Meanwhile, WHFP
experiences a transformation from hydrophobicity to hydrophilicity (CA <90°). It is due to the synergistic
effect of texture collapse and silane removal (caused by the sliding). The BHCP surface with the microscale
island structures introduces the idea of producing robust (super) hydrophobicity with hierarchically

micro/nanoscale textures on the enamel coating, as will be presented in Chapter 5.

The hydrophobicity of WHFP is thermally stable to 400 °C with a contact angle over 128° (the sample
is treated for one hour). It can also sustain a CA of 134° during a 15 h period of the 200 °C treatment. The
thermal durability stems from the heat resistance of the C-F bond in PFOTES.
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Chapter 5
Picosecond laser texturing toward superhydrophobicity of

silanized enamel coating

Part of this chapter has been published in “Nguyen et al., Surface characteristics and wettability of
superhydrophobic silanized inorganic glass coating surfaces textured with a picosecond laser, Applied
Surface Science, 537, 2021, 147808.” (DOI: 10.1016/j.apsusc.2020.147808)

Sections 5.3.4 and 5.3.5 are not included in the above paper.
5.1.  Introduction

As mentioned previously, the enamel coating is intrinsically hydrophilic with a contact angle of ~16°,
and thus it needs surface modifications both in chemistry and morphology to obtain (super) hydrophobicity.
As per Chapter 4, the halogenic acid etching (with HF and HCI) roughens the enamel surface that becomes
hydrophobic after a silane treatment to lower its surface energy. However, the etching produces a single
nanoscale/microscale roughness with a contact angle of 128-134° below the superhydrophobicity cutoff
value (150°). Thus, the enamel needs an alternative surface roughening process for a hierarchical structure

to achieve superhydrophobicity.

Hierarchical micro/nanostructures are essential for a surface to obtain superhydrophobicity, as they can
provide much-trapped air for the Cassi-Baxter superhydrophobic state. Additionally, the microstructures of
such the structural hierarchy can protect the nanoscale structures and the hydrophobic modifiers on them.
As a result, superhydrophobic properties can be sustained against mechanical contacts (like sand falling,
sand oscillating, and sandpaper abrading) [166, 169, 171]. Laser texturing has been a mask-less and efficient
method for hierarchical roughness to produce bio-inspired superhydrophobic surfaces [162-164]. However,
most studies have applied laser texturing on metallic substrates, but not on glass-ceramics, as reviewed in
Chapter 1 (section 1.2.3.2). Therefore, laser texturing can be a potential surface roughening method in the
hydrophobizing process of the enamel due to its proven effectively emulating the multi-modal roughness

of bio-surfaces.

This chapter discusses the application of a picosecond laser to provide desired textures to the enamel.
Then, the textured coating has a micro-pattern treated with fluorosilane to produce superhydrophobicity.
With the cross-hatch patterning, the surface features multiscaled structures of broccoli-like and cone-shaped
pillar arrays. After silanization, the sample obtains an excellent water repellency with a high contact angle
of ~180° and a low sliding angle below 10°. The mechanical robustness of the sample’s superhydrophobic

properties is evaluated against severe sandpaper abrasion under a pressure of 10.8 kPa.

5.2.  Experimental details

Enamel W coatings were laser-textured and silanized to produce superhydrophobic surfaces. Details
of texturing conditions and silanization were described in section 2.2.3. Sample superhydrophobicity and

its mechanical robustness against sandpaper abrasion were discussed and evaluated.
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There are some notes on contact angle and XPS measurements. Due to unprecedented non-wettability,
the contact angle of unabraded samples could not be measured with water droplets less than 10 uL. Also, a
large volume (>10 pL) caused the droplet shape to be affected by its weight, thus acquiring the Young-
Laplace correction in its contour analysis. Therefore, the contact angle measurement for these samples was
done with an OCA 15EC optical contact angle instrument (DataPhysics Instruments, Germany). This
equipment was operated by a SCA20 droplet-contour analyzing software with a Young-Laplace fitting
model. The equipment was outsourced from off-campus facilities. Meanwhile, the contact angle of abraded
samples was measured with the procedure in section 2.3.3. Also, it should be noted that as water was

attached to the surface after abrasion, the sliding angle was not obtained to report with abraded samples.

The XPS measurement was conducted on a bare enamel and P30-10 as the representative sample, with
a scanning size of 400 um. The 25 um XPS scanning was carried out on the pillar top and the groove bottom

of P30-10 to confirm homogenous silanization throughout the textured enamel surface.
5.3.  Results and discussion

5.3.1. Surface chemistry characterization
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Figure 5-1. (a) XPS spectra and (b) EDS mapping of the silanized laser-textured enamel W sample P30-

10. The measurements were obtained six months after the surface silanization.

The perfluorooctyl triethoxysilane (PFOTES) can bond covalently with the enamel via silanol groups
as chemisorption centers [233], and it exposes outward low-surface-energy fluorocarbon chains, imparting
water-repellency to the enamel surface. The XPS analysis (obtained 6 months after the surface silanization)
for the silanized-textured sample P30-10 confirms the successful silanization throughout the textured
surface. Clearly, at both the pillar top and the groove bottom of P30-10, there exist fluorocarbon elements
F 1s (683-693 eV) and C 1s (284 eV) from PFOTES molecules, while they are not observed on the pristine
enamel surface (Figure 5-1a). Besides, the EDS mapping confirms enamel components (e.g., Si, Na, and
0) and organo-silane fluorine (F) that both cover all the surface of P30-10 (Figure 5-1b). The result can
therefore assure the stable surface silanization with time for the laser-textured enamel.
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5.3.2. Surface morphology observation

According to Chapter 1 (section 1.2.1), not only does the superhydrophobicity depend on the surface
chemistry (by Young), but it also relies on the surface morphology (by Wenzel, Cassie, and Baxter). Thus,

this section will discuss the morphology of the enamel surface after it undergoes a laser texturing process.

Enamel’s bubbles

Intact flat areas

Melt redeposits

Figure 5-2. SEM morphological image of enamel W coatings Ps-d, laser-textured with different grid sizes

(s =20, 30, 45 um) and line densities (d = 1, 3, 5, 7, 10). The scanning was done once.
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Figure 5-3. SEM morphological image of enamel W coatings In-d, patterned with repetitive laser

scanning (n =1, 2, 4 times) and different line densities (d = 1, 3, 5, 7, 10). The pillar size was 20 um.

The SEM morphological observation of laser-textured enamel coatings reveals the structural hierarchy
of either broccoli-like structures or cone-shaped pillars (Figure 5-2). Following a crosshatch pattern, the
laser beam ablates the enamel with non-ideal squared pillars decorated with the redeposited laser-induced
material melt. Thus, it results in hierarchically broccoli-like structured surfaces Ps-d (P20-d, P30-d, and
P45-d) of different pillar sizes. When repeated multiple times, the laser ablates the surface in both lateral
and vertical directions; therefore, the laser-scanning iteration transforms the broccoli-like featured surface
(11-d) into the coned-shape ones (12-d, 14-d) (Figure 5-3). Except for P45-d with the scripted 45 um grid
size significantly larger than the 16 um laser spot size, other Ps-d and In-d of smaller grid sizes (20-30 pum)
are laser-affected to become rough with little flat areas on the pillars. Additionally, an increase in the line
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density d (d = 1, 3, 5, 7, and 10) expands the gap between pillar arrays. As the enamel has intrinsic bubble
structures [234], the patterning noticeably exposes the randomly distributed bubbles to become exposed
cavities on all the textured surfaces regardless of the processing conditions (pillar sizes, line densities, and
scanning iteration), especially at the doubly impacted scanning intersections. The increased line density
and/or scanning iteration incur more laser-substrate interactions and subsequent laser-induced material re-
solidification/re-deposition [235]. Thus, they lead to (i) the reduced number of exposed bubbles and (ii) the

large pillars and gaps dominating in size over the exposed cavities.
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Figure 5-4. Comparison between the actual and scripted values of the pillar size and spacing of various
silanized laser-textured enamel W coatings (P20-3, P30-d, P45-d, and In-d).

The textured enamel has a feature dimension partially different from the as-scripted grid pattern since
the laser has a synergistic melting-ablating effect on the coating [172]. In Figure 5-4, the actual pillar size
and spacing are measured with the Vision64 software and compared with the corresponding scripted values
of the crosshatch pattern. Accordingly, there are similarities among sample groups in the changing trend of
the difference between the measured pillar size and spacing with the line density. The single-line laser
scanning (d = 1) supposedly has a dominant ablation over melting, causing the patterned pillar to be smaller
than the grid size and the detectable pillar gap (or spacing). The more powerful beam (507 mW) causes
surfaces Ps-1 to have a wider spacing (~10 um) than that (~8 um) by the lower energy laser (251 mW) on
surface In-1. An increase in d values produces further laser-substrate interactions, resulting in more melting
effect and melt redeposition, which reduces the losses in the pillar size and roughens the pillars. When 3
<d <5, there is likely a melting-ablating balance, which produces the actual size close to the coded value.
A further increase in line density (d >5) provides a more significant effect of pillar enlarging-roughening
and corresponding gap narrowing (Figure 5-2, Figure 5-3) due to numerous redeposited melts produced by
the higher laser-surface interaction. In all cases, the amount of pillar enlargement is similar to that of spacing
reduction. Regarding samples In-d, the laser scanning repetition (n =1, 2, and 4) does not cause a significant
variation in the textured feature dimension. Additionally, the applied low laser power (251 mW) and the

texturing iteration produce similar pillar sizes and gaps for a line density d >7.
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On the other hand, the line density d does not seem to affect the altitude of surface features, but the
texturing iteration does. This is because the repetition of the whole laser-scanning process will compound
the laser-surface interaction and magnify even more the impact when combined with the increased d values
(Figure 5-5). Regardless of the grid sizes, the pillar altitude summing the pillar height and the valley depth
increases proportionally to the line density and is likely to stabilize at d >7. Without the texturing iteration,
the laser power of 507 mW and 251 mW produce an average altitude from 12 pm to 43 um (Figure 5-5a)
and 10 um to 26 um (Figure 5-5b), respectively. When the texturing is iterated, the pillar altitude can
increase significantly to 80 um (14-10). Except for surfaces 14-d with the iterated patterning, the feature
height level grows slightly with the increasing line density. Furthermore, there is little difference between
the pillar height and the valley depth. The obtained result in the height level is reflected in the surface
roughness S, with a higher S, corresponding to a greater pillar altitude. The S, values (3.2-10 um) are
similar among Ps-d (Figure 5-5c¢) due to the similarity in the pillar altitude. Meanwhile, the S, of samples
In-d is higher for 14-d (S, ~6.3-14.9 um) due to the higher pillar altitude from the higher number of iteration
(n=4) of the laser-texturing process (Figure 5-5d).
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Figure 5-5. Feature height level and surface roughness of various textured enamel W coatings: (a, ¢) Ps-d
and (b, d) In-d.

5.3.3.  Wetting properties

Regarding the mechanism of the laser-texturing process, the laser beam produces a physical interaction
with ablating and melting effects on the substrate [172]. However, the laser does not significantly change
the enamel characteristics, as evidenced by similar XPS spectra of the samples with and without the laser

texturing (Figure 5-1a). The signals of F 1s and C 1s are from the silane molecules, as discussed previously.
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The laser texturing combined with the silane treatment can produce superhydrophobicity on the enamel
surface with good physicochemical performances. As per Chapter 4, the silane-treated acid-etched enamel
is hydrophobic for different pH solutions (from acids to bases). In addition, its hydrophobicity is stable at
high temperatures up to 400°C and durable under sliding contact. The laser texturing by itself causes the
pristine hydrophilic enamel (CA ~16°) to be superhydrophilic with a CA ~0° (Figure 5-6a) even after a long
period of atmospheric storage (two weeks to six months). It is because the texturing-induced roughness
promotes the water affinity of nominal enamel oxide components (Si, B, P, K, Na, Zn, Al, and Ti), according
to Wenzel [71]. It indicates that the laser-textured enamel cannot adsorb airborne hydrocarbons to obtain
the Cassie-Baxter superhydrophobic state [72]. This observation is different from the laser-textured metallic
substrates (e.g., metals, steels, and alloys) because of the unique chemical compositions of their textured
surface. For example, the laser-textured aluminum adsorbs atmospheric hydrophobic methyl (CHs) groups
and graphitic carbon to improve hydrophobic properties [236]. Meantime, the active magnetite helps to
decompose ambient CO; and then adsorb C to increase the hydrophobicity of the textured steel [237].
Alternatively, cupric oxide (CuO) of laser-patterned brass substrates undergoes a reduction to cuprous oxide
(Cuz0) that is hydrophobic [238]. However, laser patterning shows a significant role in supporting the
water-repellent performance of perfluorooctyl triethoxysilane (PFOTES). The hydrophobic properties of
the PFOTES-treated enamel coating (CA ~110-112°) can be significantly improved to a superior level with
the PFOTES-treated textured coating (CA ~180°) with the water droplet beading up on the surface (Figure
5-6a, b). The results emphasize that a combination of hydrophobic silane modification and laser-based
surface roughening is essential for superhydrophobic properties. This laser texturing produces hierarchical
morphologies (with broccoli-/cone-shaped pillar arrays (Figure 5-2, Figure 5-3)) that contribute to the
ultrahigh water contact angle.

The superhydrophobicity of the prepared sample cause issues with the deposition of tiny water droplets
below 7.5 uL due to the surface tension dominating the droplet weight. Thus, the contact angle measurement
is carried out with 10 pL droplets, and the Young-Laplace fitting is applied to account for the gravity effect
on the droplet contour [239]. Most surfaces Ps-d and In-d obtain the superhydrophobicity with a high
contact angle (CA) approaching 180° (Figure 5-6¢) and a low sliding angle (SA) below 10° (Figure 5-6d).
It is noted that the surface chemistry is the same for all silanized textured enamel surfaces with the
fluorosilane coated on the borosilicate-base coating. Thus, the significant differences in CA and SA
between samples with the line density d = 1 (Ps-1 and In-1) and the others (d >3) are attributed to their
different morphology (section 5.3.2). Surfaces Ps-1 and In-1 have more flat areas and large micro-roughness
on the pillar arrays, resulting in a lower contact angle (CA <150°) and a higher sliding angle (SAs >20°)
compared to samples with d >3 (CA >160°, SA <10°). The strong water adhesion of 11-1 can be considered
similar to the “petal effect” due to the ineffective hierarchy of nano/micro features into which the droplet
partially impregnates and then pins the surface [240]. It can also be due to the strong interaction between
water and perfluoroalkyl layers [241]. Meanwhile, the laser-scanning iteration efficiently roughens the
surface 14-1 that is subsequently silanized to achieve a superior non-wettability (CA ~ 170°, SA ~ 6.5°).
With a line density d >3, the effective roughening of the enhanced melt redeposition leaves no flatness on
P20-d and In-d (of the 20 um grid size). Thus, it leads to a significant reduction in the Cassie-Baxter solid

fractional area (see Chapter 1, section 1.2.1) and an increase in the air-traps for the non-wettability with an
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ultralow sliding angle (SA = 2-5°). With large grid sizes (30-45 um), P30-d and P45-d obtain similar results
as d >5, whereby samples P45-d have flat pillar tops surrounded by many redeposited-melt particles.
Meanwhile, P30-3 and P45-3 have a slightly lower contact angle (CA ~ 170°) because their textured pillars
have fewer redeposited particles. In short, silanized-textured enamel coatings obtain superhydrophobicity
with an ultrahigh CA >170° and a low SA <10° when the line density d > 3. This is due to melt-redeposits-
induced roughening that produces hierarchically structured surfaces with broccoli-like and cone-shaped
pillars. The resultant structural hierarchy is similar to that of the water-repelling leaves in nature, e.g.,
nelumbo nucifera — the lotus leaf (CA ~ 160°), which provides massive air-traps for the Cassie-Baxter state
[76]. More details about the effect of the surface morphology on the superhydrophobic properties (of the

silanized laser-textured enamel) will be discussed in Chapter 6.
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Figure 5-6. (a) Contact angles of enamel W with various treatment, (b) a photo of the water droplet on the

silanized laser-textured enamel, (c) contact angles and (d) sliding angles of the silanized laser-textured
enamel coatings, and (e) photos of the (5 uL) water droplet attaching to and detaching from the
superhydrophobic surface. (x) Water droplets adhered to even the upside-down surface.
Figure 5-6e demonstrates the Cassie-Baxter non-wetting behaviour of the prepared superhydrophobic

enamel coming to contact with a (5 uL) water droplet similar to the reference [80]. The droplet retains the
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spherical shape during the attachment and moves eccentrically to the needle when it is in close contact with
the surface moving up. In the detachment process, the droplet pins temporarily to the coating moving down.
It later hangs out again on the needle tip. The droplet does not wet the surface during the attachment and
detachment due to the nano/submicron features on micron pillars providing significant air-traps for the

Cassie-Baxter state.
5.3.4. Wetting properties of the sample P30-d of different enamel types.

The previous sections present the superhydrophobicity of samples Ps-d and In-d (Table 2-5) made from
enamel W, as mentioned in section 5.2. This section will compare the wetting properties of silanized laser-
textured samples with different enamel coatings, including W, Y, and B (see Chapter 3). As a reminder,
enamel W is a glass-ceramic coating that has copious crystalline titania. Enamel Y also has a crystalline
phase that is composed of zirconium silicate. However, these zircon particles have a lower amount than the
titania particles in coating W. In the meantime, enamel B is an amorphous coating. Here, enamels Y and B
undergo laser texturing with similar process conditions to samples P30-d (Table 2-5) made from enamel
W. The superhydrophobicity of the P30-d (d = 3, 5, 7, 10) is then compared between these three enamel
surfaces.

Enamel Y Enamel W Enamel B

Obvious flat areas

Melt redeposits
Obyvious flat areas j

—

N

| 2
N i
|

Small pillars Enlaigfd_p-illars |

: - ! : ; Small pillars

ey R

Bubbles*—-.’ iy |

Figure 5-7. SEM image of samples P30-d (d = 3, 5, 7, 10) of different enamel coatings (Y, W, and B).
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The SEM morphology observation reveals the well-structured pillar pattern on samples P30-d with
some differences in pillar features between enamel coatings (Figure 5-7). Particularly, enamel W has large
pillars compared to enamels Y and B. For example, P30-10 shows the pillar size of around 48 um, 36 um,
and 34 um for W, Y, and B, respectively. Also, the pillars on enamel W have a rough appearance when
decorated with many submicron melt-redeposited particles. Compared to enamel W, the pillar arrays on
coatings Y and B show more intact enamel parts on the top and less melt redeposition. These observed
differences might be attributed to the crystalline compositions of these enamel coatings. Crystalline titania
particles do not stay homogeneously in the amorphous glass. A large number of them will reduce the
homogeneity of enamel W. Coating W is thus likely ablated easily by the laser beam compared to the
amorphous glass coating B and the glass-ceramic coating Y. It is noted that enamel Y also has a crystalline
phase of zircon (or zirconium silicate). However, the zircon particles in coating Y have a smaller amount
than the titania in coating W (Chapter 3, Figure 3-1b). Therefore, the glass homogeneity of coating Y is
reduced insignificantly compared to coating W. In short, laser texturing produces enlarged and roughened
pillars on coating W because more laser ablation indicates more redeposition of the ablated and melted
materials. Compared to enamels W and Y, the samples P30-d of enamel B have more cavities exposed by
the laser due to their well-distributed large bubbles (Chapter 3, Figure 3-2b).
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Figure 5-8. Height level of surface features of samples P30-d (d = 3, 5, 7, 10) of different enamel
coatings: (a) W, (b) Y, and (c) B; and (d) surface roughness of P30-d of different enamel coatings.
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The severe laser ablation also leads to significant differences in the height level of textured features
produced on coating W. Coatings W has high pillars (18-24 um) and deep valleys (13-20 um) compared to
coatings Y and B (Figure 5-8a-c). The pillar height and valley depth are 12-19 um and 6-11 pum for enamel
Y, 9-16 um and 10-15 pum for coating B. The higher valley depth of coating B compared to coating Y can
be due to the exposed bubbles. Thus, enamel W has a significantly high textured pillar altitude (summing
the pillar height and the valley depth) than enamels Y and B. Together with the roughening effect from
redeposited particles, samples P30-d have a considerably higher surface roughness for enamel W (8-10 um)

than enamels Y and B (with the roughness of 4-6 um) (Figure 5-8d).

Despite the different height levels of patterned features, silanized-textured surfaces P30-d (d =3, 5, 7,
10) show similar superhydrophobicity between coatings made of different enamel types (W, Y, and B). For
all enamel coatings, surfaces P30-d produce a high contact angle CA >160° (Figure 5-9a) and a low sliding
angle SA <14° (Figure 5-9b). For samples P30-d with d >3, the SA is further reduced to 6-8° due to the
expanded pillar gap by the high laser scanline density between the pillars. That broadened gap reduces the

solid area in contact with water and makes the droplet roll off the surface more easily.
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Figure 5-9. () Contact angle and (b) sliding angle of the sample P30-d (d = 3, 5, 7, 10) of different
enamel coatings (W, Y, and B).

5.3.5. Durability of hydrophobicity against sandpaper abrasion of silanized laser-textured
enamel W coatings

Microscale structures protecting submicron/nano features against abrasion [169]. Therefore, structural
hierarchy enhances the mechanical durability of (super) hydrophobicity [169]. Also, low surface energy
substances rendering a hydrophilic substrate hydrophobic are protected. For the durability test of
hydrophobicity, sandpaper abrasion is a commonly used method in the literature [169, 198, 242]. Thus, the
mechanical stability of the superhydrophobicity is also evaluated with the sandpaper abrasion in this
section. As prepared samples are small (~5>6 mm?), the test is conducted at a low load controlled by a
Bruker UMT TriboLab tribometer. A force of 0.27 N applied on the sample corresponds to a pressure of
10.8 kPa, which is higher than the pressure applied on the soft copper substrate laser-textured with the cone-
pillar pattern (1.2 kPa) [169] or that on the laser-textured carburized stainless steel of the groove texture (5

kPa) [122]. The used sandpaper #600 (or P1200) has an averaged particle size of 15.3 um smaller than the
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pillar dimension of patterned textures (with pillar sizes greater than 20 um). It is expected to cause an

abrading action to the pillar feature.

According to the morphology observation (section 5.3.2) and the wetting properties evaluation (section
5.3.3), enamel W coatings laser-textured with a high line density (d >3) have a hierarchical surface structure
and high water-repellency. Therefore, these coatings are tested for the mechanical durability of super-
hydrophobicity. Regarding the sample group P30-d (d = 3, 5, 7, and 10) of 30 um pillars, all samples have
a similar hydrophobicity trend against the abrasion distance despite a few random differences in the contact
angle (Figure 5-10). Surfaces P30-d have a high contact angle (CA >170°) before abrasion and show a
significant CA drop by 40° for the first 40 cm abrasion distance. For each of the next two 80 cm, the abrasion
causes just a 20° CA drop. The contact angle then experiences a gradual decrease to a CA ~90° for the final
abrasion distance of 240 cm. Moreover, the power regression curve of the contact angle with the abrasion
distance is shown by the dashed trend line in Figure 5-10. The figure shows that P30-d surfaces can maintain
a high contact angle (CA >90°) over the abrasion test.
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Figure 5-10. Power regression of the contact angle with the abrasion distance of silanized laser-textured
enamel W coatings P30-d (d =1, 3, 5, 7, 10).

The regression of the contact angle is observed to be related to the abrasion-induced morphological
change of the laser-patterned enamel coating. Figure 5-11 shows the texture transformation during the
abrasion process of the P30-10 surface as an example. Before being abraded, P30-10 presents a well-
structured surface of microscale pillars decorated with submicron particle features (Figure 5-11a). The
hierarchical pillar pattern reduces the solid areas in contact with water, and such surface areas are also water
repellent thanks to the perfluorooctyl triethoxysilane (PFOTES) modifier. Therefore, P30-10 obtains a
Cassie-Baxter superhydrophobic state as previously discussed (section 5.3.3). When abrasion begins, the
abrading action promptly causes random fractures to the pillars because of the brittleness of the enamel
coating (Chapter 3, section 3.3.1) for just 40 cm abrasion distance, showing partially/wholly broken pillar

features and protected valleys (Figure 5-11a). The partial damage produces random fracture surfaces beside
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undamaged pillar parts. The total removal of pillars exposes some underlying cavities within the coating.
In the meantime, the valleys are protected intact from abrasion due to the protective microscale pillars.
Here, the mentioned random and partial damage to pillar features lowers the superhydrophobicity of P30-
10 with a sharp reduction in the contact angle from 180° to 140° for the first 40 cm abrasion distance.
Partially damaged and wholly broken pillars cause a structural hierarchy collapse, leading to the increased
surface area in contact with water. Thus, it produces a negative effect on the Cassie-Baxter state. However,
the undamaged parts of pillars and the valleys are hydrophobic, making up the final hydrophobicity with a
contact angle of around 140°. The result indicates that the original structure of the sample P30-10
contributes significantly to the non-wettability. Once that structure experiences damage, the sample surface

will experience a loss of superhydrophobicity.
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Figure 5-11. (a) SEM morphological images and (b) 3D optical contours with the abrasion distance of

silanized laser-textured enamel W sample P30-10.

After the first 40 cm abrasion distance, the surface texture of P30-10 is continuously abraded till all
the pillars are replaced with fracture surfaces. Consequently, the pillar pattern transforms into the square-
cell structure (indicated by the dashed square in Figure 5-11). A square cell comprises a valley and four
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walls connecting four original pillars. Such a collapse of hierarchical pillar features leads to a further
increase in the fracture surfaces and the area in contact with water. Thus, it further reduces the
hydrophobicity of the abraded P30-10 with another 40° CA drop (from 140° to 100°) for the following 160
cm abrasion distance. Note that the valleys not only have hydrophobic silane modifiers but also are air
dwellers. Therefore, they retain the hydrophobicity of abraded surface with such a high contact angle of
100°. The EDS mapping of P30-10 after the abrasion test in Figure 5-12 indicates major enamel components
(e.g., Si, Na, and O) and strong signals of the F element (from PFOTES modifiers) around the valleys. The
middle area of the valleys has weak EDS signals (dark) because it is lower than the scanned surface and
thus out of focus. The intact valleys and silane agents still help the sample P30-10 to maintain a high contact
angle (CA >90°) against the abrasion despite its hydrophilic fracture surfaces. These valleys are likely
protected more effectively by the abrasion-induced square-cell structures than by the original pillars, as
shown by a slight decrease in the CA from 100° to 90° for the remaining 240 cm abrasion distance. The
enamel coating is hard (5.23 20.48 GPa) but brittle, and thus it can be durable against the abrasion with the
above square-cell structure rather than the pillar pattern. The result is similar to the protection of the hard
carburized stainless steel for hydrophobic channel-like features against abrasion (CA >120°) [122].
However, a further abrasion beyond 440 cm is expected to cause gradual damage to valleys due to the
protective walls of square-cell structures until no hydrophobic cavities are left. In other words, the surface
will become hydrophilic when the pillars and the square-cell features cannot protect the valleys. It is a

limitation of the superhydrophobic hierarchical surface of hard materials [173].

Figure 5-12. EDS mapping of silanized laser-textured enamel W sample P30-10 after 440 cm abrasion.

The texture transformation of P30-10 during the abrasion process is shown clearly by the 3D contours
of the abraded surfaces, showing changes in the height level of textured features (Figure 5-11b).
Accordingly, the sample surface becomes more flattened due to the removal of hierarchical pillars by
abrasion time and distance. The 3D surface profiles beyond the 280 cm abrasion distance confirm the pillar
loss, showing the red flattened areas forming the square-cell structure with the large green valleys (and
round green/blue cavities) in the middle. Additionally, there are some green cavities exposed when the
pillars are removed. The loss of hierarchical pillar features can be described quantitatively by the surface
roughness S, (Figure 5-13a). A significant S, decrease from around 10 um to 6 um for the first 120 cm
abrasion distance can be attributed to the severe damage to the hierarchical pillars. The following gradual
Sa drop from 6 um to around 3.5 um over the remaining abrasion test (320 cm) indicates that the square-
cell structure formed after the pillar loss is more durable against abrasion than the pillar pattern. The
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roughness regression is also fitted with a power function, shown in Figure 5-13a, indicating a similar
reduction trend to the contact angle versus abrasion distance. A scatter plot of the contact angle with the
surface roughness in Figure 5-13b shows a linear correlation between CA and S, during the abrasion test
of sample P30-10. Therefore, the superhydrophobicity reduction of P30-10 during abrasion is induced
mainly by a structural collapse, as described by a power regression of the roughness S.. It is also due to a
partial loss of silane on the pillars.
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Figure 5-13. (a) Power regression of surface roughness S, in regard with abrasion distance of silanized
laser-textured enamel W sample P30-10 and (b) scatter plot of contact angle versus surface roughness of

P30-10, with the bracketed numbers indicating abrasion distances and the points showing mean values.
P30-7 | P30-5 | P30-3
Q)

Pillar

Strlrlicture\

N \
transform \

p o=

Y
. ’\ - Square cell
{ — 50 pm i,
I 1
2. ® ey =
=3 S, trendline | ~ S, trendline |
§'6 ! §’6 1
~ | — I....: 1
w4 | 4 TR Ee i
2 2 1
0 1 0 |
< g S 0 O g | < '(:I S 0 O 3 | < '(:I S 0 O g
[ B o B} i (o B o B a g} i (o B o B a g}
1 1

Abrasion distance (cm)

Abrasion distance (cm) Abrasion distance (cm)
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A similar surface texture transformation against abrasion distance is observed on other samples P30-d
(Figure 5-14). The pillar pattern of P30-7, P30-5, and P30-3 (Figure 5-14a-c) is worn out to form the square-
cell structure (Figure 5-14d-f) after the abrasion test. The cell structure is unclear for the abraded P30-3
surface due to the small gap between the pillars (Figure 5-4) and the exposed cavities. Samples P30-d (d =
3, 5, 7) show a power regression in the surface roughness versus abrasion distance (Figure 5-14g-i), similar
to the contact angle regression trend (Figure 5-10). The random fracture surfaces (and possibly exposed
cavities) have a complex effect on the surface morphology and chemistry (with combined areas of the
hydrophilic fracture surface, the hydrophobic undamaged parts, and the intact silanized valleys). Thus, they

also have a complicated effect on the sample’s overall hydrophobicity.

The abrasion test is also performed for other sample groups, including P20-d, P45-d, 11-d, 12-d, and
14-d (d = 3, 5, 7, 10). These samples show similar trends to the group P30-d in terms of the contact angle,
surface texture, and surface roughness; nonetheless, they have different endurance against abrasion to
maintain the contact angle above 90° (the hydrophobicity cutoff value). The results of P20-10, P45-10, 11-
10, 12-10, and 14-10 (the representative sample for each group) are shown in Figure 5-15. Accordingly, they
all fit a power regression in the contact angle (Figure 5-15a, d, g, j, m) and surface roughness (Figure 5-15b,
e, h, k, n), and their abraded surfaces have the square-cell structure (Figure 5-15¢, f, i, I, 0). However, only
P45-10 (Figure 5-15d) and 14-10 (Figure 5-15m) remain hydrophobic (CA >90°) over an entire 440 cm
abrasion distance. While 12-10 (Figure 5-15j) endures an abrasion distance of 280 cm with a CA >90°, P20-
10 (Figure 5-15a) and 11-20 (Figure 5-15¢) lose their hydrophobicity (CAs ~80°) for the same distance. A
possible reason is that small pillars (with a set value at 20 um) of samples P20-10 and 11-10 can be more
vulnerable to abrasion compared to the pillar features of P30-10 (30 um) and P45-10 (45 um). Therefore,
P20-10 and 11-10 are fast abraded, as shown by a quick drop in the surface roughness from 9.7 um to 2.5
um (Figure 5-15b) and from 5.3 um to 2.5 um, respectively (Figure 5-15h), and their CA is consequently
reduced significantly from 180 to 80°. Meanwhile, P45-10 with a more durable structure (with large pillars)
can last a longer abrasion time/distance and maintain a higher roughness of 3.4 um and a higher final contact
angle (CA ~93°) even after 440 cm of abrasion, like the case of P30-10. Despite having a similar pillar size
to 11-10, 14-10 has taller pillars and lower valleys (Figure 5-5b) due to the multiple iterations of the laser
texturing process. Thus, although 14-10 also experiences a sharp roughness reduction from ~15 um to 6.3
pm after an abrasion distance of 120 cm, it still retains a roughness of 4.4 um (Figure 5-15n) with a high
contact angle of ~95° after the abrasion test (Figure 5-15m). With similar rationales, 12-10 has superior
performance than 11-10 but is inferior to 14-10 because 12-10 is laser-scanned twice (n = 2) and 14-10 four
times (n = 4), but 11-10 is only scanned once (n = 1). 12-10 has a roughness of 3.7 um (Figure 5-15k) and
a contact angle of 94° (Figure 5-15j) after a 280 cm abrasion distance, but it loses hydrophobicity (CA ~80°)
at 440 cm. Figure 5-16 reveals a linear correlation between the contact angle and the surface roughness
during the abrasion test of P20-10, P45-10, 11-10, 12-10, and 14-10. The results reconfirm that the
superhydrophobicity reduction of samples (e.g., P20-10, P30-10, P45-10, 11-10, 12-10, and 14-10) is

induced mainly by a structural collapse (with the loss of hierarchical pillars).
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Figure 5-15. Contact angle (CA) and surface roughness (Sa) versus abrasion distance, and SEM image

after abrasion of different silanized laser-textured enamel W coatings: (a, b, c) P20-10, (d, e, f) P45-10,
(g, h, i) 11-10, (j, k, 1) 12-10, and (m, n, 0) 14-10.
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Figure 5-17 shows the contact angle and surface roughness of samples P20-d, P45-d, 11-d, 12-d, and
14-d (d = 3, 5, 7, 10) before and after the abrasion. The abrasion distance (120 cm and 280 cm) in Figure
5-17 are the distances before the CA of the representative sample (P20-10, P45-10, 11-10, 12-10, and 14-
10) of each group drops below 90°, as shown in Figure 5-15. Accordingly, the abrasion distance is 120 cm
for P20-d, 11-d, and 12-d, and 280 cm for P45-d and 14-d. Generally, the significant drops in the contact
angle and surface roughness stem from the abovementioned collapse of hierarchical pillars. In detail, after
an abrasion distance of 280 cm, samples P45-d have a CA of 86-89° (Figure 5-17c) lower than 95-108° of
P30-d (Figure 5-10). This is because the large pillars (45 um) of P45-d may be transformed to broader
fracture surfaces (in contact with water) than the smaller pillars (30 um) of P30-d, albeit they all have a
similar surface roughness of 3.4-4.8 um (Figure 5-17d, Figure 5-14g-i). Meanwhile, samples 14-d show a
clear drop in the contact angle from 100° to 75° with a reduced line density (d = 10, 7, 5, 3) (Figure 5-17i).
It can be explained by a decrease in the surface roughness (Figure 5-17j) and a reduction in the pillar
spacing/valley size with a reduced line density (Figure 5-4), both of which lead to an increase in the surface
area in contact with water. Similar results are observed for 12-d and P20-d that show a lower contact angle
from 106° to ~80° (Figure 5-17a, g) and a reduced surface roughness from 4.5 um to 2.8 um (Figure 5-17b,
h). For the same abrasion distance of 120 cm, 11-d has a higher contact angle of 93-102° (Figure 5-17¢)
than 12-d and P20-d. This can be because 11-d has shorter pillars (11-14 um) which will be stronger than
the tall pillars (20-27 um) of 12-d and P20-d (Figure 5-5), and thus 11-d will suffer fewer brittle fractures
(less hydrophilic fracture surfaces). It is qualitatively demonstrated with just a 40% drop (to 2.5-3.6 um) in
the surface roughness of 11-d (Figure 5-17f) compared to a 50-60% drop (to 3.3.-4.5 um) of 12-d (Figure
5-17h) and a 50-60% drop to 2.8-4.4 um of P20-d (Figure 5-17b). The abrasion-induced fractures have a
complicated effect on the contact angle of enamel coatings, as mentioned previously; therefore, the above

discussion is a semi-quantitative assessment based on the obtained results.
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Figure 5-17. Contact angle and surface roughness before and after abrasion of different silanized laser-
textured enamel W coatings: (a, b) P20-d, (c, d) P45-d, (e, f) 11-d, (g, h) 12-d, and (i, j) 14-d. Abrasion
distances of 120 cm and 280 ¢cm correspond to before when the CA of the representative samples (P20-
10, P45-10, 11-10, 12-10, and 14-10) of each group drops below 90° as shown in Figure 5-15.
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Table 5-1. Mechanical robustness against sandpaper abrasion of hydrophaobicity of laser-textured surfaces

Material® Pattern Gritsize | Pressure | Distance | CA/SA | Ref.
Al alloy Irregular protrusions #800 2.0 kPa 3m 1549/- [164]
Stainless steel Round-hump arrays #1000 2.45 kPa 2m 136°/53° | [125]
Copper Cone arrays #1000 1.2 kPa 3m 153°/40° | [169]
Tungsten Cone arrays #1000 1.2 kPa 20m 153°/31° | [169]
Carbon steel Circle-bump arrays #400 4.36 kPa 2m >150°- | [124]
Enamel Broccoli pillar arrays #600 10.8 kPa 44 m >90°/- Here
Cone arrays

) All samples were modified with hydrophobic organic materials

Compared to materials with high toughness (e.g., metals, steels, alloys), laser-textured enamel coatings
showed superhydrophobicity with much less mechanical durability (Table 5-1): enamel coatings sustained
abrasion with a contact angle of just over 90°, while copper, tungsten, aluminum alloy, and steels retained
high CA values of 136-153°. Besides a harsh abrasion condition (10.8 kPa), this inferior performance of
the enamel coatings stemmed mainly from brittleness that causes severe structural damages, as discussed

above. So, fracture toughness is vital to the mechanically robust hydrophobicity of laser-textured materials.
5.4.  Conclusion

Laser texturing is an effective solution to produce the submicron/micro hierarchical pillar pattern on
the enamel coating. It imitates the bio-inspired structural hierarchy of the natural leaves (e.g., lotus leaf) to
achieve superhydrophobicity. The resultant patterns have broccoli-like and cone-like pillars that produce a
superior water repellency with a high contact angle approaching 180° and a low sliding angle below 10°.
Compared to the glassy enamel B and the glass-ceramic coating Y (with a few microscale zircon particles),
the glass-ceramic coating W has a significantly high amount of submicron/nanoscale crystalline titania.
Therefore, coating W is more ablated by the laser beam to produce more roughened pillar arrays (due
possibly to the crystal particles increasing the inhomogeneity of the coating, as discussed previously in
section 5.3.4). The result indicates that further attention to the enamel compositions is required to construct

an optimal structural hierarchy for the enamel coating for superior water repellency.

The brittleness makes the pillar texture of the enamel coating vulnerable to severe mechanical contact
(e.g., the abrasion here under a pressure of 10.8 kPa), as demonstrated by the damaged pillar pattern being
transformed into a square-cell structure regardless of the pillar’s size. The loss of the hierarchical pillars
corresponds to a structural hierarchy collapse with a significant drop in the surface superhydrophobicity.
Meanwhile, the cell structure shows better durability against the abrasion than the pillar pattern, as shown
by a slight decrease in the surface roughness over a long abrasion time. The durable cell structure can be
attributed to its connected network and larger surface area to reduce the mechanical impact during the
contact. The result indicates that the enamel coating needs enhancements in the fracture toughness (with
less brittleness) to strengthen the pillar pattern for the mechanically durable superhydrophobic properties.
Alternatively, the enamel coating should be patterned with a more durable texture against the mechanical

sliding, e.g., a cell structure instead of a pillar pattern, as discussed in section 5.3.5.

Surface morphology is significant in the superhydrophobicity of silanized-textured enamels and non-
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wetting surfaces. However, the effect of the surface morphology is usually evaluated qualitatively with the
scanning electron microscopic images. The next chapter will discuss the relationship between surface

morphology and superhydrophobicity, using surface areal parameters and contact angles.
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Chapter 6
Relationship between superhydrophobicity and surface

morphology of silanized laser-textured enamel coatings

This chapter’s content has been published in “Nguyen et al., Surface characteristics and wettability of
superhydrophobic silanized inorganic glass coating surfaces textured with a picosecond laser, Applied
Surface Science, 537, 2021, 147808.” (DOI: 10.1016/j.apsusc.2020.147808)

6.1. Introduction

This chapter studies the relationship between superhydrophobicity and surface characteristics by using
the contact angle and the surface morphology of silane-treated laser-textured enamel W coatings in Chapter
5. As mentioned previously, superhydrophobicity can be obtained with the combined effect of hydrophobic
perflourooctyl triethoxysilane modifiers and laser-induced multimodal surface structures. Furthermore, the
hierarchical texture enhances the hydrophobicity of silanized surfaces. The results from previous chapters
indicate the significant role of surface morphology/metrology in producing superhydrophobic properties.
For example, morphological details help decide if a hydrophilic material can be efficiently roughened to

achieve a high level of non-wettability with post silanization.

In the literature, the SEM images and surface contours only qualitatively present the morphology of
superhydrophobic surfaces [169, 170, 238, 242]. Despite being a quantitative measure [167, 172, 237], the
roughness (S,) is ineffective to distinguish surfaces as S, is insensitive in differentiating peaks, valleys, and
the spacing of various texture features. Thus, it may be more appropriate to make use of skewness (Ssk) and
kurtosis (Sky) as per 1SO 25178-2 [79]. Skewness indicates whether a surface is comprised of valleys (left-
skewed, Ssk < 0) or peaks (right-skewed, Ssk > 0). Meanwhile, kurtosis is a tailedness measure and a
behavioral indicator of height distribution. A normally distributed surface has a Sk, ~3. A mesokurtic
surface (with high peaks and/or deep valleys) is indicated by Sk, >3. In the meantime, a leptokurtic surface
(with insignificant height changes) shows a Sk, < 3. Furthermore, surface area index (SAI) and material
bearing ratio (BR) contain beneficial surface details related to hydrophobicity. SAI is defined as a ratio of
the actual area to the projected area [243], the same as the Wenzel roughness [71]. Meanwhile, BR is the
percentage of the intercepted area between an arbitrary parallel plane and the evaluated surface [243] that
represents the fractional area ¢cg in the Cassie-Baxter equation [72]. This information can be beneficial to
assess the effectiveness of surface roughening (e.g., laser texturing) to produce surfaces of low surface
energy materials with appropriate superhydrophobic hierarchical textures. So far, no research has been
carried out to investigate in detail the relationship between superhydrophobicity and these metrological-
surface characteristics.

In this chapter, the relationship between superhydrophobicity and metrological surface parameters is
discussed. Firstly, the surface area index SAI and the bearing ratio BR are used to predict the energetically
preferred Cassie-Baxter superhydrophobic state. Then, 3D areal parameters (roughness Sa, kurtosis Sy, and

skewness Sg) are analyzed to assess their correlation with the contact angle. In addition, the characteristics
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of surface features of different surfaces (including natural superhydrophobic leaves and silane-treated laser-

textured enamel coatings) in relation to the contact angle are also discussed.

6.2.  Experimental details

Surface parameters of superhydrophobic enamel coatings in Chapter 5 were extracted from their 3D
contours (see section 2.2.4 for more details). The relationship between these parameters and non-wetting

properties was then discussed.
6.3.  Results and discussion

6.3.1. Evaluation of wetting state with surface area index and bearing ratio
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Figure 6-1. (a) Wenzel — Cassie-Baxter diagram and (b) surface area index (SAIl) of superhydrophobic

silanized-textured enamel coatings W.
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Figure 6-1 shows the relationship between the contact angle of different wettability models (Young,
Wenzel (W), and Cassie-Baxter (CB)) and the surface areal index SAI (same at the Wenzel factor rw) of
the samples in Table 2-6. The wetting state diagram in Figure 6-1a (see Chapter 1, section 1.2.1, Figure 1-5
for an explanation about this diagram) is created using a Young contact angle 6y ~ 111° of water droplets
on a smooth non-textured enamel coating W (with rw ~1.001) treated with perfluorooctyl triethoxysilane.
Briefly, if the measured contact angle is above the Wenzel line, the superhydrophabicity of the surface is
the CB state. Otherwise, it is the W — CB transitional state (or the metastable CB state). As per Wenzel and
Cassie-Baxter equations (Chapter 1, Eq. 1-2 and Eq. 1-4), the silanized surface texture needs a Wenzel
roughness rw = rwiso = 2.42, or a solid fractional area ¢cs = dceiso = 0.21, to reach a contact angle of 150°.
That said, the surface can theoretically obtain superhydrophobicity (CA = 150°) in the Wenzel or Cassie-
Baxter states, respectively. In addition, the complete non-wetting property (CA ~180°) is achieved with
either rw =rwigo = 2.79 or ¢cs = dcrigo~0. Regarding the surface area index (Figure 6-1b), most laser-
textured enamel surfaces have an SAI (or rw) higher than the calculated non-wetting cutoff value rwigo =
2.79, except P45-1 with 2.42 <SAIl = 2.67 <2.79. Noticeably, 11-1, 12-1, and Ps-1 obtain a CA <150°,
although their corresponding SAI is greater than rwiso = 2.42. Therefore, these surfaces are more likely to
achieve the Cassie-Baxter state, as interpreted by the wettability diagram (Figure 6-1a). Alternatively, their
CB state can be qualitatively confirmed with no water residual when the droplet is removed after the CA
measurement. The remaining coatings Ps-d (d>1), In-d (d>1), and 14-1 are almost non-wetting as indicated
by the cosine of the contact angle close to -1 regardless of SAI. That is, the water droplet hardly touches
the coating and slides off the surface easily with a low sliding angle SA <6° (Figure 5-6d, Chapter 5). This
wetting phenomenon is thus indicative of the CB state as only the CB state can provide a large amount of
trapped air for the dramatically reduced water-coating contact. In wettability, the CB state results in a higher
contact angle (e.g., CA~180°) than the Wenzel state due to the trapped air. Also, the CB state is more stable
than the metastable CB/transitional state because the latter can lead to the Wenzel wetting. Therefore, it is
worth considering how to produce a Cassie-Baxter (super) hydrophobic surface. From the above results,
apart from the low surface energy coating material (e.g., fluorinated silane here), the solution to the Cassie-
Baxter non-wettability is to process a surface for a multimodal roughness with surface area indexes SAI
greater than rwiso, the cutoff value of the Wenzel factor for the used material to achieve non-wetting
properties. Referring to the work of Bico et al. [77], the Cassie-Baxter state is thermodynamically preferred
when cos(0v) < (dce — 1)/(rw — dcg) that will be reduced to rw > (2.79 — 1.79¢cg) with the Young contact
angle 6y = 111°. This relation is further reduced to a value of rw greater than 2.79 = rwiso when ¢cg gets
close to zero. Therefore, the proposed SAI condition for the CB state is theoretically demonstrated. With
this SAI condition, an evaluation of the effective surface textures to the energetically preferred Cassie-
Baxter state is straightforward compared to the hypotheses by Bico et al. [77] and Golovin et al. [244]. This
is because the Wenzel factor rw can be measured and calculated more easily than the Cassie-Baxter solid

fractional area ¢cs.
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Figure 6-2. (a) Pillar’s SEM image and (c) bearing ratio (BR) curve of silanized laser-textured enamel W
coatings P30-d (d=1, 3, 5, 7, and 10), (b) ¢cs (calculated from mean contact angle values) of all laser-
textured enamel W surfaces, and (d) partial BR curve and predicted Cassie-Baxter hydrophobic state of
samples P30-1 and P30-5.

As mentioned in the introduction, the metrological bearing ratio (BR) can represent the solid fractional
area ¢cs of the surface; thus, it helps predict the Cassie-Baxter contact angle when the CB state is obtained.
The BR can also evaluate the effectiveness of a hierarchical structure to achieve the (super) hydrophabicity.
The highly multi-scaled surface texture that provides much-trapped air will have a small BR (and ¢cg) to

enhance non-wettability. Regarding the calculated ¢cg (Figure 6-2b), hydrophobic samples P20-1, P30-1,
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P45-1, 11-1, and 12-1 with a CA <150° have a high fractional area with 0.25 <¢cg <0.45, while the ¢cg of
superhydrophobic surfaces 14-1, Ps-d, and In-d (d >1) with a CA >167° approaches zero. The change in ¢cs
is in agreement with the SEM images and the bearing (ratio) curves. The BR curve as a function of the
surface height is obtained with the Vision64 software. With textured surfaces P30-d as a representative
group, the leveling of BR curves towards zero (Figure 6-2c) is attributed to the redeposited enamel particles
that comprise numerous roughening features atop the pillars (Figure 6-2a). The bearing line curved with a
straight angle right under the leveling part indicates that P30-1 has non-cascaded pillar features (Figure 7-
2c) that are only roughened on the top with a few redeposited roughers (Figure 7-2a). It is the reason why
P30-1 has a high calculated ¢cg of 0.27. Meanwhile, the remaining surfaces, P30-d (d >1), have more
redeposited roughening particles making cascaded pillars (Figure 7-2a), and their corresponding bearing
ratio has a slightly curved transition between the level-off part and the main curve segment (Figure 7-2c).
It leads to P30-d (d >1) having ¢cg close to zero. Thus, the BR curve of superhydrophobic surfaces (14-1,
Ps-d, and In-d (d >1) with a CA >167°) confirms the solid fractional areas ¢cg; that is, the asymptotic-to-
zero BR truly represents the near-zero ¢cg that produces a highly non-wetting phenomenon. Therefore, the
properly adjusted bearing ratios during a surface morphological modification can indicate an effective
surface texture conducive to a (CB) superhydrophobicity. Thus, the surface with non-wettability is indeed
comprised of multi roughers making up cascaded pillars that result in both the solid fractional area ¢cs

reduced to zero and the bearing ratio curve transitioning asymptotically to zero.

Based on the calculated Cassie-Baxter factor ¢cg and the bearing curve, a possible wetting phenomenon
of the surface can be predicted qualitatively (Figure 6-2d). For non-wetting samples (e.g., P30-5), the water
droplet sits bead-up on the redeposited particles that roughen the pillars (Figure 6-2a, d). Regarding the
hydrophobic surfaces (e.g., P30-1), a lack of roughers for cascade structures results in blunt pillar features
and can cause water sagging into the gap, although the droplet still exists in the CB state. The water interface
can drop into the pillar gap up to 2.4 um from the pillar top, as determined with the BR of P30-1. It is noted
from Figure 6-2d that the pillars’ parts of P30-1 in contact with water also have a certain roughness that
affect the total hydrophobicity of the sample; however, it is challenging to determine such a roughness, and

it needs further investigations.
6.3.2. Relation between 3D areal parameters and water contact angle.

Superhydrophobicity has been investigated for decades, but its relationship with metrological surface
parameters has rarely been discussed. Recently, Romano et al. [80] have revealed that the Wenzel and
transitional hydrophobicity is correlated with surface roughness S, but uncorrelated with kurtosis Sk, and
skewness Sgk. In this section, Sa, Sy, and Sk are analyzed to observe their correlation with the contact angle
of the Cassie-Baxter superhydrophobic surfaces. Note that the natural superhydrophobic leaves have a
morphological hierarchy [76, 245]. Therefore, the surface statistics of the night-scented lily (alocasia

odora) and the century plant (agave) leaves have been obtained for comparison here.

The morphological characteristics of the leaf references are shown in Figure 6-3 and tabulated in Table
6-1. As per Figure 6-3, the alocasia odora leaf has multimodal micro/nanostructures. They are microscale
short cone-islands and shallow valleys with submicron/nanoscale spike features. Furthermore, they have

the height levels in a range of #2.5 um around a zero-mean plane. The practical sizes of islands are up to
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3.7240.43 um in height and ~32 um in diameter (Figure 6-3a, b). In metrological terms, the leaf surface
can be separated into factors of waviness (Figure 6-3c, d) and roughness (Figure 6-3e, f), as mentioned in
the experimental section. From Table 6-1, waviness is a dominating factor in the total surface roughness;
because Saw = 0.85 um ~S; = 0.88 um is much greater than S, = 0.16 um. Waviness and roughness present
microscale structures (islands and valleys) and spiky submicron/nanostructures, respectively. Therefore,
the result confirms the leaf’s structural hierarchy. The separated micro-sized waviness Saw has a symmetric
height distribution fitting closely to the Gaussian curve. The roughness counterpart Sy is also symmetric in
the height level. And yet, it does not fit the Gaussian distribution due to the random spikes. These separated
morphological characteristics are parameterized into kurtosis Sk, (~2.47, ~10.01) and skewness S (~0.08,
~-0.50) for waviness and roughness (Table 6-1.), respectively. Similar statistical surface information is also
observed for the agave leaf. Despite having micro-islands with a greater height of 8.9140.52 um and similar
diameters of 3043.33 um compared to the alocasia odora leaf, the agave leaf also shows a kurtosis of

waviness factor Skuw ~2.50 <3 and that of roughness component Sy, ~4.57 >3.
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Figure 6-3. (a) 3D optical profile, (c, €) height histogram of waviness and roughness components, and (b,

d, f) 2D profile, waviness and roughness factors extracted from 2D profile of the alocasia odora leave.
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Table 6-1. Statistical surface characteristics of the bio-surfaces

Alocasia Odora Sa (um) Sku Ssk SAl CA(9
Total roughness 0.8840.06 2.5140.26 0.0640.15 1.6140.06 162.3+4.9
Waviness component 0.8540.06 2.4840.27 0.0840.16 - -
Roughness component 0.1640.01 10.0140.89 -0.5040.14 - -
Agave Sa (um) Sku Ssk SAI CA (9
Total roughness 2.0040.13 2.5540.14 0.3640.023 3.0140.29 160.846.3
Waviness component 1.9140.13 2.5040.15 0.3940.04 -
Roughness component 0.4540.04 4.6740.08 0.3940.19 - -

With hierarchical surface structures, both the leaves possess superhydrophobic properties (CAs >160°)
similar to the lotus leaf [76]. From the metrological analysis, these leaves show similar surface parameters:
Skuw < 3.0, Siur > 3, and -0.5 <Sgw, Ssk <0.5. Thus, they have surface characteristics of multimodal structures
with platykurtic waviness and leptokurtic roughness components. These surface features can be applied to
evaluate the hydrophobicity of laser-textured enamel W coatings.

The prepared superhydrophobic enamels (with a contact angle approaching 180°) also have hierarchical
structures (see Chapter 5, Figure 5-2 and Figure 5-3) similar to the above two leaves. Figure 6-4 confirms
the surface hierarchy of some representatives (11-5, P30-5, and 14-5) with their 3D contours and 2D profiles.
The cross-sectional profiles reveal the multimodal structures that comprise microscale-high pillars
(waviness factors) decorated by nano/submicron roughers (roughness factors). These surface features can
be either broccoli-like pillars of ~12.5 um in height or cone-shaped pillar features of ~40 um. The 3D areal
parameters (roughness, kurtosis, and skewness) of all superhydrophobic textured enamel surfaces are
obtained for both waviness and roughness factors (Figure 6-5). Accordingly, the waviness Sa is found
correlated with the pillar height such that the surface is wavier when the pillar is higher (Chapter 5, Figure
5-5). Furthermore, Saw changes significantly from 2 um to 14 um with various texturing conditions (Figure
6-5a). Most surfaces have a platykurtic waviness with 2.2 <Syuw <3, except Ps-1, 12-1, and 11-d of a
leptokurtic waviness with a Sk,w much higher than 3 (Figure 6-5b). It is due to exposed bubbles on the
textured surface of the samples Ps-1, 12-1, and I11-d. These random bubbles have diameters up to 15 um
[246] close to the pillar spatial dimensions of Ps-1, 12-1, and 11-d, thus causing steep valleys that affect the
kurtosis and skewness. The bubbles can contribute to the negative skewness -1.5 <Syuw <-0.5 of these
samples (Figure 6-5c¢). With other surfaces, this effect can be reduced thanks to the repeated laser-scanning
that leads to large pillars and broad valleys exceeding the size of the exposed bubbles. Their wavy features
are decorated by numerous roughers that produce a secondary roughness S, of 0.8-1 um (Figure 6-5d) due
to similar laser-induced material redeposition. Like the roughness factor of the leaves, the nano/submicron
roughers of the textured surfaces have a leptokurtic distribution (Figure 6-5e) that is slightly left-skewed
with -1 <Sg <-0.5 (Figure 6-5f).
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Figure 6-4. 3D optical contours and 2D profiles of different silanized laser-textured enamel W coatings
(a, b) 11-5, (c, d) P30-5, and (e, f) 14-5.

From the analysis of natural leaves and laser-textured enamel W coatings, the significant difference in
metrological characteristics among surfaces of the high and low contact angle is likely related to waviness
factors rather than the roughness components. Furthermore, the waviness also dominates over the roughness
components. Thus, the waviness data is used to observe the relationship between the Cassie-Baxter
superhydrophobicity and surface parameters. The roughness Saw, Kurtosis Siuw, and skewness Sskw Versus
the contact angle are plotted in Figure 6-6. It can be seen that there is no correlation between these surface
parameters and the CB contact angle. In the meantime, the natural leaves both and the textured coatings
show superhydrophobic properties (with a CA >160°) despite their significantly different feature
dimensions. For example, the alocasia odora and agave comprise 4-9 um islands producing a Saw ~0.8-2
um, and the laser-induced enamel surfaces consist of 5-55 um pillars making a Saw ~2-14 pm. Thus, the
Cassie-Baxter superhydrophobic state is independent of the feature height or the surface waviness. The CB
contact angle is more likely considered related to the arrangement of surface features or dependent on
multimodal surface structures. For example, platykurtic wavy components and leptokurtic roughers can
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help the hydrophobized surface with obtaining a high water-repellency (CA >160°). This result is observed
on both the silanized laser-patterned enamels and the leaves of the night-scented lily and the century plant
(Figure 6-5, Table 6-1). Thus, besides low-surface-energy modifiers, the surfaces’ superhydrophobicity is

contributed significantly by the structural hierarchy that provides much-trapped air for the CB state [72].
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Figure 6-5. 3D areal parameters of waviness (a, b, ¢) and roughness (d, e, f) components of the laser-

patterned enamel W coatings with various line densities (d =1, 3, 5, 7, 10).
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obtained from superhydrophaobic laser-textured enamel W coatings. The points indicate mean values.
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6.3.3. Hydrophobicity of silanized laser-textured surface vs non-wetting leaves
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Figure 6-7. (2) Roughness factor to waviness factor ratio and (b) height variation (%) of micro-features of

different silanized laser-textured enamel W coatings.

The effect of multiscale textures on superhydrophobicity is also discussed with the ratio of roughness
to waviness Sa/Saw and the relative height deviation of micron features. The Sa/Saw can indicate a hierarchy
degree of surface structures. Figure 6-7a shows that the superhydrophobic enamel coatings have Sa/Saw
<0.2440.04 of the agave leaf. Regarding highly hydrophobic (but not superhydrophobic) surfaces, the ratio
Sar/Saw 0f P20-1, 11-1, and 12-1 are higher than 0.2440.04 due possibly to the ineffective structural hierarchy
induced by a single laser scanline with d = 1. However, there are exceptions for P30-1 and P45-1, whose
Sar/Saw Values can also be affected by the flat areas not damaged by the laser because of the large pillar sizes
(or scanning intervals). The surface 11-1 with the highest S./Saw has the lowest contact angle of 135°. That
said, the smaller is the ratio of roughness to waviness, the higher is the number of roughening features (e.g.,
redeposited enamel particles) to produce more air traps for the Cassie-Baxter (super) hydrophobic state.
The result shows that the Sa/Saw from 0.08 to 0.24 can be a beneficial indicator of the multimodal roughness

for the Cassie-Baxter non-wetting state.
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Figure 6-7b shows that natural leaves have microscale islands with a high height variation compared
to laser-textured enamel surfaces. Therefore, the height variation of microscale features (pillar/island) can
explain a significant difference in the contact angle between various samples. Water-repellent laser-textured
enamel coatings with equal-height pillars (Figure 6-4) can maintain a straight contact line between the water
droplet and the surface. It, therefore, leads to a high contact angle that can approach 180° (Figure 6-1a). On
the contrary, the various-height islands on the leaf surface (Figure 6-3) can result in a curved/sagged water-

surface contact line and consequently negatively affect the contact angle (CAs ~160-162°).

Furthermore, superhydrophobic enamel surfaces (e.g., P30-d with d >3) have cascaded pillars with
numerous redeposited particles (Figure 6-2a). They can produce the zero-asymptotic bearing curve (Figure
6-2¢) and subsequently support water interfaces. Meanwhile, the sharp micro-islands of the alocasia odora
(Figure 6-3a, b) can cause sagging water interfaces. Therefore, prepared superhydrophobic enamel surfaces
can obtain a contact angle higher than the leaves.

6.4. Conclusion

This chapter discusses the relationship between superhydrophobicity and surface morphology using
contact angles and surface parameters. Superhydrophobic silanized-textured (enamel) coatings have
metrological surface characteristics similar to the natural leaves (e.g., alocasia odora, agave). They all have
a platykurtic waviness that is decorated with leptokurtic roughness. For the effective Cassie-Baxter super-
hydrophobicity, the surface areal index SAI needs to be higher than the Wenzel roughness rwieo for a surface
material to achieve a superior non-wetting state. Furthermore, the roughness /waviness ratio Sa/Saw lower
than 0.24 should be considered to prepare the hierarchical structures for superhydrophobicity. The Cassie-
Baxter (super) hydrophobicity is likely not correlated to the surface areal parameters (roughness S,, kurtosis
Sku, and skewness Sg) but relies on the structural hierarchy. In addition, the insignificant height variation
of micro-sized features and the presence of cascaded nano/submicron roughers are requisite conditions for
the non-wetting properties of prepared surfaces (e.g., the contact angle capably approaching 180°). These
findings confirm a crucial role of surface metrology in analyzing the surface morphology with spatial

parameters, which can help design the structural hierarchy to produce the superhydrophobic surface.
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Chapter 7
Abrasion-tolerant superhydrophobicity of silanized sintered

porous diatomite

The content of this chapter has been published in “Nguyen et al., Porosity-induced mechanically robust
superhydrophobicity by the sintering and silanization of hydrophilic porous diatomaceous earth, Journal
of Colloid and Interface Science, 589, 2021, 242-251.” (DOI: 10.1016/j.jcis.2020.12.101)

7.1. Introduction

A hierarchical micro/nanoscale structure is an essential factor to produce superhydrophobicity, as
discussed in Chapter 5. However, the non-wettability is prone to degradation when the surface structural
hierarchy is mechanically damaged, e.g., by abrasion through the sliding contact. It will be worse for a
superhydrophobic surface prepared from hydrophilic materials (e.g., enamels) via a combined morphology-
chemistry modification because the damaged areas can lose low-surface-energy modifiers and become
hydrophilic. This shortcoming requires a material engineering solution to produce a sustainable structural

hierarchy and water repellency against abrasion contacts.

According to the literature in Chapter 1 (section 1.2.3.3), superhydrophobic monoliths have had robust
superhydrophobicity against abrasion. It is due to their self-similar behaviors in surface chemistry and
morphology. That said, a fresh abrasion-induced surface can maintain low-surface-energy hierarchical
micro/nanoscale structures similar to the surface before the abrasion. It is noted that a porous material can
have micro/nanostructured interfaces throughout its volume. Besides, silanization can introduce low surface
energy. Therefore, porous structures and surface silane-treatment can be combined to produce self-similar
low-surface-energy hierarchical micro/nanostructures. They can render hydrophilic inorganic materials to
be mechanically stable superhydrophobic monoliths. As per Chapter 1 (section 1.2.3.3), there are many
studies on superhydrophobic porous materials, such as polymer/gel monoliths [174], organic-inorganic
coatings [156, 175], and metal/ceramic foams [176, 177]. However, there is a lack of detailed investigations
in the mechanical robustness of superhydrophobicity of porous materials and its robustness mechanism,

especially for those prepared by modifying hydrophilic porous ceramics with water-repellent agents.

This chapter describes in detail the mechanically robust superhydrophobic bulk materials produced by
a facile and less chemical-processing method and be free of polymer binders and fluorine. The processes
include sintering intrinsically porous diatomite particles, followed by an alkyl silanization. The resultant
water-repellency is durable against mechanical sliding with a contact angle over 150° and a sliding angle
below 20°. This abrasion tolerance of superhydrophobicity is studied by observing changes in the contact
angle, surface chemistry, and morphological parameters after an abrasion test. Such mechanical robustness
is due to a synergistic effect of silanization-induced low surface energy and porosity-induced hierarchical
surface roughness. It is believed that this work will enable the application of porous structures to produce
abrasion-tolerant superhydrophobicity, although the base materials have a hydrophilic origin. This study
will also be a guide to preparing mechanically durable superhydrophobicity for enamels. However, it will
need further investigations as modification of the complicated enamel material system is challenging.
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Table 7-1 shows a comparison of the mechanical test of durably superhydrophobic porous materials.

Table 7-1. A comparison of the mechanical test of durably superhydrophobic porous materials between the Thesis and the literature

. . . . . . CA/
Sample Material and Preparation Test type | Abrasive | Weight | Height | Pressure | Distance SA Comment Ref.
Chemical vapor deposition of tetraethyl Sand
Porous | o thosilicate on the candle soot template, Sand 1650/ | Morphology of
silica - . - (100-300 209 40 cm - - tested surface was [156]
. followed by calcination and fluorinated falling 10 :
coatings silane treatment pm) observed with SEM
Organic- Water
inorganic | Spin coating of a mixture of PDMS and Water drool 1500 1559
; - roplets 5m - - - [175]
porous | polysiloxane, followed by heat treatment. falling drops <1°
coatings (50 pL)
A “paint and adhesive” method using a Sandpaper >1500 Morphology of
Sggﬁn; water-based mixture of diatomite, sand, S:Sgg?gsr bap - - 24.5 kPa 18 m , | abraded surface was | [178]
g octyltriethoxysilane, and cement. (#600) <10 observed with SEM
Polymer | Fluorosilane-treated diatomite mixed with ) ) ) ) ) ) 162°/ ] [179]
coatings | polystyrene or polyvinyl acetate. -
Spray coating of a mixture of
Porous | polyurethane/fluorinated ethylene 1579/
Nickel | propylene/fluoropolymer/hydrophobic - - - - - - o - [176]
foams silica on the HCl-etched Nickel foam, <10
followed by heat treatment.
Porous | Dip coating SiC foam in a tetraethyl 1550/
ceramic | orthosilicate sol solution, followed by - - - - - - - [177]
foams octadecytrichlorosilane/hexane silanization. )
Porous | Thermal aging of a sol of alkyl ammonium
silicon- | bromide, urea, and alkoxysilane in acetic ) ) ) ) ) ) 158°/ ) [247]
type gel | acid, followed by fluorinated alkyl silane 20
sponges | treatment.
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Table 7-1. A comparison of the mechanical test of durably superhydrophobic porous materials between the Thesis and the literature (continued)

. . . . . . CA/
Sample Material and Preparation Test type | Abrasive | Weight | Height | Pressure | Distance SA Comment Ref.
POrOUS | o rmal curing of the emulsion of water in | Sandpaper | Sandpaper 1619 Morphology of
silicon PDMS abrasion - - 20 kPa 50m o abraded surface was | [248]
monoliths - (P240) 7 observed with SEM
Porous | Solvothermal fabrication using fumed Sandpaper 161°%/ Morphology of
polymer | silica/ethyl acetate, divinyl benzene, and S:ng?gfr bap - - 15.8 kPa 25m o abraded surface was | [174]
monoliths | azobisisobutyronitrile. (#800) 5 observed with SEM
Alumina Morphology of
Alumina surface abraded surface was
abrasion | (4.06 um ) - 120 kPa 10m observed in detail
with SEM and
Porous | Sintering intrinsically porous diatomaceous rough) >150° | profilometer
diatomite | earth, followed by the octyl triethoxysilane o N Here
monoliths | silanization. | <30 Sr)c/)(:):ec;?iz(s)t\)/:/cere
Sandpaper | Sandpaper i i ! !
abrasion (P180) 28 kPa 12m discussed with
tribological
behaviour.
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7.2.  Experimental details

The experiment design and details were described in section 2.2.5. Briefly, porous diatomite was
sintered and silanized to fabricate superhydrophobic pellets. The superhydrophobicity’s mechanical
durability was investigated by observing the wetting properties of the sample abraded against sandpaper.

The robustness mechanism was comprehensively discussed based on surface chemistry and morphology.
The sliding angle was measured with 15 pL droplets. The 15 uL volume was the smallest size for the
droplet to slide off due to its gravity for these samples.

7.3. Results and discussion

7.3.1. Durably superhydrophobic silanized sintered diatomite
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Figure 7-1. Wetting properties of the prepared diatomaceous earth samples: (a) contact angles of DE after
various treatment, (b) photos of water droplets on hydrophobic DE pellets with and without abrasion, and

(c) photos of DE bulks put in water.

Figure 7-1 shows the wetting properties of variously treated diatomite. They include the as-sintered
(DE1000C and DE1200C), the silanized (S-DE1000C and S-DE1200C), and the abraded silanized (AS-
DE1000C and AS-DE1200C) surfaces. As per Figure 7-1a, as-sintered DE pellets are wholly wetted (CAs
~ 0°) that can be explained by a combined effect of high water-affinity of silica (the major DE component)
(Table 2-2) and porous-DE roughness, following Wenzel’s theory [71]. With octyl triethoxysilane (OTES)
treatment, both S-DE1000C and S-DE1200C become ultra-hydrophobic (CAs >140°) due to a similar
synergetic effect between the surface roughness and OTES’s low surface energy, following Wenzel and
Cassie-Baxter formulae [70-72]. Noticeably, the hydrophabicity is mechanically durable for S-DE1000C
rather than S-DE1200C (explained later with Figure 7-8). Specifically, AS-DE1000C has a slight increase
in the contact angle to over 150°, which is the cutoff value of the superhydrophobicity according to a
consensus definition [75]. Meanwhile, the CA of AS-DE1200C is significantly reduced to 58+18°. As
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demonstrated, water droplets retain the spherical shape on AS-DE1000C even when the surface is severely
abraded by 1 mm thickness with the P1000 sandpaper, while the droplets spread on AS-DE1200C when
the sample is worn (Figure 7-1b). Also, AS-DE1200C submerges and then is wetted with a thin water film
while AS-DE1000C is afloat and dry (Figure 7-1c) due to a capability to maintain many air cushions [249].

As a point of interest, the water saturation resistance of superhydrophobic AS-DE1000C is discussed
using the contact angle and the sliding angle measured straight after the sample is submerged in water at
different times. According to Figure 7-2, AS-DE1000C performs an outstanding water saturation resistance
with a mirror sheen surface [250] even when it is submerged (5 cm below the water surface) for over 40 h
(Figure 7-2a) due to trapped air within the microstructure. There is no significant water saturation, but there
might exist on the sample surface residual moisture that causes a slight decrease in the contact angle from
156° to 150° after 16 h of submergence. The CA drops further but remains high over 145° for a prolonged
period of being underwater. Such moisture has a clear impact on the sliding angle SA (Figure 7-2b). The
SA experiences a rapid growth in the first two hours in contact with water, followed by a gradual increase.

Water droplets not pinning the surface reconfirms the non-wetting property that resists water penetration.
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Figure 7-2. Hydrophobicity as a function of the water submergence duration of the superhydrophobic
roughened diatomite surface AS-DE1000C: (a) contact angles and (b) sliding angles.

Figure 7-3 shows details of the surface chemistry and morphology associated with the above difference
in the contact angle. The sintered diatomite has a rough surface and is successfully modified by OTES. It
thus confirms the synergistic effect of the low surface energy and roughness on hydrophobicity. The FTIR
spectra (Figure 7-3a) reveal that the OTES-treated diatomite has asymmetric and symmetric CH; vibrations
at 2920 and 2850 cm [251]. These vibrations are not observed with the untreated diatomite. The silane
modifiers decompose significantly in a temperature range of 200-350°C [251, 252], as confirmed with the
DTA/DSC thermal analysis (Figure 7-3b). These results confirm the successful silane treatment on the
diatomaceous earth via the covalent interaction between silanol groups of silane agents and hydroxyls of
DE-silica [233, 251]. About the surface morphology, the sintered DE pellets are comprised of many intact
and irregularly broken DE particles that are 1-20 micron-sized and intrinsically porous cylinders with
nano/submicron pores (Figure 7-3c). The random distribution of DE particles also produces inter-particle
micro cavities. With a hierarchical roughness on the surface and a multimodal porosity in the volume, S-
DE1000C and S-DE1200C have similar roughness and porosity. S-DE1000C has a roughness of 1.4840.23
pum and a porosity of 54.4542.66 vol%, and those of S-DE1200C are 1.4140.15 um and 50.7442.44 vol%

(Figure 7-4). Thus, these similar characteristics produce indifference in their contact angles (Figure 7-1a).
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Figure 7-3. (a) FTIR spectra (by a MIRacle-10 FTIR spectrometer with a 0.5 cm™ spectral resolution) in

the C-H bonding region of DE particles with and without silane treatment, (b) DTA/DSC analysis (by a

NETZSCH STA 449F5 thermal analyzer with a 20 mL/min nitrogen flow) of silanized DE powder, and
(c) SEM images of DE pellet surfaces.
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Figure 7-4. Surface roughness and porosity of the sintered diatomite pellets.
3D contours in Figure 7-5 provide spatial surface characteristics of silanized DE samples before and
after abrasion for 300 cm. Both S-DE1000C and S-DE1200C are comprised of multiple submicron/micron
(25 pum) peaks and valleys (Figure 7-5a, b) which correspond to DE’s pores and inter-particle cavities
(Figure 7-3c). However, abraded samples are rougher and have additional grooves due to the contaminant

particles (in the diatomite powder) potentially acting as third-body abrasives (Figure 7-6). Noticeably, AS-
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DE1000C has broader and deeper groove features than AS-DE1200C does, indicating the former is abraded
easily and consequently rougher than the latter. AS-DE1000C has a surface roughness of 3.9440.51 um,
which is twice that of AS-DE1200C (1.9140.19 um) and considerably higher than S-DE1000C (1.4840.23
um). This observation stems from the abrasion-induced exposure of numerous porous diatomite and inter-
particle space. It can be seen clearly in Figure 7-7a, the top surface (marked 1) of AS-DE1000C has more
exposed DE particles and subsequently is roughened more than the groove valley (marked 2) due to the
abrasive wear. These observations indicate that abrasion converts the multimodal porosity (nano/submicron
pores and microscale inter-particle cavities) of S-DE1000C to hierarchical roughness by exposing the DE
particles. A slight increase in the contact angle to over 150° (Figure 7-1a) of AS-DE1000C indicates that
exposed diatomite is hydrophobic and that the resultant structure hierarchy provides the required trapped
air to support the water droplet to sit bead up on the abraded surface (Figure 7-1b), according to Cassie-
Baxter [72].
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Figure 7-5. 3D optical surface morphology and cross-sectional profile of DE pellets before (a, b) and after
(c, d) abrasion: (a) S-DE1000C, (b) S-DE1200C, (c) AS-DE1000C and (d) AS-1200C. Abrasion

conditions were 300 cm abrasion distance, 30 kPa, and 10 mm/s.

104



Figure 7-6. The SEM image of an example contaminant particle in diatomite powder potentially acting as
the third-body abrasive to the sample [253].

Figure 7-7. SEM morphological images of abraded DE pellets: (a) AS-DE1000C and (b) AS-DE1200C
(300 cm abrasion distance, 30 kPa, and 10 mm/s) with (1, 3) top surfaces and (2, 4) groove bottoms.

On the contrary, there is a lack of such exposure of DE particles and inter-particle cavities on both the
protrusion top (marked 3) and groove bottom (marked 4), as shown in Figure 7-7b, which leads to AS-
DE1200C having just a slightly increased roughness (1.9140.19 um) when compared to that of S-DE1200C
(1.4140.15 um). However, this slight increase in the roughness produces a significantly lower contact angle
(Figure 7-1a), which indicates a higher exposure of the hydrophilic parts on the AS-DE1200C surface. The
possible rationales are (1) low surface energy materials (OTES in this case) not absorbed on some parts of
the sintered DE1200C and/or (2) the abrasion damaging such modifiers. Compared to S-DE1200C with
parameters of roughness S = 1.2640.11 um and waviness Saw = 0.4640.09 um, AS-DE1200C has a slightly
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reduced Sy = 1.1240.05 um and higher Saw = 1.3340.19 um. Meantime, AS-DE1000C (Saw = 3.3740.55
um, Sa = 1.4340.08 um) is roughened more than S-DE1000C (Saw = 0.5140.14 um, Si = 1.3140.15 um)
in both waviness and roughness. The quantitative surface evaluation implies that the abrasion induces more
micro flattened areas on AS-DE1200C than AS-DE1000C. Thus, there are large AS-DE1200C interfaces
in contact with the alumina sliding pin and the third body abrasive/debris, which consequently lose the
absorbed silane agents (water-repellent components) to become hydrophilic. The arrangement of intact
hydrophobic silanized regions and hydrophilic worn surfaces produces a low contact angle CA = 58+18°
(Figure 7-1a). Section 7.3.3 will provide a detailed discussion on the effect of waviness and roughness
factors on the wetting properties.
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Figure 7-8. Cross-sectional SEM images of DE pellets: (a) DE1000C and (b) DE1200C; and (c) EDS
mapping of the melt inside DE1200C.

Figure 7-8 reveals the cross-sectional characteristics of diatomite pellets. As a sintered composite of
porous DE particles and broken DE (as natural forms and caused by the pressing) with a random and
irregular arrangement (Figure 7-8a), DE1000C has a bulk structure made of connected cavities. The porous
texture will easily be wetted by a low surface tension solvent, supporting OTES molecules (dissolved in
ethanol) to penetrate far into the bulk volume and render DE1000C’s inner interfaces hydrophobic.
Therefore, the reason that AS-DE1000C retains a high contact angle against abrasion can be attributed to
the self-similar low-surface-energy microstructure [174]. On the other hand, DE1200C has additional melt
phases (Figure 7-8b) made of contaminants within the diatomite powder (Figure 7-8c and Table 2-2). Ata
high sintering temperature of 1200 °C, the heat-treatment starts to induce contaminant elements to melt and
become broad phases that cover the DE pores and fill the inter-DE cavities [210]. Although this melting
event affects little the porosity of DE1200C compared to DE1000C (Figure 7-4), the dynamic contact
between the fixed sample surface and the alumina sliding counterpart supposedly causes the loss of low
surface energy octyltriethoxysilane absorbed on the melt areas. Besides, the melt covering the diatomite
might hinder the absorption of OTES agents on the pore interfaces. As a result, AS-DE1200C experiences
a considerable drop in the contact angle compared to S-DE1200C (Figure 7-1a).
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7.3.2.  Superhydrophobicity robustness of AS-DE1000C under various abrasion pressures

The wear-tolerant superhydrophobicity of AS-DE1000C is evaluated against various applied pressures
from 30 kPa to 120 kPa with discussion on both static contact (CA) and sliding (SA) angles. Also, as the
sliding produces grooves on the abraded surface, both CA and SA of AS-DE1000C are measured in two
directions alongside (ad) and perpendicular (pd) to the abrasion path (Figure 7-9a). Accordingly, sample
AS-DE1000C obtains durable non-wetting properties not only under 30 kPa but also under higher pressures
of 60-120 kPa. Regardless of the abrasion-induced anisotropic morphology (with the presence of grooves),
both ad-CAs and pd-CAs generally remain greater than 150°. It indicates the uniform superhydrophobicity
of AS-DE1000C against the abrasion. Although the water droplet slides off the sample surface both before
and after the 300 cm abrasion (300 cycles), the abrading action significantly reduces the sliding angles (ad-
SAs and pd-SAs) from ~54° of S-DE1000C to ~20° of AS-DE1000C, indicating that AS-DE1000C has
even better non-wetting properties than S-DE1000C. Such superiority is obtained thanks to the exposure of
both hydrophobic silanized-diatomite particles (Figure 7-17a) and the roughened surface of AS-DE1000C
(Figure 7-9b). The increase in the surface roughness S, from around 1.5 um (S-DE1000C) to 2.7-3.5 um
(AS-DE1000C) improves the CA and reduces the SA of the abraded surface. The effect of the surface
roughness will be further discussed with waviness Saw and roughness S, in section 7.3.3. The visualized
hydrophobicity (Figure 7-9c) with coffee-dyed droplets beading up and forming liquid marbles on the AS-
DE1000C abrasion debris indicates that AS-DE1000C is a non-wetting monolith.
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Figure 7-9. (a) Contact angle, sliding angle and (b) surface roughness of AS-DE1000C under various

abrasion pressures (300 cm abrasion, 10 mm/s), and (c) photo of coffee droplets on resulting debris.
7.3.3.  Mechanism of the superhydrophobicity robustness of AS-DE1000C

Itis noted that sample AS-DE1000C at the start of the abrasion (distance of 0 cm) is S-DE1000C. From
Figure 7-10, AS-DE1000C possesses a directionally uniform superhydrophobicity with a high CA (both
ad-CA and pd-CA) and a low SA (both ad-SA and pd-SA) compared to S-DE1000C. The abraded DE
surface retains a high contact angle at 150-155°, over 3° higher than the unabraded (CA ~ 147°). Besides,
AS-DE1000C has a significant decrease by 35° in SAs to ~20°. These results confirm the mechanical
stability of produced superhydrophobicity (CA > 150°) against the long-lasting abrasion. The observed
mechanically stable superhydrophobic properties are similar to that of the reported non-wetting porous
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silica/silicone monoliths [248], both of which can sustain severe test conditions (applied loads >20 kPa,
abrasion lengths >10 m). XPS spectra (Figure 7-11) reveal similar surface chemistry between S-DE1000C
and AS-DE1000C with the binding energy of C-Si at ~284 keV [124] and Si-C at 102 keV [254] observed
within the scanned C1s and S2p elements, respectively. The stronger signals for AS-DE1000C indicate the
exposure of more silanized interfaces after abrasion. The XPS analysis confirms that the obtained
superhydrophobicity of AS-DE1000C and the robustness of water-repellency stem from the combination
of self-similar porous structures and low-surface-energy OTES molecules. Better performances in the CA
and the SA of AS-DE1000C than S-DE1000C are induced after the first 100 cm abrasive wear that causes
changes to the surface morphology of AS-DE1000C.

Changes in surface morphology of AS-DE1000C are quantitatively evaluated using surface parameters
extracted from a 3D contour. Among spatial parameters, surface area index SAI is the Wenzel factor [255].
The SAI values of 1.76-1.85 (Figure 7-12a) reveal that the abrasion produced insignificant differences in
the spatial area, and thus AS-DE1000C surfaces should have similar hydrophobic properties as per Wenzel
[71]. Based on SAIl (or Wenzel factor), a Wenzel — Cassie-Baxter state diagram is constructed (Figure
7-12b) with By = 96° being the contact angle of an octyl triethoxysilane-treated flat glass slide. Accordingly,
the produced superhydrophobicity is of a transitional state that is a combined phenomenon of Wenzel (W)
and Cassie-Baxter (CB). The CB state is obtained due to the porosity-induced multi-modal roughness of
AS-DE1000C, while the W state can be caused by DE particles of microscale sizes (1-20 um) that lead to
broad interface areas in contact with water. The W-CB transition can explain the high value of both contact
angle (150°-153°) and sliding angle (16°-55°) shown in Figure 7-10. The CB hydrophobic state is supported
by the hierarchy-induced air pockets that produce a high CA approaching the cutoff superhydrophobicity
value of 150°. In the meantime, the Wenzel state results in a high SA. It is noted that tiny DE fracture areas
that expose hydrophilic surfaces of silica-based materials can somehow affect the sample wettability. And
yet, they have little effect, as indicated by the higher CA and the lower SA of AS-DE1000C than S-
DE1000C.
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Figure 7-10. Contact angle and sliding angle of AS-DE1000C vs abrasion distance (30 kPa, 10 mm/s).
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1000 cm abrasion with 30 kPa and 10 mm/s.
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Figure 7-13. Spatial separation demonstrations of (a, b) roughness and (c, d) waviness factors of S-
DE1000C and AS-DE1000C (1000 cm abrasion, 30 kPa, and 10 mm/s).

Figure 7-14. SEM surface morphology of AS-DE1000C (1000 cm abrasion, 30 kPa, and 10 mm/s).

Surface features are separated (into roughness Sa and waviness Saw) and then discussed to understand
the difference in the sliding angle between the samples in Figure 7-10. The surface separation provides
understandings of hierarchical surface structures that have a profound effect on wettability. Accordingly,
the multi-scale components of total roughness S, are divided into two factors (roughness Sa- and waviness
Saw) [255] using a Gaussian regression filter with a 50 um cutoff length. For example, S-DE1000C and AS-
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DE1000C have similar roughness features of #0.5 um, but the latter sample has broader and deeper wavy
components (Figure 7-13). The roughness is attributed to submicron pores of diatomite and irregular DE
parts (Figure 7-3c and Figure 7-14). In the meantime, the waviness is attributed to exposed micro-sized
diatomite, inter-particle spaces, and grooves (Figure 7-14). Similar surfaces are observed with various
abrasion lengths (Figure 7-15).

Figure 7-15. SEM surface morphology of AS-DE1000C for various abrasion distances (30 kPa, 10

mm/s): low magnification (top) and high magnification on the top surface (bottom).
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Figure 7-16. Separated surface roughness of AS- DE1000C versus abrasion distance.
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Figure 7-17. (a) SEM morphological images, (b) surface area index (SAI), and (c) separated surface
roughness of AS-DE1000C with different pressures (300 cm abrasion distance, 10 mm/s).

The roughness Sa and waviness Saw features are parameterized in Figure 7-16. Noticeably, there are
insignificant changes in the roughness factor (Sar = 1.3-1.5 pm) among surfaces with and without abrasion.
The difference in the surface roughness S is thus attributed to the variation in the waviness component Saw.
The abraded surfaces have a similar S, due to the similarity in Saw regardless of the abrasion distance. While
Sar dominates its counterpart Saw in the makeup of the roughness S, of S-DE1000C, Saw inversely contributes
significantly to S, of AS-DE1000C. Similar results are observed with AS-DE1000C tested under different
loads (Figure 7-17). Regardless of the abrasion pressure, AS-DE1000C has a rough surface covered with
diatomite (Figure 7-17a). The similarity in the morphology of S-DE1000C (0 kPa) and AS-DE1000C under
various pressures (30-120 kPa) leads to a similar surface area index SAl around 1.8 (Figure 7-17b), and yet
the abraded surfaces AS-DE1000C have a dominating waviness Saw (Figure 7-17c). Thus, more effective
hierarchical structures to produce a better non-wetting performance are introduced on AS-DE1000C rather
than S-DE1000C (Figure 7-9, Figure 7-10). The effective hierarchy provides many cavities to dwell air that
supports the Cassie-Baxter state, leading to AS-DE1000C having a slightly higher contact angle (>150°)
than S-DE1000C (147°). Meanwhile, S-DE1000C with a low waviness Saw and a dominant roughness S
is more likely to experience the Wenzel wetting because there will be more surface areas to contact water.
Besides, the dominant roughness Sa might enable S-DE1000C to absorb water more readily and partially
experience a “petal effect” with the water droplet penetrating surface features and pinning the sample

surface [240, 256]. In the meantime, the large air-pocket volumes of AS-DE1000C due to the waviness Saw
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dominating over the roughness S, might reduce the petal effect and the Wenzel wetting to lower the SA to
around 20°, compared to S-DE1000C has a higher SA (~55°). Therefore, AS-DE1000C has self-similarity
in surface morphology with similar roughness parameters and surface chemistry with OTES agents. It leads
to the anti-wear superhydrophobicity [257] of non-wetting DE monoliths (S-DE1000C/AS-DE1000C).
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Figure 7-18. (a) Scheme of the Struers grinding/polishing process, and (b) surface roughness, (c) contact
angle (d) sliding angle, and (e) SEM images of sandpaper-abraded surfaces (a 1200 cm abrasion).
* In Figure 7-18b, (1) water droplet pinning some areas of the test surface and (2) water droplet mostly pinning the
whole test surface are resulted from the grinding/polishing effect of various sandpapers.
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The water-repellent S-DE1000C also shows an ultrahigh hydrophobicity independent of wear against
severe sandpaper abrasion using a Struers grinding/polishing machine. Experimental detail is demonstrated
in Figure 7-18a, showing sample S-DE1000C rotated against various types of sandpaper (P800, P320, and
P180 with particle sizes of 82 um, 46 um, and 22 um, respectively) under a pressure of ~28kPa. The sample
holder and the sandpaper-covered disk are co-rotated at 60 rpm for 40 s with a total abrasion distance of
~1200 cm, and the sandpaper is replaced after each 600 cm. The abraded sample is air-blown to remove the
debris before subsequent measurements (e.g., CA, SEM, S,). The polished diatomite obtains a contact angle
between 145-150° (Figure 7-18c) and a sliding angle greater than 20° (Figure 7-18d). The high CA results
from a rough surface with many exposed silanized DE particles (Figure 7-18e). However, the abrasion also
produces hydrophilic fracture surfaces from broken diatomite, resulting in a high sliding angle. After a 1200
cm abrasion, water droplets attach to the samples tested with sandpaper P800 and P320 but slide off the
surface abraded against P180. This observation can be explained by more exposed silanized DE particles
obtained with the fine P180 rather than the superfine P800 and the extra-fine P320 (Figure 7-18e). The
former (with a large particle size of 82 um) roughens the sample surface with deep gouges to produce a
dominant waviness factor Saw (Figure 7-18b). The gouges, the exposed inter-particle space, and DE pores
provide much-trapped air to reduce the negative effect of hydrophilic fractured diatomite surfaces on the
dynamic wetting properties (SAs). Unlike P180, P320 and P800 with SiC twice as large as DE (P320) or
similar to DE (P800) appear to break many diatomite particles to expose more hydrophilic worn surfaces.
The smaller abrading particle size of P800 and P320 also produces shallower gouges (Figure 7-18e) and
lower surface roughness (Figure 7-18b) on the diatomite monolith. Therefore, P800 and P320 have the
“polishing effect” while P180 has the “roughening effect” on the sample. As a result, there is a similarity
between roughness Si and waviness Saw of sample surfaces tested with abrasive P800 and P320 (Figure
7-18b). The result indicates an increase in the contact between water and hydrophilic fractured surfaces and
consequent pinning of the water droplet for P800 and P320, but not the coarser grit P180. Notably, DE
breakage and surface polishing can also be due to (1) the co-rotation of the sample holder and the sandpaper-
coated disk (Figure 7-18a) and (2) DE debris between the sample and abrading surface. However, they

appear to be dominated by P180’s large particles.
7.3.4. Friction and wear of superhydrophobic AS-DE1000C and hydrophilic AS-DE1200C

There are differences in tribological behaviors of superhydrophobic AS-DE1000C and hydrophilic AS-
DE1200C (Figure 7-19) during the abrasion test. Friction signals are recorded for 300 cycles (or 300 cm,
~1600 s) with sample AS-DE12000C because the surface becomes hydrophilic, whereas the test duration
is 1000 cycles (1000 cm, ~5600 s) with durably superhydrophobic AS-DE1000C (Figure 7-19a). Although
there is little difference in the friction coefficient (COF) between samples AS-DE1000C (0.6340.21e-3)
and AS-DE1200C (0.6740.038), the former has a more stable COF trendline than the latter. The changing
characteristics of friction curves provide some indications about the surface morphology that affects the
wettability of the tested samples. The fluctuation in the frictional signal is reflective of the nature of asperity
contact between the AS-DE1000C rough surface and the alumina pin. This result is in agreement with the
exposure of many porous DE particles (Figure 7-7a, Figure 7-14) on AS-DE1000C. Meanwhile, AS-
DE1200C is less rough (Figure 7-4, Figure 7-7b) and has a smoother COF curve.
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Figure 7-19. (a) Friction coefficient curves, (b) XRD patterns, and (c) wear loss and abraded depth of
AS-DE1000C and AS-DE1200C (30kPa and 10mm/s).

(x) Calculated pressure varying (30-50 kPa) due to the wear-resistance-induced incomplete contact.

XRD patterns in Figure 7-19b show that the high-temperature sintering transforms amorphous silica in
DE1000C to cristobalite in DE1200C, which agrees with the literature [258]. The low and stable friction
coefficient on the AS-DE1000C surface can be attributed to the amorphousness of silica that can suppress
shear and stabilize the friction force [259]. Conversely, the higher COF of AS-DE1200C can be due to the
growth of crystalline cristobalite, which has been used for friction materials [260]. Apart from the addition
of the broad melt phase (shown in Figure 7-8b) that reduces the contact between the sliding pin and
diatomite, the presence of crystalline silica with a higher hardness also significantly reduces the wear loss
and abraded depth of AS-DE1200C compared to AS-DE1000C in Figure 7-19c. The wear depth and mass
loss of AS-DE1000C are proportional to the abrasion distance and the applied pressure (Figure 7-20). The
final wear loss and depth are up to 85-100 mg and 0.62-0.7 mm, respectively. The tribological behaviors
confirm that the abrasion produces a hierarchically rough surface morphology. It combines with the silane-
coated area to provide the mechanically robust superhydrophobicity of AS-DE1000C (Figure 7-11). In the
meantime, the friction action causes damages to the silane agents absorbed on the broad interfaces and
renders AS-DE1200C hydrophilic.
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Figure 7-20. Wear loss and depth of AS-DE1000C with various (a) abrasion distances (30 kPa, 10 mm/s)
and (b) applied loads (300 cm distance, 10 mm/s).

7.4. Conclusions

Superhydrophobic diatomaceous earth (DE) bulk (with a CA >150° and a SA <20°) has successfully
been prepared by utilizing the porosity of DE particles and the low surface energy of octyltriethoxysilane
molecules. The sintering temperature affects the non-wetting performance under abrasion: AS-DE1000C
(treated at 1000°C) has a better hydrophobicity than AS-DE1200C (sintered at 1200°C) due to the absence
of continuous melt within the porous structure. It is due to silane molecules residing covalently on silica-
based interfaces throughout porously structured DE pellets and the sliding abrasion transforming the
multiscale porosity to a hierarchical roughness. It results in new surficial micro/nanostructures with exposed
silanized diatomite particles, producing superhydrophobic properties. That said, the observed robust super-

hydrophobicity stems from self-similar low-surface-energy micro/nanostructures.

The result confirms a hypothesis of combining silanization and porosity to fabricate the mechanically
durable water-repelling monolith from hydrophilic inorganic materials (e.g., diatomite). The study provides
a better understanding of the mechanism of mechanically robust water-repellency for superhydrophobic
monoliths. In addition, the study gives more insights with the comprehensive measurements of hydrophobic
properties (contact angle and sliding angle), surface chemistry, and specifically morphological statistics.
The study is dedicated to non-wetting porous monoliths of non-polymer-based materials not reported in the

previous literature. Thermophysical processes (pressing and sintering) and intrinsic porosity (diatomite)
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make the sample preparation free of binders and less chemical engagement in comparison with other work
in the literature. Additionally, the study also discusses the relationship between tribological behaviour and

wear-tolerant superhydrophobicity.

The study will enable the fabrication of mechanically robust superhydrophobic monoliths from porous
materials/structures. Further research into various porous topologies and modifying organics need more
attention to producing new coatings/monoliths of much-improved water repellency. The study can also
provide a guide to preparing the mechanically durable superhydrophobicity for originally hydrophilic

enamel coatings.
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Chapter 8

Other potential solutions to hydrophobizing enamel coatings

This chapter presents preliminary results for two other potential solutions to render initially hydrophilic
enamel surface more hydrophobic with applications of cerium oxide (CeQ3) particles and colloidal capsules
(CaCO;@Si0,). Ceria (or cerium oxide) is an intrinsically hydrophobic material; thus, it can be applied to
hydrophobize the enamel surface without any low-surface-energy organics. In the meantime, the colloidal
capsule has a hierarchical nano/microscale structure; it can thus be applied to produce a structural hierarchy

on the enamel surface that will provide better hydrophobic properties.
8.1.  Hydrophobic ceria-embedded enamel without low surface energy modifiers

Due to its intrinsic hydrophilicity, the enamel needs a modification with the low-surface-energy agent
to become hydrophobic. For example, it can be fluorinated silane or alkyl silane, as presented in previous
chapters. However, applying such organic modifiers is usually unsatisfactory under extreme conditions
(e.g., severe mechanical sliding and high temperatures) that damage these vulnerable coatings and lead to
a loss of hydrophobicity. Therefore, it is desirable to have a modifier that can render the enamel surface

hydrophobic without those organic substances.

From Chapter 1, section 1.2.3.4, cerium oxide and rare earth oxides are hydrophobic despite current
controversy in their hydrophobicity origin. They can repel water either by being intrinsically hydrophobic
due to their unique electronic structure that prevents the water-surface interaction [184], by the adsorption
of airborne hydrocarbons [197], or perhaps by a combination of both. In any case, cerium oxide as an
inorganic material outperforms water-repellent materials made of organic substances in terms of
mechanical and thermal durability. For example, CeO; surfaces can sustain a hydrophobicity (CAs ~102-
105°) against a high temperature (1000°C) and sandpaper abrasion [184]. Thus, it can potentially enable the
enamel surface to be durably hydrophobic. With the commonly used metallic substrate (e.g., metals, alloys,
and steels), the preparation of a cerium oxide layer bonded to the substrate usually comes with chemical
methods (e.g., hydrothermal treatment, electrochemical deposition) [193-196] and complicated techniques
(e.g., magnetron sputtering, air-plasma spraying, SHVOF thermal spraying, laser-deposition, and glancing

angle deposition) [184-192]. That said, ceria is barely used or difficult to be applied in the particle form.

This section describes the application of cerium oxide particles to hydrophobize the enamel surface as
an alternative solution to the surface coated with low-surface-energy substances (like a silanization process
presented in preceding chapters). Due to a glass-transition behaviour at elevated temperatures, the enamel
will melt and act as a binder to cross-link ceria particles. The section hereafter provides preliminary results
for such an idea by studying the hydrophobicity of the enamel embedded with ceria particles via facile heat
treatment. Amorphous enamel B and glass-ceramic enamel W (Chapter 3, Figure 3-1) have been used to
demonstrate the applicability of this method for versatile enamel coatings. The result will enable using

cerium oxide and rare earth oxides to impart durable hydrophobicity to the enamel and the glass coatings.
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8.1.1. Experimental details

Enamel coatings were embedded with cerium oxide via the diffusion of ceria particles into the softened
enamel layer (see 2.2.6.1 for a detailed description). Then, the coatings were etched with hydrofluoric acid
(Kroll’s reagent) to expose ceria surfaces. The hydrophobicity and morphology of the samples before and
after the HF acid etching were evaluated. The effectiveness of ceria particles as hydrophobicity modifiers

was discussed.

The sliding angle was not reported here as the water was stuck to the sample. Thus, the hydrophobicity

result was discussed based on the static contact angle.

8.1.2. Results and discussion

Ce/Si=0.47

Trrr[rrrr[rrrr[rrrr[rrrr

1.5 2.0 keV

Figure 8-1. (a) Top-view SEM morphological image and (b) corresponding EDS spectrum, and (c, d)

SEM cross-sectional images of ceria-modified enamel B (referred to as eCeuB).

A ceria-enamel composite on enamel coatings is prepared by heating the enamel surface with a layer
of suspension-evaporated ceria particles. At 700°, enamel B melts and diffuses into cavities among CeO;
particles due to its gravity (the enamel coatings positioned on top of a ceria layer, Figure 2-3a). Then, the
melt bonds the particles together to form a ceria-enamel composite on the coatings, the so-called eCeuB.
The resultant composite provides the enamel with a rough surface of ceria particles (Figure 8-1a). By
showing the elemental signals of both cerium and enamel components such as silicon, sodium, and
aluminum (Figure 8-1b), the EDS spectrum confirms that these ceria particles are cross-linked via the
enamel melt, as mentioned above. The EDS spectral signals of cerium and major enamel elements (Si, Na)
indicate the amount of ceria and enamel distributed on the ceria-embedded enamel surface. The Ce/Si ratio
calculated from the EDS spectrum is approximately 0.47. The ceria-enamel composite layer is ~12 um
thick and has no particle diffusing against gravity into the enamel layer (Figure 8-1c). As the CeO; particles
settle down from the suspension via gravity, they leave large voids for enamel melt to move in the ceria
layer and bind them together. That is confirmed by the SEM image showing an even distribution of the

ceria particles within the enamel (Figure 8-1d).

119



b) 120
it
< 80 - {}{} }{
on o
= e
=60 A HH
2 3
2 409
© HF-0s
20 -
0 L] L] L] L] L] L] L] L) L] Ll L] L] L]
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (day)
¢) 160
140 - SRR T Trt T l
o 120 - ,‘g;‘ e e e R ==
2 1004 A '
%0 80 1847 HF etching duration
- 17/
§ 60 ’4’/ -0-3s -e-5s .0 -7s
= 4 ,
S 40;/ ~-e-10s -e-1S5s »~20s
g -0-25s --30s
20
0 2 4 6 8 10 12 14

Time (day)

Figure 8-2. (a) Top-view SEM morphological images and (b, ¢) contact angles in regard of time of the
ceria-embedded enamel B (eCeuB) after various HF etching durations (0, 10, 20, and 30 s).

The embedded ceria in enamel coatings helps improve the hydrophobicity of the treated enamel. The
improvement is even better with HF acid etching to expose the ceria surfaces. The ceria-enamel layer has
arough appearance of irregular aggregates of bound particles without the HF acid etching. And yet, it shows
regular valleys and islands after being etched by the HF solution (Figure 8-2a). The valleys and islands
grow in size depending on the etching duration. There are many small valleys and islands on the ceria-
embedded enamel eCeuB for a short etching time (10 s) and fewer but larger features for a longer etching
duration (20-30 s). The etching duration of 30 s produces the largest valleys and islands, but they are the
smallest in the count. Without any HF acid treatment, eCeuB has an initial contact angle of 44°, 2.75 times
that of bare enamel B (CA ~16°). The hydrophobicity of eCeuB enhances with time, which approaches a
stable contact angle of ~100° after the sample is stored in the ambient atmosphere over two weeks (Figure
8-2b). Such an enhancement in the hydrophobic properties of eCeuB is attributed to embedded ceria that is
hydrophobic, as aforementioned in the introduction section. The long time for the sample to obtain a stable
contact angle can be attributed to the time required for the ceria to adsorb airborne hydrocarbon [197].
Hydrophilic enamel parts that bind ceria particles will also undermine the hydrophobicity performance of
ceria. The HF acid etching creates valley structures for dwelling air on the embedded ceria layer (Figure
8-2a). It also exposes more ceria surfaces, as in the case of titania crystals coming out of the glass-ceramic
enamel (Chapter 4, section 4.3.3.2). Therefore, the HF etchant further improves the hydrophobicity of the

etched eCeuB. Accordingly, the ceria-embedded enamel eCeuB etched by the HF solution shows a
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significant drop in the storage time (from 16 days to just three days) to obtain a stable contact angle.
Moreover, the final contact angle increases from ~100° for the non-etched eCeuB to 120-140° for the etched
eCeuB (Figure 8-2c). Figure 8-3 confirms the effect of the HF acid etching on creating more valley
structures on eCeuB. Accordingly, there is a slight difference in the surface roughness S, ~1 um between
the samples etched for 0-20 s and a slightly increased S, ~1.16 pum with the 30 s etching due to large valleys
(Figure 8-3a). However, significant variations in skewness S (that describes if a surface comprises peaks
(Ssk >0) or valleys (Ss <0)) are observed between the non-etched and the etched eCeuB (Figure 8-3). All
samples eCeuB with and without the HF acid etching are shown to comprise valleys (Ss« <0). And yet, the
etched samples have more negative skewness (Ssk ranging from -0.33 to -0.41) than the non-etched sample

(Ssk around -0.07), which indicates that the etched samples eCeuB have more valley-like surface structures.
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Figure 8-3. (a) Roughness S, and (b) skewness S of ceria-embedded enamel B (eCeuB) with various

HF-etching durations.

Changes in the ceria particle density result in a distinct morphology of ceria-embedded enamel
coatings, which positively enhances the hydrophobicity of the surface. An island texture is obtained when
the ceria layer is prepared by warm pressing as an alternative method to suspension evaporation (Figure
8-4a). Samples pCeW30 and pCeW60 with a short post-pressing 800°C treatment (30-60 min) have a
similar surface morphology with many small islands, while pCeW90 and pCeW120 with a longer duration
(90-120 min) of the thermal treatment show a similar morphology but with larger islands (Figure 8-4a). As
mentioned previously in the experimental details, pCeW&60 is used to investigate the embedded-ceria layer
prepared by the pressing method in terms of coating thickness, visual particles density, and compositional
element spectrum. Accordingly, the powder is subjected to a pressure of 27.6 MPa and heat treatment at
800°C to produce a sample pCeW60 with a densely distributed ceria layer of a 15 um thickness binding
with the enamel surface (Figure 8-4b). Meantime, the effect of HF acid etching duration on hydrophobicity
is studied with samples pCeW30, pCeW90, and pCeW120. Unlike sample eCeuB produced by positioning
an enamel coating upside-down on a suspension-evaporated ceria layer during the heating process, pCeW60
is prepared by pressing dry cerium oxide powder on an enamel surface to undergo thermal treatment. Such
treatment of pCeW60 will cause ceria particles to diffuse into the enamel melt with gravity as a driving
force. More ceria particles will diffuse into the enamel due to a high CeO, concentration of the ceria layer
compared to the enamel layer (Figure 8-4b). The ceria-rich layer is too dense to see the enamel parts in
inter-particle areas in the cross-sectional coating image (Figure 8-4c). However, the ceria particles are
bound together by the enamel components (e.g., Si, Na, and Al) that infuse upwards to the ceria layer
(Figure 8-4d). The stronger signal of the Ce element confirms a higher density of the cerium oxide over the

enamel. Ceria modifies enamel coatings be more hydrophobic. Similar to the above non-etched eCeuB, the
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hydrophobicity of the non-etched pCeW60 improves with time, showing an increase in the contact angle
from 70° to 140° after 14-day storage in the ambient atmosphere (Figure 8-4e). The high contact angle of
pCeW60 (CA ~140°) compared to eCeuB (CA ~100°) can be attributed to a higher ceria density and the
resultant microscale bumps (or islands) texture (Figure 8-4a). The higher CeO, density of pCeW®60 is
qualitatively demonstrated by the SEM image (Figure 8-1d and Figure 8-4d). It is also shown quantitatively
by a Ce/Si ratio of 4.43 (calculated from the EDS spectrum in Figure 8-4b), much higher than Ce/Si = 0.47
of eCeuB (Figure 8-1b). Figure 8-5 also shows the difference in the morphology between eCeuB and
pCeW60, whereby both samples obtain submicron rough cross-sectional surface profiles (attached to the
3D contours) due to ceria particles and particles agglomeration. However, pCeW60 has more well-
structured islands than eCeuB, producing a higher surface roughness for pCeW60 (S, ~1.23 um) than for
eCeuB (Sa ~0.98 um), thus leading to a high and stable contact angle for pCeW60 (CA ~140°) compared
to the latter (CA ~100°).
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Figure 8-4. (a) Top-view optical image of ceria-embedded enamel W (pCeW30, pCeW60, pCeW90, and
pCeW120), and (b, c) cross-sectional SEM images, (d) top-surface EDS spectrum, and (e) contact angle
versus time of pCeW&60.
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Figure 8-5. 3D contours and cross-sectional profile of the non-etched ceria-embedded enamel coatings:
(a) pCeW60 and (b) eCeuB.
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Figure 8-6. (a) Contact angle versus time of ceria-embedded enamel W (pCeW30, pCeW90 and
pCeW120) before and after HF etching, (b) SEM image of ceria-embedded enamel W (pCeW60) without
HF etching and that of pCeW30, pCeW90 and pCeW120 after HF etched for 10's, 20 s, and 30 s,
respectively. The etched pCeW30, pCeW90 and pCeW120 were identified as pCeW30-HF10, pCeW90-
HF20, and pCeW120-HF30, respectively.
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The HF acid etching improves the water repellency of the ceria-embedded enamel coatings produced
with a powder pressing method. The non-etched ceria-enamel surfaces that include pCeW30, pCeW90, and
pCeW120 obtain a contact angle of 124-136° after two weeks of storage in the ambient atmosphere (Figure
8-6a) due to the presence of ceria micro-islands on the enamel coatings, as discussed above (Figure 8-4).
After sonication with water to evacuate all the absorbed air (for two hours) and drying at 120 (for 15 min),
samples pCeW30, pCeW90, and pCeW120 are HF-etched for 10 s, 20 s, and 30 s, respectively. They are
then referred to as pCeW30-HF10, pCeW90-HF20, and pCeW120-HF30, respectively. Initially, the etched
surfaces show a drop in the contact angle from 124-136° to 103° for pCeW30-HF10, 81° for pCeW90-
HF20, and 46° for pCeW120-HF30. It can be due to the airborne hydrocarbons adsorbed on the sample
surface removed during high-vibrational-energy sonication and HF acid etching. This loss of absorbed air
will reduce the hydrophobicity of treated samples. Additionally, the HF solution exposes many ceria
interfaces that might not include only the hydrophobic CeO; (111) surface (see the discussion below with
the XRD patterns shown in Figure 8-9). The ceria exposure of pCeW30-HF10, pCeW90-HF20, and
pCeW120-HF30 is confirmed with the SEM images. These etched samples have observable ceria particles
with microscale aggregates compared to the non-etched surface pCeW60 (Figure 8-6b). The ceria exposure
can also be demonstrated by the higher surface roughness of the sample after being etched (Figure 8-7).
The result shows an increase by 0.14-0.15 pum for samples pCeW30-HF10 (etched for 10 s) and pCeW90-
HF20 (etched for 20 s) and a higher increase by 0.40 um for pCeW120-HF30 (etched for 30 s). However,
the etched samples (pCeW30-HF10, pCeW90-HF20, and pCeW120-HF30) quickly regain a high stable
contact angle of ~140° after just 2-3 days stored in the atmospheric environment. The stable contact angle
of etched samples is also slightly higher than before the etching. The drop followed by a quick increase in
the contact angle suggests that the cerium oxide particles can absorb airborne hydrocarbons to improve the

hydrophobicity of the ceria-enamel layer (see below for further discussion).
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Figure 8-7. Surface roughness of ceria-embedded enamel W (pCeW30, pCeW90, and pCeW120) before
and after the HF acid etching.

The theoretical calculation of low index ceria (CeOy) surfaces using an unrestricted density functional
theory approach shows that CeO, (111) is the most hydrophobic with a contact angle of 112.5°, followed
by (100) with CA = 93.9°, and CeO; (220) is hydrophilic with CA = 64.1° [261]. Herein, the sintered ceria
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experimentally shows similar results, as shown in Figure 8-8. Despite the similar preparation (section 8.1.1),
we obtain cerium oxide surfaces with significant differences in the X-ray diffraction (XRD) and the contact
angle. The ceria with dominant (220) planes has the (220) diffraction peak twice as high as the (111) peak,
and it is hydrophilic with a contact angle of 67.0° = 11.8° (Figure 8-8b). Meanwhile, the ceria with
dominating (111) planes and minor (220) peaks (a quarter of the (111) intensity) is more hydrophobic with
a contact angle of 91.5° £3.5° (Figure 8-8b). Note that the lower contact angle (91.5°) of the ceria surface
with dominant CeO, (111) compared to the theoretically calculated CA (112.5°) of the CeO, (111) can be
attributed to the presence of the less hydrophobic CeO, (100) and the hydrophilic CeO; (220). However,
the sintered ceria samples are more hydrophobic than the bare enamel surface (CA ~16°). The above results
indicate that the crystalline planes can affect the hydrophobicity of the ceria and the ceria-embedded enamel

coatings. It is also noted that the intensity of CeO; (311) and CeO; (220) is likely associated with each other

(Figure 8-8), suggesting they have a similar effect on the hydrophobicity of ceria; however, this needs

' 91.52£3.5° l

further attention for clarification.
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Figure 8-8. SEM image, XRD pattern, and contact angle of (a) the cerium oxide with dominating (220)

surface and (b) the cerium oxide with dominating (111) surface.

Crystalline surfaces of ceria in the ceria-embedded enamel coatings are examined by X-ray diffraction
for comparison and used as qualitative interpretation for the hydrophobicity of ceria-enamel layers. Tested
samples, including eCeuB, eCeuB-HF20 (eCeuB etched by the HF acid for 20 s), pCeW60, and pCeW90-
HF20, have similar patterns with the characteristic X-ray diffraction peaks of cerium oxide such as at 28.5°,
33.1°, 47.4°, and 56.3° (Figure 8-9) that indicate crystalline ceria surfaces (111), (100), (110), and (311),
respectively [262]. Generally, the standardized intensity of the CeO; (220) surface is about three-quarters
as high as that of the (111). In the meantime, it is nearly threefold that of (111). The highest intensities of
(111) and (220) surfaces suggest that they contribute significantly to the properties (e.g., hydrophobicity)
of the ceria-embedded enamels. CeO; (111) is hydrophobic, and CeO; (220) is hydrophilic, as per the above
discussion. Therefore, the ceria-embedded enamels (e.g., eCeuB, eCeuB-HF20, pCeW60, pCeW90-HF20)
are qualitatively concluded to be hydrophobic due to these samples having the hydrophobic ceria (111) with
the highest diffraction intensity. However, the hydrophilic CeO, (220) within these samples also has a high
weighted amount as per obtained XRD results, which might undermine the performance of the CeO, (111)

and the hydrophobicity of ceria-embedded enamels.
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Figure 8-9. XRD patterns of different ceria-embedded enamel coatings before and after HF etching:
eCeuB, eCeuB-HF20, pCeW90, and pCeW90-HF20.

Similar XRD patterns before and after the HF acid etching of ceria-embedded enamels eCeuB and
pCeW90 (Figure 8-9) indicate that the embedded ceria would perform similarly with and without the HF
acid etching. Therefore, the drop in the contact angle of the ceria-embedded enamel coatings straight after
the HF etching can be attributed to the loss of adsorbed hydrocarbon on the surface during the etching. In
addition, the fast high-hydrophobicity regaining on the etched surface can be attributed to the airborne
hydrocarbon re-adsorption facilitated by more ceria islands exposed by the HF solution. Conclusively, the
hydrophobicity of the ceria-embedded enamel coatings can be obtained from both the hydrophobic ceria
and the airborne hydrocarbon adsorption enhanced by exposed ceria surfaces. The hydrophobicity of the

sample can also be improved by increasing surface roughness and ceria exposure, as previously discussed.

8.1.3. Conclusions

For the first time, the above results indicate that cerium oxide particles can potentially be applied as
the surface modifier in both morphology and chemistry to render the enamel coatings hydrophobic without
using any low-surface-energy organic substances. The ceria can facilely be applied in the particle form
thanks to the glass-transitional behaviour of the enamel coatings. Thus, it provides advantages over the
previously reported chemical methods and complicated techniques. However, this section presents just
preliminary results, so further investigations need to be carried out to optimize the utilization of ceria
particles to hydrophobize the enamel surface, e.g., particle size, particle density, and practical deposition
method. After that, the hydrophobicity of the ceria-treated enamel should be evaluated for stability against
mechanical and thermal impacts (e.g., abrasion, peeling test, high-temperature exposure) to demonstrate
the advantages of the ceria as the surface modifier.

The crystalline planes (e.g., (111), (100), and (220)) contribute to the hydrophobicity of cerium oxide,
thus affecting the non-wettability of ceria-modified enamel surfaces. Therefore, it will be beneficial to study
various treatment methods to acquire desired hydrophobic CeO, (111). In this section, different crystalline
planes of sintered ceria surfaces are coincidentally obtained, although they undergo similar preparation
processes. Therefore, it is worth studying the thermal treatment for ceria particles to optimize the presence

of CeO; (111) in future work.
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8.2.  Hierarchically structured enamel with colloidal capsules

Due to its intrinsic hydrophilicity, the enamel needs morphological and chemical modifications for
(super) hydrophobicity. For example, the enamel coatings have to undergo surface roughening (e.g., acid
etching in Chapter 4 and laser-texturing in Chapter 5) before silanization to obtain a water repellency. From
Chapter 4, the acid etching can only enable the enamel surface to attain the highest contact angle of 134°,
lower than the superhydrophobicity cutoff contact angle of 150°. Laser-texturing can produce hierarchically
rough surfaces for superhydrophobic properties with a contact angle above 170° (Chapter 5). However, this
roughening method requires unique equipment for texturing. Therefore, a facile surface roughening method
will widen possibilities for the enamel hydrophobizing.

From Chapter 1 (section 1.2.3.5), various nanoparticles such as silica, titania, and alumina particles
have been incorporated into polymer [198-201] and inorganic binders [119, 202] for superhydrophobic
coatings. They operate on the principle that nanoparticles are bound by adhesives (like polymers and
inorganic binders) and create copious nanoscale cavities as air dwellers to reduce the solid area in contact
with water. Meanwhile, hydrophobic agents (e.g., PDMS, PTFE, fluoroalkyl silane, and hydrocarbon
silane) make the coatings water-repellent. Their incorporation can thus produce superior water repellent
coatings. However, these particles are of nanoscales, and inorganic particles with a hierarchical structure
have been exploited inefficiently. Compared to the nanoparticles, the stable all-inorganic colloidal capsules
with hierarchical roughness show a potential to mimic the lotus effect of the superhydrophobic lotus leaf
with a structural hierarchy of micro papillae decorated with nano wax tubules [245]. The examples are
multiscale micro/nano all-silica capsules [205] and hierarchically rough CaCO;@SiO. colloidosomes
[206]. Therefore, they can potentially be used as the morphological modifier for the enamel coatings to
obtain superhydrophobicity. Additionally, the application of colloidal capsules is more facile and beneficial
than other complicated methods, such as laser texturing with special equipment, as presented previously in
Chapter 5.

This section shows preliminary results about using the hierarchically structured CaCOz;@SiO; colloidal
capsules. They were applied to prepare the superhydrophobic enamel surface. The results will promote the

production and application of multiscale particles to hydrophobize the surface.
8.2.1. Experimental details

Hierarchical CaCOs-decorated SiO, (CaCO3;@SiO;) colloidal capsules were mixed with aluminum
phosphate as organic binders. The mixture was then sprayed on the enamel surface and thermally cured,

followed by silanization. The detailed experiment was described in section 2.2.6.2.

The contact angle of the silanized capsule-coated enamel was measured. The morphology of enamel
coatings with and without the above treatment was discussed to evaluate the effectiveness of the colloidal

capsules as morphological modifiers for hydrophobicity applications.
8.2.2. Results and discussion

The lotus effect is an intriguing character of the lotus leaf with an outstanding ability to repel water
[245], and it has become an inspiration for many bioinspired water-repellent surfaces [263]. Such the effect
stems from the hierarchical micro/nanoscale structure on the surface, e.g., nano wax tubules on the micro

papillae of the lotus leaf. The CaCO;@SiO; colloidal capsule has a similar structural hierarchy to the
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nanoscale particle aggregates on the microscale sphere (Figure 8-10). The hierarchical composite capsule
is formed by the aggregation of 50 nm CaCO3 nanoparticles on the SiO, spherical shell of 7.5+1.8 ym
diameter. Therefore, the prepared capsules are promising surface morphology modifiers to simulate the
lotus effect. Herein, the mixture of CaCOs@SiO- colloidal capsules and AP binders in the ethanol solvent
is sprayed on the enamel coatings, forming a homogenous capsule-coated surface (Figure 8-11a). The
resultant surface has a uniform distribution of the colloidal capsule and the AP binder, as confirmed by
EDS elemental mapping (Figure 8-11b). The high-magnification SEM imaging (Figure 8-11c) proves that
the AP adhesive helps bind the spheroid colloidal capsules.

100 pm

Figure 8-11. (s) SEM image and (b) EDS mapping of the capsule-coated enamel surface, and (c) high-
magnification SEM observation of the coated surface.

The capsule coatings provide a hierarchically rough surface identified by an optical 3D profilometer
(Figure 8-12a). Accordingly, the cross-sectional coating profile reveals micro-islands that result from the
capsule agglomeration by the inorganic binder. Nanoscale spikes are formed due to nanostructured particle
aggregates on the capsule. The colloidal capsules are thus considered promising surface morphology
modifiers on enamel coatings for the structural hierarchy required for superhydrophobicity. Since the

capsule coatings on the enamel is highly hydrophilic (wetted by water), the hierarchical-roughness capsule-
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coated enamel coatings need to be treated with octyl triethoxysilane (a fluoride-free hydrophobic modifier).
The combination of the structurally modifying capsules and the water-repellent silane treatment makes the
enamel surface superhydrophobic compared to the bare enamel that is originally hydrophilic. The silanized
capsule-coated enamel surface has a CA ~156°, much higher than 96° of the silane-treated surface and 16°
of the bare surface (Figure 8-12b). It can be explained by the hierarchical micro/nanoscale structure that
reduces the coating areas in contact with water, which promotes the Cassie-Baxter superhydrophobic state;
meanwhile, these areas are made water-repellent by the hydrophobic silane. Thus, the silanized capsule-

coated enamel obtains an enhanced water repellency.
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Figure 8-12. (a) 3D optical surface morphology and a cross-sectional surface profile of the capsule-coated
enamel, and (b) contact angle of a bare enamel and silanized enamels with and without capsule coatings.

The capsule coatings provide the enamel with a significantly high roughness, as shown by the surface
parameters from the optical profilometer (Table 8-1). Without the capsule, the enamel only has a roughness
Sa of 0.2140.01 pum that causes little difference between the actual area and apparent area of the sample
surface, shown by a Wenzel factor rw = 1.001. Thus, the enamel is considered to have a flat surface; the
contact angle observed on the silanized enamel is an approximated value of the Young contact angle (6v)
of octyl triethoxysilane and 6v, otes ~96°. After being coated with the capsule, the enamel coatings obtain
an increased roughness (3.0940.47 um) which is ~15 folds of the roughness of the original surface and a
high Wenzel factor rw = 3.95240.211. With the Wenzel equation and 0v, ores ~96°, the calculated Wenzel
contact angle 6w of the silanized capsule-coated enamel is 113-115.8°, much lower than the measured
contact angle CA ~155.8°. CA >0w indicates that the superhydrophobicity of the OTES-treated capsule
coatings is in the transitional regime with both Wenzel and Cassie-Baxter states. The Wenzel state can be
attributed to the AP adhesive parts that appear not as rough as the particle aggregates on the capsules (Figure
8-11c).
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Table 8-1. Surface roughness (S.), Wenzel factor”™ (rw), the measured contact angle (CA), and the contact

angle calculated by Wenzel equation (CAw) of enamel surfaces.

Sample Sa (um) rw CA Ow
Silanized enamel 0.2140.01 1.001+40.000 96.0H+.2 -

Silanized capsule-

3.0940.47 3.95240.211 155.8+1.1 113-115.8
coated enamel

* Wenzel factor, also called Wenzel roughness, is the ratio of the actual area to the apparent area of the

specimen to be evaluated.

In Chapter 6 (section 6.3.1), a surface treated with perfluorooctyl triethoxysilane (PFOTES) only needs
rw >2.79 to attain the Cassie-Baxter superhydrophobic state. With rw = 3.95240.211, the capsule-coated
enamel satisfies that rw requirement with PFOTES. It indicates that colloidal capsules can modify the
surface morphology for superior water repellency with appropriate surface modifiers. Besides, the spatial
dimension of the colloidal capsules can be further optimized [206] by heat treatment to control texture

modification of the enamel surface to match the desired hydrophobicity.
8.2.3. Conclusions

The above preliminary results confirm the potential of hierarchically structured CaCOs;@SiO- colloidal
capsules as the morphological modifier for the enamel surface. That said, coating the enamel with these
colloidosomes for the structural hierarchy will be an essential step before a hydrophobic modification to
achieve superhydrophobicity. The results enable the preparation of hierarchically structured colloidosomes
(and other multimodal-roughness particles) for the morphological adjustment in (super) hydrophobizing

the enamel coatings; however, this needs further attention.

The above experiment uses aluminum phosphate (AP) as an inorganic polymeric binder. In the
meantime, the enamel coatings have a glass-transitional behaviour at high temperatures (e.g., 700-800°C)
as presented in the thermal embedment of ceria into the enamel (section 8.1), and hierarchical CaCO;@SiO-
colloidal capsules are thermally stable up to 1000°C as previously reported in our paper. Thus, further
experiments can be conducted to structurally optimize colloidal capsules and then thermally incorporate

them into the enamel coatings (without binders).

Based on the result of ceria-embedded enamel coatings (section 8.1), the embedment of cerium oxide
helps the enamel surface become highly hydrophobic without any low-surface-energy modifiers (like
alkylsilane and fluorosilane). Thus, it is a novel idea to incorporate CeO; into the colloidal capsules (e.g.,
to replace CaCO; with CeO, to have CeO,@SiO, colloidosomes) to have a surface modifier both in

morphology and chemistry. This idea is worthy of further investigation.
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Chapter 9

General conclusions and recommendations for future work

The Thesis studies potential hydrophobizing solutions for hydrophilic enamel coatings with various
surface roughening, followed by silanization. The roughening methods involve acid etching, laser texturing,
and colloidal capsules. Furthermore, the Thesis presents a hydrophobic ceria-embedded enamel without
low-surface-energy modifiers. This work also reveals further insights into superhydrophobicity. They are

about surface metrological parameters and robust water-repelling self-similar structures.

This chapter summarizes the findings and conclusions of the Thesis concerning the research scope in

section 1.3. Based on this summary, recommendations for future work are also included.
9.1. General conclusions

Wettability is dependent on material chemistry and surface morphology. So far, re-entrant textures are
the only morphology-based solution to hydrophobizing hydrophilic materials. And yet, their fabrication is
complicated and requires specific conditions. One popular method to render a wetting surface (super) water-
repellent is a combined morphological/chemical modification. Accordingly, the surface needs roughening
and treatment with low-surface-energy organics for (super) hydrophobicity. Vitreous enamel coatings have
a hydrophilicity origin due to their water-affine constituting oxides. Hence, enamel coatings in the Thesis

are roughened and silanized for superior water repellency.

Vitreous enamel is glass-based coatings with various oxide components and crystalline phases, and the
enamel can either be pure glass or glass-ceramic. Glass-ceramic enamel coatings (e.g., enamel W) have
many crystal particles, making a multi-particle inner microstructure. Meanwhile, amorphous enamel (e.g.,
coating B) possesses a microscale glass network. These in-coating microstructures can be easily exposed
using acid etching. An HF etchant exposes numerous crystal particles in the enamel, producing a multi-
spike surface. It results in a hydrophobicity with a contact angle of 134° for the fluorinated-silanized sample.
In the meantime, an HCI solution etches out the network modifiers of the glass enamel and leads to a
microscale island morphology. The etched glass enamel obtains a contact angle of 128° after the surface is
treated with silane. The hydrophobicity of silanized-etched enamel has the Cassie-Baxter metastable state.
Itis thermally stable up to a temperature of 400°C due to the heat resistance of the C-F bond. The microscale
structured glass enamel shows a better resistance against mechanical sliding than the multi-spike surface of
crystal-added enamel. Generally, the combination of acid etching and silanization is a facile hydrophobizing

method for the glass/glass-ceramic enamel coatings.

Yet, the acid etching in the Thesis has not produced effective hierarchical structures that can lead to
superhydrophobicity. The structural hierarchy of the enamel surface is then fabricated with picosecond laser
texturing. The textured enamel possesses multiscale broccoli-like and cone-shaped pillar features. They can
provide an amount of trapped air to support the Cassie-Baxter superhydrophabic state. Then, the silanized-
textured enamel obtains non-wettability with a high contact angle approaching 180° and a low sliding angle
below 5°. This superhydrophobicity is vulnerable to sliding abrasion at a high pressure of 10.8 kPa due to

the characteristic brittle fractures of enamel coatings. The abrasion causes the collapse of the hierarchical
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structure, resulting in the loss of superhydrophobic properties. It also leads to the pillar pattern transforming
into the cell features that protect the silane modifier in the valley and use the valley as an air dweller. Thus,
the cell structure can help the sample maintain a reasonably high contact angle above 90°. The result
indicates that the enamel needs an enhancement in the fracture toughness to avoid severe damage to the

hierarchical structure and sustain a superior water-repellency against abrasion.

The surface metrological parameters of silanized-textured enamel coatings reveal some insights into
superhydrophobicity. In particular, the Cassie-Baxter non-wetting state is thermodynamically preferred
when the distinct surface areal index is higher than the Wenzel roughness required for a material to obtain
a theoretical contact angle of 180°. The Cassie-Baxter superhydrophobicity is unlikely correlated to surface
areal parameters (roughness, kurtosis, and skewness) but is affected by the surface structural hierarchy. The
surface roughness comprising platykurtic waviness and leptokurtic roughness is advantageous for surface
water repellency. It can produce a high contact angle above 160° and a low sliding angle below 5°. The
roughness to waviness ratio can demonstrate a hierarchical surface feature, and a ratio value below 0.24
can be beneficial to superhydrophobicity. Also, microscale features with a low height variation, a flat top,
and nano/submicron roughers are requisite conditions for non-wetting properties with a high contact angle
approaching 180°. The findings indicate the significant role of surface metrology in the design and

evaluation of surface superhydrophobicity.

A hierarchical micro/nanoscale structure is required for superhydrophobicity, and it needs robustness
against mechanical impacts (e.g., abrasion and wear) to maintain non-wettability. The structural hierarchy
resulting from laser texturing is vulnerable to sliding abrasion because of the brittle fractures of the enamel.
Thus, enamel coatings need alternative treatment for robust hierarchical surface morphology. In the Thesis,
anti-abrasion superhydrophobicity is produced by porous diatomite and fluoride-free silanization. They
deliver a high contact angle above 150° and a low sliding angle below 20° against abrasion at 30-120 kPa
for up to 10 m. The abrasion resistance of superhydrophobicity stems from a self-similar low-surface-
energy multiscale-roughness structure. That said, the structural hierarchy of the sample is maintained
against abrasion due to the multimodal porosity, and the low surface energy comes from silane protected
within the porous texture. Accordingly, they sustain superhydrophobicity during the sliding abrasion. The
result enables the application of porous materials and multiscale-porosity structures to produce robust
superhydrophobicity. It is also a guide for fabricating mechanically durable superior water repellency for

enamel coatings.

Two other potential methods to (super) hydrophobize the enamel surface are the applications of ceria
particles and colloidal capsules. Ceria particles can be embedded in enamel coatings via a simple thermal
treatment due to the enamel’s glass-transitional behaviour. Then, hydrophobic ceria modifies the enamel
surface morphologically and chemically for water repellency. The ceria-embedded enamel coatings have
hydrophobicity with a high contact angle of 140° without any modifications of low-surface-energy organics.
The application of ceria in the Thesis is more facile and advantageous than the previous chemical methods
and complicated techniques. Meantime, colloidosomes (CaCOs@SiO2) with hierarchical roughness can be
applied as morphological modifiers for the enamel. Their structural hierarchy combines with low-surface-
energy silane to produce superhydrophobicity with a contact angle of 156°. The result enables the utilization

of multimodal-roughness particles for morphological modification and superhydrophobicity fabrication.
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The findings and conclusions above raise several striking points about the processes and materials. The
results have demonstrated the potential of various roughening techniques combined with silanization to
render enamel coatings (super) hydrophobic. Between methods of surface roughening, laser texturing is a
commonly used physical processing and thus an environmentally benign treatment. Wet etching is also a
popular surface treatment, but there are concerns with a large amount of chemical waste. For an eco-friendly
purpose, the wet etching could be replaced by the plasma (or dry) etching as the latter induces less waste
disposal. Double-scale colloidal capsules are also an eco-friendly solution as they produce roughness in
situ. With silanization processing, fluorinated silanes possess several issues, such as health hazards and
non-biodegradability; however, this can be sorted out with non-fluoride agents as a replacement. Another
notable point is that cerium oxide can provide enamel coatings with hydrophobicity without organic
modifications, such as silane treatment. Ceria particles possessing a hydrophobic origin and in-situ
roughening are also environmentally benign. Finally, these presented processes can be scalable. For
example, surface etching and laser texturing are popular in research labs and industrial applications. And
yet, using in-situ roughening particles (e.g., hierarchically rough capsules) via a simple spraying method is
more adaptable for a straightforward scale-up. Note that the methods utilizing powder pressing and
suspension settlement in applying ceria particles in the Thesis could also be replaced by an alternative

process, such as spray coating that facilitates an easy scalability.

The Thesis provides results focusing on the fabrication of (super) hydrophobic enamel coatings, with
no studies on the specific functions stemming from water repellency. Nonetheless, the produced coatings
are believed to inherit functional properties from their (super) hydrophobicity, such as water-repelling, self-
cleaning, anti-icing, anti-corrosion, efficient heat transfer, and so on [50-55, 58-67]. For example, the laser-
textured enamel coatings with superhydrophobicity are likely anti-icing since their hierarchical structures
providing entrapped air cushions can help repel the impacting droplets before the ice nucleation [264] and
self-remove the condensed water droplets [265]. Additionally, the structural hierarchy reduces the liquid-
solid contact area and ice nucleation rate [126, 266]. Superhydrophobic porous diatomite, a role model for
superhydrophobic enamel coatings, also has double-scale roughness. Therefore, it is similarly expected to
perform an anti-icing function. These surface functionalities should be tested and confirmed to produce
enhanced performances of (super) hydrophobic enamel coatings in various applications, such as advertising

boards, chemical tanks, and heat exchangers; they are one of the interests for further work.
9.2. Recommendations for future work

Based on the above findings and conclusions of the current work, there are several suggestions for
future work on the superhydrophobic enamel and the non-wettability concept:

(i) Acid etching is a facile method for roughening the enamel surface but currently produces only a single
roughness of nanoscale or microscale. Therefore, it is necessary to investigate further how to obtain a
hierarchical morphology through enamel microstructures and etching processes. A possible study is

the application of hierarchical-roughness particles (Chapter 8, section 8.2) to modify enamel coatings.

(ii) Hierarchical nano/microscale structures (from laser texturing) are beneficial to the superhydrophobic
enamel surface. And yet, these structures are vulnerable to sliding abrasion due to the brittle fractures

of enamel coatings. This issue can be sorted out with the enamel of enhanced fracture toughness, which
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is worthy of further attention.

(iii) Combining porosity structure and silanization produces a robust superhydrophobicity against sliding
abrasion. Therefore, investigation in the porous enamel is a challenging but promising solution for

abrasion-tolerantly superhydrophobic enamel.

(iv) Ceria ceramic is a potential modifier for the hydrophobic enamel surface. However, the current work
only provides a few preliminary results on the ceria-embedded enamel coatings. Further work can be
carried out to optimize the utilization of ceria particles in hydrophobizing the enamel, e.g., particle
size, particle density, and practical deposition method. Besides, crystalline planes can affect the
hydrophobicity of ceria and thus the ceria-embedded enamel. It is beneficial to investigate treatment
methods to produce preferred hydrophobic ceria (111) surface, e.g., thermal treatment (as discussed in
Chapter 8, Figure 8-8).

(v) The colloidal capsule has a hierarchical nano/microscale structure, and the cerium oxide renders the
enamel hydrophobic without low-surface-energy organic modifiers. It might be a novel solution for
(super) water-repellent enamel by incorporating ceria particles into the colloidal capsule (e.g., to
replace CaCOs with CeO; to have CeO.@SiO; colloidosomes).

(vi) Between surface areal parameters, the surface areal index (same as the Wenzel roughness) and bearing
ratio (representing the Cassie-Baxter fractional area) relate to the surface (super) hydrophobicity. The
state-of-the-art metrological technique is quite supportive in determining these surface parameters. An
example is the Brooker ContourGT-K 3D optical profilometer with Vision64 software. The study of

their relationship with (super) hydrophobicity will be significant to the concept of non-wettability.
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Appendix 1

Appendices

Additional information for Chapter 1: Literature review

Table A- 1. The principal role of common chemical compositions of the enamel coating

Component Function

SiO; Refractory, hardening vitreous system, and increasing chemical resistance and viscosity

B20; Flux, producing viscous matrix, reducing viscosity, and increasing surface hardness

:‘('228 Naz0, Lowering glass transition temperature, reducing elasticity, and increasing brilliance

MgO, CaO, | Integrating non-anti-acid enamels, increasing their resistance, smelting facility, and

BaO viscosity

ALOs Increasing viscqsity and_chemical, mechgnical, and thermgl resistance, reducing
thermal expansion coefficient, and favoring an opaque finish

TiO, White opacifier, increasing brilliance and resistance to acid and heat

ZrO; Opagque agent, improving resistance to acids, to knock and shocks

Sh,0s Producing a high degree of opacity and improving acid resistance

CoO, NiO Adhesive agents, producing a structure of well distributed small bubbles

CuO Adhesive agent at low temperature when combined with primary bonds

MnO; Intensifying dark colors, acting as an oxidation and as a weak bond

Zn0O Flux, lowering expansion coefficient, and improving brilliance and surface quality

F. Softening glass and influencing opacity
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Table A- 2. Enamel compositions for cover and ground coats plus additives (fluorine, nitrite) [21]

Cover coat formulation Ground coat formulation
Component
Example 1 | Example 2 Example3 | Examplel | Example2 | Example 3
Li2O - - - 3.14 3.14 2.93
Na.O 7.62 7.61 7.39 11.43 11.43 12.23
K20 7.44 7.44 7.21 1.64 1.64 131
CaO - - - 6.40 6.40 5.83
BaO 3.06 3.06 2.97 4.48 4.48 3.59
B203 - - - 16.45 16.45 16.72
Al20s 20.25 20.21 19.62 3.10 3.10 248
Cr,03 - 0.88 - - - -
SiO, 11.50 11.49 11.09 42.44 42.44 44.49
TiO, 0.96 0.97 0.93 - - 1.17
ZrO; 15.21 15.22 14.77 4.35 5.80 3.48
NiO 0.91 - 0.48 2.72 2.72 2.70
CuO 0.49 - - 0.74 0.74 0.72
Fe203 - - - 0.29 0.29 0.47
C0203 0.36 1.55 4.85 0.96 0.96 0.81
MnO; 0.57 - - 1.84 1.84 1.47
ZnO 0.81 0.79 0.78 - - -
P20s 30.81 30.78 29.85 - - -
F 0.78-1.50 0.78-1.50 0.78-1.50 6.7-9.0 6.7-9.0 6.7-9.0
NO; 1.50-4.71 1.50-4.71 1.50-4.71 2.3-3.3 2.3-3.3 2.3-3.3
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