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Abstract

Particular interest is given to solid surfaces with specific wetting behavior
(hydrophilic/superhydrophilic and hydrophobic/superhydrophobic) due to their wide range of
potential applications such as drag-reducing, anti-icing/de-icing, corrosion-resistant, anti-
biofouling, self-cleaning, etc. surfaces. However, the production ways of such coatings are
sophisticated multi-step procedures, which are expensive and do not provide sufficient
robustness of the hydrophilic/hydrophobic wetting behavior.

The doctoral thesis is focused on (i) the development of a technological way to fabricate
hydrophilic/hydrophobic coatings from wear-resistant materials utilizing thermal spraying
technology; (ii) a detailed investigation of deposited coatings, analysis of their mechanical
properties and the robustness of their wetting behavior.

The first part of the thesis represents a theoretical background on the wetting behavior, surface
free energy, hydrophilic/superhydrophilic and hydrophobic/superhydrophobic coatings and
thermal spraying technology. In the second part, Al203, Cr203-SiO2-TiO2, YSZ and WC-Co-Cr
plasma-sprayed coatings were fabricated, and their wetting behavior was analyzed concerning
their surface topography. Furtherly, several YSZ coatings with lamellar and columnar
microstructures were studied to investigate the role of the microstructure on their wetting
behavior. The effect of RF-plasma jet surface treatment is also presented. Finally, three different
powder feedstocks of WC-Co-Cr were utilized to fabricate wear-resistant coatings with the so-
called multi-scale surface topography. It was found that the combination of a coarse powder
with ultra-fine (~500 nm) WC particles provides an optimal surface topography with a very
high hydrophobicity that furtherly can be tuned into the superhydrophobic state after the
additional Si-oil treatment. In the last part, the robustness of the wetting behavior of WC-Co-
Cr samples was estimated by the slurry abrasion response test and the cavitation erosion

resistance test.
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Abstrakt

V soucasnosti lze zaznamenat zvySeny zdjem o studium pevnych povrchi se specifickou
smacivosti (hydrofilni/superhydrofilni a hydrofobni/superhydrofobni) s ohledem na Sirokou
Skalu jejich potencialnich aplikaci, mezi které patii naptiklad snizeni aerodynamického odporu,
ochrana proti ndAmraze/odmrazovéni, korozni odolnost, ochrana proti biologickému znec¢isténi,
schopnost samocisténi povrchti, apod. Zpiisoby piipravy takovych povlakli vSak zahrnuji
sofistikované vicestupnové postupy, které jsou nakladné a neposkytuji dostatecnou odolnost

hydrofilniho/hydrofobniho chovéni takto modifikovaneho povrchu.

Predkladana diserta¢ni prace je zaméfena na (i) vyvoj technologického zpiisobu vyroby
hydrofilnich/hydrofobnich povlakii z materiald odolnych proti opotfebeni s vyuzitim
technologie zdrového nastiiku; a (ii) studium pfipravenych povlakt, analyza jejich

mechanickych vlastnosti a kvality smacivosti jejich povrchu.

Prvni c¢ast prace obsahuje uvod do teorie smacivosti, volné povrchové energie,
hydrofilnich/superhydrofilnich a hydrofobnich/superhydrofobnich povrchovych Uprav a

ptehled technologii zZarovych nastiiku.

V ramci druhé, experimentalni, ¢asti byly pfipraveny povlaky na bazi Al203, Cr203-SiO2-TiOg,
YSZ a WC-Co-Cr a analyzovano jejich smacivé chovani s ohledem na topografii jejich
povrchu. Déle byly studovany povlaky YSZ s lamelarni a kolumnérni mikrostrukturou,
s ohledem na posouzeni vlivu struktury povlaku na smécivé chovani. Prezentovén je zde rovnéz
modifikovany povlak s vyuZzitim vysokofrekven¢niho plasmatu. V zavérecné fazi experimentli
byly pouzity tii rozdilné prasky na bazi WC-Co-Cr pro vyrobu povlaki odolnych proti
opotiebeni s tzv. vice stupfiovou povrchovou topografii povrchu této aktivity. V ramci bylo
zjiSté€no, Ze kombinace hrubého praSku s ultra jemnymi (~500 nm) WC ¢asticemi umoZiluje
vznik optimalni povrchové topografie s velmi vysokou hydrofobnosti, kterou lze dale
optimalizovat do superhydrofobniho stavu pomoci dodate¢né modifikace olejem na bazi Si. V
posledni ¢asti prace byla u tohoto typu povlaku stanovena odolnost smacivosti vzorktt WC-Co-

Cr pomoci testu odezvy na otér v abrazivni suspenzi a testu odolnosti vii¢i kavitaéni erozi.
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smacivost, povrchovd volnd energie, hydrofobni povlaky, superhydrofobni povlaky,

technologie Zarového nastiiku, povrchova topografie, odolnost proti opotiebeni
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1 Introduction

Wetting behavior, or wettability, is an essential property of the surface of solid materials.
Based on the wetting behavior of water, all the surfaces can be divided into
(i) superhydrophobic/hydrophobic (when water is repelled from the solid surface) and
(if) superhydrophilic/hydrophilic (when water droplets spread on the solid surface) [1].
Superhydrophobic/hydrophobic and superhydrophilic/hydrophilic surfaces are of high interest
in the research field of fundamental and applied science due to their wide range of potential
applications in almost every field of industry where interaction with water or other liquid exists
(chemical industry, machine building, machine engineering, medicine, etc.). Particular attention
is focused on surfaces with robust hydrophobic and superhydrophobic behavior. Such surfaces
are highly attractive due to the possibility to provide (i) water-oil separation (as a mesh or filters
where a superhydrophobic-oleophilic surface interacts with oil, but repels water); (ii) self-
cleaning (dust and ultra-fine particles are collected during the sliding of water droplets giving
higher performance of solar cells); (iii) anti-icing/de-icing (to prevent ice accumulation or
decrease ice adhesion in off-shore components, parts of an aircraft, and wind mills where ice
affects their productivity and/or might be a cause of a crash of an aircraft); (iv) self-condensed
microdroplets (hydrophobic surfaces are intended to provide drop-wise condensation
mechanism of heat transfer that is almost 10 times more effective than film-wise mechanism
that typically occurs on currently used hydrophilic metallic surfaces); (v) anti-biofouling
(hydrophobic/superhydrophobic surfaces have a smaller contact area with water in comparison
to hydrophilic surfaces, giving less space for micro-organisms to attach and grow on the
surfaces of the parts of the ships that are in long-term contact with water); (vi) increased
corrosion resistance (as superhydrophobic/hydrophobic surfaces have a smaller contact area
with liquid); (vii) drag-reduction (low adhesion of water to the hydrophobic/superhydrophobic
surfaces decrease an energy loss during movement of the ships and submarines in water),
etc. [2, 3].

Nevertheless, the industrial application of superhydrophobic/hydrophobic coatings is
limited due to several factors: (i) such surfaces require a combination of the so-called multi-
scale surface topography (namely co-existence of nano- and micron-sized topographical
features) with low-surface energy materials; (ii) most of the superhydrophobic/hydrophobic
surfaces show a lack of mechanical robustness, especially low wear-resistance, that leads to the
loss of the hydrophobicity during the lifetime; (iii) the majority of currently used technologies
are sophisticated, expensive, time-consuming and require the use of a vacuum/inert gas

chamber that constrains the treated surface in size and shape (e.g. electron beam, plasma
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treatment, physical vapor deposition, plasma-enhanced vapor deposition, etc.). Thus, it is
important to produce wear-resistant coatings with superhydrophobic/hydrophobic behavior
utilizing cost-effective and industrially scalable technology [4].

For these reasons, thermal spraying is of great potential for the fabrication of surfaces with
specific wetting behavior as a relatively less sophisticated technology. Thermal spraying is
already widely used in the production of wear-resistant, thermal barrier, corrosion-resistant and
other types of coatings for direct application in many industrial fields. By means of this
technology, it is possible to obtain coatings from ceramic, metallic, cermet, polymer powders
and their combinations. The group of thermal spraying includes several technologies: flame

spraying, wire arc spraying, high-velocity oxy-fuel technology, plasma spraying and others.

The present work is divided into three main parts. The first part of the thesis describes the
theoretical background of the wetting behavior, surface free energy and thermal spray
technology. The current state of the art on the superhydrophobic/hydrophobic and
superhydrophilic/hydrophilic surface treatments is also presented. In the second part, the
experimental design and methods are described. The last part, Results and Discussion, starts
with researching the wetting behavior of Al203, Cr.03-SiO2-TiO2, ZrO2-Y203 (YSZ) and WC-
Co-Cr wear-resistant coatings fabricated by the atmospheric plasma spray technique. The
wettability of the produced coatings was studied concerning their surface topography in the as-
sprayed, ground and polished states. Based on the results, YSZ and WC-Co-Cr materials were
chosen for further research. In the next stage, YSZ coatings with a columnar microstructure
were fabricated through the suspension plasma spray route using nano- and submicron-sized
powders, and these were compared with conventional YSZ coatings possessing lamellar
microstructure obtained by atmospheric plasma spraying. Furthermore, the effect of the
microstructure, surface topography and radio-frequency plasma jet surface treatment on the
wetting behavior of YSZ coatings was investigated. Finally, the wear-resistant WC-Co-Cr
coatings were fabricated utilizing high-velocity oxy-fuel spraying, using three different powder
feedstocks: coarse powder, coarse powder with ultra-fine WC particles and fine powder with
ultra-fine WC particles. The role of the surface chemical composition and surface topography
on the wetting behavior of WC-Co-Cr coatings was analyzed and discussed. The
technologically simple way to improve the hydrophobicity using Si-oil treatment of the solid
surface is also presented. The robustness of the superhydrophobic/hydrophobic behavior of the
most hydrophobic WC-Co-Cr coatings was studied using the slurry abrasion response test and
the cavitation erosion resistance test. Additionally, several preliminary tests of

superhydrophobic coatings for further potential applications were conducted and presented.
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2 Review
2.1 Wetting behavior of solid surfaces

The wettability or wetting behavior of solid surfaces is commonly determined by the value
of the water contact angle (WCA). Based on the WCA, all materials can be divided into four
main groups: (i) superhydrophilic (WCA < 10°), (i) hydrophilic (10° < WCA < 90°), (iii)
hydrophobic (90° < WCA < 150°) and (iv) superhydrophobic (150° < WCA) [1-3]. The most
important factors that have an impact on wetting behavior are surface chemistry and surface
topography.

Wetting behavior of ideally smooth surfaces

The intersection of the liquid-vapor and solid-liquid interfaces forms the angle also known
as “contact angle”, i.e., the angle between the tangent to the curved surface of a liquid droplet
and a wetted solid surface as illustrated in Figure 1. The interface where the existence of three
phases (liquid, solid and gas) appears is called the “three-phase contact line”, this line is marked
by the color red in Figure 1.

Assessment of the wetting behavior of an ideally smooth solid surface is described by
Young’s equation (1), where y, is the liquid surface tension, y, is the solid surface free energy
(SFE), v is the solid/liquid interfacial free energy and 6y is the contact angle. A graphical

illustration of Eq. 1 is presented in Figure 1.

Ysv — Vs1 = Y * COSOy (1)

Thomas Young [5] was the first who proposed the capillary theory. According to Young’s
theory, the hydrophobic surfaces possess high WCA and low y,, surface free energy in
comparison to the hydrophilic materials.

The surface free energy is a thermodynamic function that characterizes the energy of
intermolecular force of particles at the interface with particles of each of the contacting phases.
Another definition of the surface free energy is the potential energy that is concentrated at the
interface required to form a unit of surface area. The surface free energy is excessive
(SFE > 0), and the unit of SFE is J/m? [6, 7]. SFE depends on chemistry (e.g., SFE of
polytetrafluoroethylene is 21.0 mJ/m? and SFE of Cu is 1650 mJ/m?) and the aggregate state
of the material. As follows from the Eq. 1, the ideally smooth solid surfaces with a low value
of SFE are hydrophobic. Several examples of materials with low surface free energy and their

wetting behavior are summarized in Table 1.
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8y < 90° 97{' = 9(° 6y > 90°

Figure 1 Wetting behavior of ideally smooth solid surface

Table 1 Values of several solid materials’ surface energy and their water contact angles

Surface Water
Material energy contact angle Ref.
[mJ/m?] [°]
poly (methyl n=3 14.2 105.0 [8]
oly (me ropenoxy-
Y y Prop y n=5 16.0 102.4 [8]
fluoroalkylsiloxane) with
n=7 12.6 106.7 [8]
number of CF2-group (n)
n=9 12.2 109.3 [8]
Polytetrafluorethylen 21.0 110.0 [81, [9]
Octadecanol 20.0 117.0 [10]
Perfluoroeicosane 6.7 122.0 [11]
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It was experimentally observed that the material with the almost ideally smooth surface
and the lowest surface energy (regular aligned closest hexagonal packed —CFs groups of n-
Perfluoroeicosane) [11] had a water contact angle value of 119°. The SFE value of n-
perfluoroeicosane was measured as 6.7 mJ/m?. The work of Nishino et al. [11] pointed out that
it is not possible to obtain the superhydrophobic state only by lowering the surface energy of

the solid surface.

As the SFE value depends on the material's chemistry, the wetting behavior is also affected
by the surface chemistry heterogeneity, crystalline structure and grain boundaries in
polycrystalline and composite materials (e.g., cermet materials). On the smooth surface of
polycrystalline materials, there are plenty of arbitrarily oriented grains with different
crystallographic facets, and each of them might have different “solid-liquid” free surface
energy. In composite materials, grains with different chemical compositions (e.g., WC and Co)
also have different SFE values. Based on that, it can be concluded that the boundary between
two different phases or crystals might act as an energy barrier for the three-phase contact line

to move, i.e., liquid droplet to be spread and increase solid surface hydrophobicity [4].

According to the Owens-Wendt method (also known as the “harmonic mean” method), the
surface energy of a solid consists of a sum of two components: a polar component (y°) and a

dispersive (%) component, Eq. 2-5 [7, 12-14].

Vu=n+rvﬂﬁ€*ﬁ—2b€*ﬁ )

Vs = Vs + VL * cos6 @)
Y1+ cost) = 2 [yé « vt - 2+ ¥f “)
vs=vs+ v ©)

where 8 is the contact angle of the liquid on the solid surface; ys, is the interfacial energy
of solid-liquid interface; ys is the surface free energy of solid; y& is the dispersive component
of solid surface SFE; ygf’ is the polar component of solid surface SFE; y,, is the surface energy
of liquid (surface tension); y{ is the dispersive component of liquid surface energy; and y? is

the polar component of the liquid’s surface energy.
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Theoretically, the polar component refers to the dipole-dipole, dipole-induced dipole,
hydrogen bonding and acid-base interactions. The dispersive component theoretically refers to
the van der Waals interactions. As van der Waals interactions appear between all atoms and
molecules, no solid or liquid material’s SFE entirely consists of the polar component. However,
some substances’ SFE consists only of a dispersive component (e.g. alkanes). The Owens-
Wendt theory supposes that the polar part of the solid surface will interact with the polar part
of the liquid, as well as the dispersive part of the solid will interact with the dispersive part of
the liquid, see Figure 2 [14, 15]. In other words, the polar liquid (e.g., water) should spread on

the polar surface (e.g., Al203), giving a low water contact angle with hydrophilic behavior.

The most common way to measure the surface free energy of solid materials is the sessile
droplet method with measurement of the contact angles of several liquids, and further
calculations according to Young’s Eq. (1) and the Owens-Wendt method (Eg. 2-5). In the case
of the Owens-Wendt method, two known liquids are used, usually water (as a liquid with a
predominant polar component) and diiodomethane (as a liquid with y° ~ 0 polar component).
However, other known liquids can also be used, and the rule is to use liquids with a significant
difference in the distribution of the polar and the dispersive components. Several examples of

such liquids are presented in Table 2 (data is taken from the See System software).

(@) Phase 1 VL

(b) Phase 1 VL

Figure 2 Illustration of the interactions of a liquid with solid surfaces with (a) similar and (b)

different distribution of dispersive and polar components, adapted from [14]

14



Table 2 Surface tension values for different liquids from See System software

Surface tension

Liquid maim] v [mJ/m?] v [mI/im?]
Water 72.80 21.80 51.00
Glycerol 64.00 34.00 30.00
Ethylene glycol 48.00 29.00 19.00
Diiodomethane 50.80 50.80 0.00
Formamide 58.00 39.00 19.00
a-bromonaphthalene 44.40 43.50 0.00

Wetting behavior of rough surfaces

Young’s equation only describes the water wetting behavior of the ideally smooth surface,
which is impossible to find in real objects. Real objects consist of complicated micro-relief with
peaks and valleys with different shapes and dimensions. Therefore, in the first half of the 20™"
century, Wenzel [16, 17] and Cassie-Baxter [18] proposed the equations trying to incorporate
solid material rough surface in two different ways of wetting, see Figure 3. According to them,
wetting can be homogeneous (Wenzel state of wetting) without entrapped air pockets; and/or
heterogeneous (Cassie-Baxter state of wetting) with entrapped air pockets between solid and
liquid phases. The wetting mechanism depends on substrate material surface energy,

temperature, mass and speed of droplet when it impacts the surface, time of wetting, etc. [4].

AAAAAAAAAAAAAAL

Wenzel

AMAMAAAAAARAA

Cassie-Baxter

Figure 3 Schematic representation of Wenzel and Cassie-Baxter wetting models

According to Wenzel (Eq. 6), surface roughness amplifies the hydrophilicity of the
intrinsically hydrophilic solid surface (when the solid surface is hydrophilic in the ideally
smooth state); and amplifies hydrophobicity for intrinsically hydrophobic solid surface:
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cosBy, = Rs * cosOy (6)

where 6, is the contact angle of a liquid droplet on the rough surface; cos6y is the contact
angle on the similar ideally smooth surface; and Rs is the surface roughness factor that shows
the complexity of the surface and is expressed as the ratio “real surface area/projected surface
area”.

On the other hand, the Cassie-Baxter model (Eq. 7) describes the wetting behavior of the
rough surface with entrapped air pockets existing in between the liquid and solid phase, where
the liquid contact with a solid surface exists only at a small surface area and can be represented
by the equation (7):

cosOcp = fs *cosOy + f; — 1 (7)

where 6.5 is the contact angle between a liquid droplet and a rough surface; and f; is the

part of the surface area that is in contact with a liquid droplet.

Besides the general division based on the WCA value, the wetting behavior of the
superhydrophobic surfaces can also differ based on their water mobility and the value of the
sliding angle (SA). The sliding angle is defined as the minimum tilt angle of the solid surface
when the liquid droplet starts to move. If the sliding angle is low (SA < 10°), pointing to a high
water mobility with low adhesion to the surface, then the superhydrophobic surface possesses
the so-called Lotus effect; and if the sliding angle is high (water droplet does not repel from the
surface even in upside-down position), then the superhydrophobic surface possesses the so-
called Rose petal effect [19].

Nowadays, research shows that regardless of the material, to obtain superhydrophobic
behavior of the solid surface with the Lotus effect [19], the formation of the multi-scale surface
roughness is required [20]. The multi-scale rough surface consists of micro-peaks that are
covered by nano-sized peaks, see Figure 4. The presence of entrapped air pockets is most likely
in between the nano-sized peaks. Entrapped air pockets prevent the contact of the water droplet
with the solid surface, thus improve water repellency (enhance hydrophobicity) and water
mobility (lower SA) [20].

The combination of Wenzel and Cassie-Baxter models (Eq. 8) was found to be helpful in
the description of the wetting behavior of solid surfaces with the multi-scale roughness [21],
where the surface roughness factor Rs and the surface area of “solid-liquid” contact f; are

considered:

cosOcgy = Rs * fg x cosOy + f; — 1 (8)
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AAAAAAAAAAAAAAA

Ideally smooth Single-scale Multi-scale
surface rough surface rough surface

Figure 4 Schematic illustration of the wetting behavior of solid material surface with a

different type of surface roughness
2.2 Development of surfaces with specific wetting behavior
Hydrophilic/Superhydrophilic surfaces

Most well-known and widely used construction materials, such as metals and ceramics, are
hydrophilic due to their high surface free energy (metals) and polar components (ceramics). In
the review [22], it is reported that only several solid material surfaces possess almost
superhydrophilic behavior (WCA ~ 10° or below): gold, copper, chromium, TiO», quartz,
amorphous silica and glass. Such superhydrophilicity appears only if these surfaces are properly
cleaned or freshly prepared. For other less hydrophilic or even hydrophobic materials, two
common approaches of hydrophilization are used: (i) deposition of more hydrophilic molecular
structures than the base material (in the case of inorganic base materials); or (ii) modification
of the surface chemistry i.e., increasing of SFE (in the case of polymers with low SFE) [22].

In the first approach, the most studied organic molecular structures are alkanethiols on
silver, platinum and palladium; chlorosilanes on aluminum, silicon dioxide, titanium;
phosphonic acids on titanium, aluminum [22, 23]. The hydrophilic behavior of these deposited
organic mono- and multi-layers appears only when hydrophilic polar groups are at the top of
the layer. If there are hydrocarbon- or fluorine-containing groups at the top, then the layer will
show more hydrophobic behavior. Even though the water contact angle of a zero degree was
not achieved in all the aforementioned hydrophilic layers [22, 23].

The studies focused on surface chemistry modification by plasma, corona discharge, flame,
protons, electrons, ions, X-rays, y-rays and ozone treatments to tune the hydrophobic surface of

polymers into hydrophilic without an impact on the bulk properties of the materials were
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reported [22, 23]. The most studied are the plasma and corona treatments. These techniques use
accelerated electrons, which bombard the polymer structures in order to break the molecular
bonds further. After that, produced free radicals generate cross-linking, react with the oxygen
from the surrounding air and create oxygen-based groups (e.g., hydrophilic polar hydroxyl,
peroxy, carbonyl, carbonate, ether and ester groups). However, modified surface layers were of

low robustness and destroyed in the air after a short time [22, 23].
Hydrophobic/Superhydrophobic surfaces

In general, the manufacture of the hydrophobic/superhydrophobic surfaces is inspired by
various natural surfaces, and based mainly on the surface treatment to deposit low surface
energy materials and/or to form multi-scale topography [23, 24]. Plenty of methods were
applied to develop superhydrophobic surfaces including lithography, solution immersion,
plasma etching, templating, electrodeposition, sol-gel, etc. [24, 25]. As an example of such
work, the authors [26] investigated artificial Lotus multi-scale structured leaves fabricated by
replicating natural Lotus leaves (Nelumbo nucifera) microstructure using a two-step molding
process and by self-assembled tubule formed waxes isolated from Lotus leave. This study
shows that multi-scale topography amplified the water repellency of the replicate from
hydrophobic behavior with WCA of 119° (in the polished state) up to superhydrophobic
behavior with WCA of 171°,

Significant attention was recently focused on the rare-earth elements’ oxides (REO’s) due
to the work reported by Azimi et al. [27], where REO’s were presented as ceramics with
intrinsically hydrophobic behavior in the polished state. The authors observed such unusual
water repellency for ceramic surfaces and suggested its connection with REO’s electronic
structure on the 4f orbitals compared to other common ceramics such as alumina, see Figure 5.
However, it should be noted that the sintered pellets of REO’s were stored in a vacuum prior to
water contact angle measurements. Thus, the surface of pellets could also be affected by

vacuum preprocessing.

Further research on this topic shows varying results which keep the hydrophobicity of
REOs under debate: (i) authors suggest an explanation of hydrophobicity of Yb,O3 as an effect
of hydrocarbon adsorption from the atmosphere or after vacuum treatment [28, 29]; (ii) oxide-
to-metal ratio was suggested to be responsible for low-WCA of ~15° in the case of freshly
prepared CeO> with O/Ce (at. %) ratio of ~3.0 and after ultra-high vacuum treatment the O/Ce
ratio decreased to ~2.2, and the WCA increased up to 104° [30]; (iii) the low value of

electronegativity was shown as a predominant factor in the hydrophobicity of Nd-O compound
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rather than electronic structure [31]; and (iv) other work shows even complete wetting
(superhydrophilicity) with WCA of 0° of Ho203 and CeO> [32].

Hydrophilic ALO, Hydrophobic R,0

Figure 5 Schematic illustration of the difference in the electronic structure of hydrophilic

alumina and hydrophobic rare-earth element oxides [27]
2.3 Application of surfaces with specific wetting behavior

Depending on the wetting behavior, chemical, physical and mechanical properties, the

surfaces with specific wetting behavior can be used in various applications:

- water-oil separation: meshes or filters where the oleophilic-superhydrophobic surface will
attract oil from emulsion but repel the water providing separation [4, 33];

- anti-biofouling: for ships or parts of the ships where hydrophobic-superhydrophobic
surfaces will repel water and give fewer opportunities for micro-organisms to grow; and
the opposite with hydrophilic surfaces that are covered by water in off-shore what creates
conditions for different micro-organisms to grow, Figure 6 [10];

- self-condensed microdroplets: heat-transfer systems where hydrophobic surfaces are
supposed to ensure drop-wise condensation (DWC) mechanism results in ~10 times higher
heat transfer performance in comparison to film-wise condensation (FWC). Nowadays, the
steel or copper tubes covered by a thin film of oil to promote DWC heat transfer, but after
several cycles, these films are simply washed away, and metallic tubes remain uncovered

and hydrophilic with FWC heat transfer mechanism, Figure 7 [34, 35];
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self-cleaning: for solar cells, where dust or other ultra-fine particles decrease the effectivity
of the device, the usage of transparent superhydrophobic layer with superior water mobility
enables the water droplet to slide off the surface and to collect the dust and/or ultra-fine
particles [4, 36, 37];

Anti-icing, de-icing, anti-frosting: for off-shore components, platforms, outer parts of
airplanes, windmills, etc. where a high value of water contact angle and low sliding angle
(SA < 10°) could minimize ice adhesion and ice accumulation. In real applications, the
surfaces are rarely in 0° horizontal position; thus, water droplets are expected to slide off
from the surface, Figure 8 [38-40];

Corrosion resistance: as with the increase of WCA, the area of contact of a solid surface
with a corrosive liquid (water) environment is decreasing, and a chance of electrochemical
reaction is reduced [40];

Drag-reduction: of submarines, ships, pipes (as muddy-water transportation) where low
adhesion of liquid at solid surfaces will reduce an energy loss promoted by friction during
the movement of the liquid in pipes or resulting in more effortless movement of the ships
or submarines [41];

Increased cavitation erosion (CE) resistance: since the erosion mechanism of cavitation is
amplified by corrosion, and the superhydrophobic surface is expected to be more corrosion
resistant than hydrophilic; also, CE resistance of a coating is dependent on its density and
hardness [42]. Thus, hard and dense hydrophobic/superhydrophobic coatings are of great

interest for hydro-turbine applications, ship propellers, hydraulic systems, etc. [40].
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Bare AASOR3 Bare AASOS3 Bare AASOS3

SHPB AAS083 SHPB AASOR3 SHPB AASO83

Figure 6 Fluorescent micrographs showing different adhesion of seaweed (Navicula algae)
onto hydrophilic (top) and superhydrophobic (bottom) surfaces of AA5083 Al alloy [43]

Bare silicon CeO, Er,05

Figure 7 Film-wise condensation (bare silicon) and drop-wise condensation (CeO- and

Er,03); scale bars are of 5 mm [27]
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Coated Al Plate Untreated Al Plate

Supercooled
water (-20 °C)

/ Ice formed
Ice only built instantly when the
up from the supercooled
bottom edge water impacted
the plate

Figure 8 Anti-icing performance of coated superhydrophobic Al plate in comparison to
untreated hydrophilic Al plate [44]

However, most of the methods used to manufacture the coatings with specific wetting
behavior (superhydrophilic, hydrophilic, hydrophobic, superhydrophobic) have several major
disadvantages that limit their industrial-scale application, such as the time-consuming nature of
the process or constraints on the size and shape of treated components, due to the required
vacuum or inert atmosphere chamber, the insufficient mechanical stability (e.g., low wear
resistance of fluoropolymers) [45], degradation in the harsh atmosphere, or even in the sunlight,
and high technology costs associated with the purchasing cost of rare-earth element oxides and
their precursors [24, 46, 47].

Therefore, developing cost-effective and industrially scalable technology for the
fabrication of mechanically durable surfaces with a robust specific wetting behavior remains

challenging.
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2.4 Thermal spray technology

Thermal spraying is a potential candidate for the manufacturing of coatings with specific
wetting behavior. It is a highly industrialized, relatively fast and cost-effective way to deposit
coatings on a large scale. This technology is widely used in the fabrication of porous/dense,
wear-resistant/abradable, corrosion-resistant, thermal/environmental barrier, and other types of
coatings from metallic, ceramic, cermet, and polymer materials. During thermal spraying, a
feedstock material (wire, powder or suspension) is fed to a plasma or a flame jet followed by
heating and acceleration of particles towards the substrate. Thus, the formation of the coating
is a result of the plastic deformation of accelerated melted, partially melted, or un-melted
particles that impacted the substrate surface, as illustrated in Figure 9. Using thermal spraying

enables the deposition of coatings with a thickness ranging from several micrometers up to a

few millimeters.

Molten particles Oxide film

Mechanical fit
Unmelted particle

Oxide film
—\

11— Pore
-+ Substrate

— Substrate surface

Particles impacting the material

0.1Tmm

Figure 9 Principle of coating formation during thermal spray [48]

The group of thermal spraying methods consists of several technologies the most important
ones are atmospheric plasma spraying (APS), water-stabilized plasma spraying (WSP-H), high-
velocity oxy-fuel spraying (HVOF), high-velocity air-fuel spraying (HVAF), flame spraying
(FS), twin wire arc spraying (TW), detonation-gun spraying (D-Gun) and cold-gas dynamic
spraying (CG or CGS). There also exist certain modifications of these technologies based on
the type of the feedstock (e.g., powders suspension and/or precursors solution) and the
surrounding atmosphere (vacuum/low pressure): suspension plasma spraying (SPS), solution
precursor plasma spraying (SPPS), vacuum plasma spraying (VPS), low-pressure plasma
spraying (LPPS), suspension high-velocity oxy-fuel spraying (S-HVOF), etc. Figure 10 shows
the main difference among representative technologies based on the in-flight particle velocity

and the temperature of the flame [49].
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Later on, HVOF, APS, SPS and WSP-H technologies will be introduced in more detail as
the technologies used in the present work.
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Figure 10 The principal difference in flame temperature and particle velocity among thermal

spraying technologies [49]
2.4.1 High-velocity oxy-fuel spraying

The HVOF technology was developed at the beginning of the 1980s. The main principle
of HVOF is based on the combustion of gas or liquid fuel mixed together with oxygen in the
combustion chamber. The outgoing flow of gases heats and accelerates injected powders which
impinge on the substrate surface at supersonic speed, see Figure 11 [48]. As the fuel in the
HVOF process, gas (propane, ethane, propylene, acetylene, hydrogen, natural gas) or liquid
(kerosene) can be used. The HVOF torch consists of (i) the combustion chamber where gas or
liquid fuel and oxygen are introduced; (ii) convergent-divergent nozzle (de Laval nozzle) where

exhaust flow of gases is accelerated up to supersonic speed; and (iii) radial or co-axial powder
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injection. Due to intense heating during the spraying process, water cooling for the combustion
chamber and the nozzle is typically used. Nitrogen is used as a carrier gas for powder
transportation from the powder feeder to the HVOF torch. Usually, the powders of cermet
composites containing carbides reinforcements and metallic alloys in size from 5 to 45 um are
used in HVOF spraying [50]. The supersonic speed of particles during spraying promotes their
flattening at the moment of impact with the substrate and enables the formation of dense
coatings (with low porosity of ~1%) and high adhesion to the substrate [42].

- Workpiece
Combustion chamber

Spray powder supply

Powder injection

Particles Melting and Acceleration

” 7 Ignition #
Oxygen  Cooling water
Kerosene

Figure 11 Schematic illustration of a high-velocity oxy-fuel spraying torch [51]

Coatings sprayed by HVOF technology are widely used in the automotive, aerospace and
chemical industries. Examples include abrasion-resistant WC-Co/WC-Co-Cr coatings;
M-CrAlY bond coats for gas turbine thermal barriers; Ni-based corrosion-resistant coatings for
chemical reactions; and NiCr bond coats applied prior to spraying ceramic/cermet top coats by

other thermal spraying techniques [50].
2.4.2 Plasma spraying
Atmospheric plasma spraying of powders

The utilization of plasma as a heating source for spraying was patented at the beginning of
the 1960s [50]. At that time, the introduction of plasma plume into thermal spraying enabled

the enlargement of a variety of spraying materials, such as ceramics.

Conventional plasma torches consist of one (e.g., FAMB) or more (e.g., Axial IlI,
TriplexPro-210) thoriated tungsten cathode(s) and high-purity oxygen-free copper anode, see
Figure 12. The plasma plume is created by the ionization and expansion of plasma forming gas

via electric arc discharge. As plasma forming gases, technically pure Ar or mixtures of Ar+Ho,
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Ar+Ny, Ar+He, Ar+H+He, Ar+No+He can be used [50]. The powder particles are injected into
the plasma plume using Ar carrier gas through powder supply, see Figure 12. The powder
injection can be radial (e.g., as in FAMB) or axial (e.g., as in Axial II). After injection into the
plasma plume, powder particles are accelerated and rapidly heated up to a molten or partially

molten state with the aim of impacting the substrate’s surface and forming the coating.

Cooling water Powder injection
Powder supply Particles/Substrate .
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Figure 12 Schematic illustration of a single-cathode plasma spraying torch [52]

One of the alternatives to a conventional gas-stabilized plasma torch is the hybrid water-
stabilized plasma torch (WSP-H), see Figure 13. The main difference of the WSP-H is in plasma
forming gases. In the WSP-H torch, water steam and argon gas are used to create the plasma.
The chamber of the WSP-H torch is divided into several sections where water is injected
tangentially, and thus a vortex flow is created. This vortex flow of water surrounds and
stabilizes the plasma plume. The plasma plume burns between the tungsten cathode and the

water-cooled rotating anode.

Using plasma spraying (both conventional APS and WSP-H) enables the fabrication of
coatings from different powder materials including ceramic, metallic, cermet, polymers, or a
combination of them. Currently used plasma torches are capable of reaching very high
temperatures of the plasma plume up to ~12 000° C for APS and up to 16 000° C for WSP-H
torch [53]. The velocity of powder particles at the moment of impacting the substrate surface
can reach ~400 m/s. The typical size of powder particles for atmospheric plasma spraying
ranges from 20 up to 125 um. Powder particles smaller than 20 um produce agglomerates in
the powder injection tube before reaching the plasma plume, resulting in difficulties in
continuous feeding during the spraying process. The coatings microstructure of conventional

APS is lamellar with splats boundaries, voids and porosity [50].
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Using APS technology, it is possible to deposit the coatings with diverse properties such
as abrasion resistant, cavitation erosion-resistant, electrically conductive or non-conductive,
high-temperature corrosion-resistant coatings, with low-friction coefficient, oxidation resistant

coatings, thermal barriers and many others [50].

water + waler vapour
eathode tangential water
inleis

water out
exit nozele

noazle

plasma jet

|
arc column b

anode
attachment

cathode

anode

cooling U

Rotating disc
anode

Figure 13 WSP-H 500 water-stabilized plasma torch [54]
Suspension plasma spraying

The principle of suspension plasma spraying (SPS) is the same as for atmospheric plasma
spraying, with the only difference being in the state of the feedstock, see Figure 14. As spraying
of powder particles with a size below 10 um is problematic in the conventional atmospheric
plasma spray technique, fabrication of coatings from nano- and submicron-sized powders can
be done via suspension plasma spraying [55-58]. The content of powder particles in the
suspension might vary from 2.5% up to 40% (wt.). Usually, preparation of in-lab made
suspension consists of several steps: (i) dispersion of nano-, sub-micron or micron-sized powder
in a solvent (typically in ethanol or in water, or in their mixture); (ii) addition of dispersant to
prevent agglomeration and postpone sedimentation; and (iii) magnetic stirring or mechanical
ball milling to ensure continuous mixing. There are also commercially available ready-to-spray
suspensions [49, 57]. During the plasma spraying process, the suspension can be injected into
the plasma plume radially (in the case of FAMB and WSP-H plasma torches) or axially (in the
case of Axial Il plasma torch) [57-59]. The utilization of suspensions with ultra-fine solid
particles allows the production of coatings with finer and denser lamellar microstructure
compared to conventional atmospheric plasma spraying. In addition to lamellar microstructure,
see Figure 15a, it is possible to fabricate coatings with a columnar microstructure, see
Figure 15b [61].
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The application of liquid feedstock with ultra-fine powder particles in plasma spraying was
found to be useful in producing solid oxide fuel cells, thermal barrier coatings, wear-resistant

coatings, bio-active coatings and photo-catalytic coatings [57, 60-62].

Substrate

Cathode
N\

Plasma jet

Anode Coating

Figure 14 Schematic illustration of suspension plasma spraying with radial injection, adapted
from [63]
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Figure 15 Representative examples of suspension plasma sprayed dense lamellar (a) and

columnar (b) microstructure [61]
2.5 Thermally sprayed coatings with hydrophilic/hydrophobic wetting behavior

Several attempts to fabricate thermally sprayed coatings with superhydrophilic/hydrophilic
properties were made. Suspension- and powder-flame spraying were used separately to form
the final bi-modal thin film of TiO2 with superhydrophilic behavior [64]. The APS was utilized
to deposit hydrophilic Ti-coatings onto PEEK substrate for medical applications [65].
Ghosh et al. [66] fabricated slippery WC-Co coatings employing the HVOF technique. These
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coatings were hydrophobic (with WCA of 103° and SA of 41°) in the as-sprayed state, that was
turned into the hydrophilic slippery surface (with WCA of 60° and SA of 20°) after nano
finishing by shape adaptive grinding machine [66].

In the case of hydrophobic and superhydrophobic coatings, two approaches with low-
surface energy organic materials mainly were used: (i) modification of the initial feedstock [67,
68]; and (ii) subsequent post-treatment of the coating [69, 70]. All coatings exhibited very high
WCA above 150° and small SA below 10°. Several studies reported on
hydrophobic/superhydrophobic behavior without the application of low-surface energy organic
materials as well. For instance, Qiao et al. [71] provided additional laser-texturing surface
treatment onto HVOF sprayed WC-Co-Cr coatings that increased WCA up to 136.5°. Vijay et
al. [72] reported on HVAF sprayed WC-Co-Cr coatings with multi-scale surface topography
with the WCA of 135.1°. The formation of the multi-scale surface topography is explained by
the presence of fine carbides on the surface. Xi et al. [73] deposited WC-Co coatings using
HVOF that showed hydrophobic behavior in the as-sprayed state with WCA of 123° + 2.3°. In
order to improve coatings’ hydrophobicity, surface modification by additional deposition of
hydrophobic nano-SiO, powder was done and the WCA of the coatings was increased up to
154.3° £+ 3.0°.

Another direction in the fabrication of hydrophobic/superhydrophobic coatings is the
spraying of rare-earth elements’ oxides. Highly hydrophobic behavior (WCA ~ 139°) was
reported on CeO> plasma sprayed coatings in the as-sprayed state [46]. Bai et al. [74] reported
on the hydrophobic behavior of CeO2 suspension-HVOF sprayed coatings with WCA in the
range of 134° to 146°. Xu et al. [24, 47] fabricated Yb2Os utilizing solution precursor
atmospheric plasma spraying (SPAPS) and solution precursor vacuum plasma spraying
(SPVPS) that showed superhydrophilic behavior in the as-sprayed state. The superhydrophobic
state was obtained after 12 hours of vacuum treatment. However, the robustness of the
superhydrophobic/hydrophobic behavior leaves much to be desired as it was completely lost
after 10 min at 300° C, and coatings became superhydrophilic [24]. After the sand erosion test
of Yb2O3 SPAPS and SPVPS coatings, the decrease of the WCA from 163° to 96° (for SPAPS)
and from 155° to 140° (for SPVPS) was observed after only 5 cycles of testing.
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3 Aims of the thesis

The main aim of the thesis is to develop a technology to fabricate wear-resistant
hydrophobic/hydrophilic coatings employing the thermal spraying process; and to provide the
detailed analysis of the produced coatings, assessment of their mechanical properties and
robustness of the wetting behavior.

To fulfill the main aim of the thesis, the following steps were designed and performed:

e Spraying of wear-resistant coatings from commercially available powders, namely Al2Os,
Cr203-Si02-TiO2, ZrO,-Y203 (YSZ) and WC-Co-Cr using APS technique;

e Study of the plasma sprayed coatings in the as-sprayed state and after #220 abrasive paper,
9 um, 3 um and 1 um diamond suspensions (grinding and polishing) in order to determine
a correlation between surface topography parameters and water wetting behavior;

e Spraying of YSZ coatings using ultra-fine powder particles in suspension feedstock to
study the effect of different types of microstructure (lamellar vs. columnar) onto wetting
behavior in the as-sprayed state;

e Improvement of the wetting behavior up to superhydrophobic state of suspension plasma
sprayed YSZ coatings via additional surface modification;

e Investigation of the fabricated modified and unmodified YSZ coatings via SEM, EDX,
topography analysis, and determination of their water contact angles;

e  Fabrication of the wear-resistant WC-Co-Cr coatings from three different powders (coarse,
coarse with ultra-fine WC, and fine with ultra-fine WC) employing HVOF spraying in
order to obtain multi-scale surface roughness;

e Development of a technologically simple way to amplify hydrophobicity of the coatings
surface;

e Detailed characterization of the WC-Co-Cr coatings through SEM, EDX, XRD, XPS and
assessment of topographical features, water contact angles and surface free energies in four
states, namely (i) as-sprayed, (ii) as-sprayed modified, (iii) polished and (iv) polished
modified,;

e Carrying out the slurry abrasion response test and cavitation erosion test on the WC-Co-Cr
coatings in the as-sprayed and as-sprayed modified states to estimate the robustness of the

wetting behavior.
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4 Experimental design and methods

In order to fulfill the aims and obtain the results, structural observation, surface chemistry
and phase analysis, surface topography investigation, water contact angle measurements, free
surface energy evaluation, wear-resistance and cavitation erosion tests were conducted. The

flowchart of the experimental design is presented in Figure 16.

Wetting behavior of conventional ceramic and cermet APS coatings

Samples: Al,O,, Cr,0;-SiO,-TiO,, YSZ and WC-Co-Cr

‘ Introduction of ultra-fine particles ‘

Role of microstructure in wetting Effect of ultra-fine WC particles on
behavior of YSZ coatings wetting behavior of HVOF WC-Co-Cr
(APS lamellar vs. SPS columnar) coatings

(coarse powder vs. coarse powder + ultra-
Samples: F4 YSZ, WSP-H YSZ, A3-D YSZ fine WC vs. fine powder + ultra-fine WC)
and A3-P YSZ
Samples: C16, CU16 and CU31

= @

Mechanical properties and robustness of hydrophobicity of WC-Co-Cr HVOF coatings
(HV, SAR, CE, icephobic, acid-phobic, self-cleaning, muddy-water transportation)

Samples: C16 and CU16

Figure 16 The flowchart of the experimental design used in the present work

At first, it was decided to make screening and spray commercially available wear-resistant
ceramic (Al203, Cr203-SiO2-TiO2, ZrO2-Y203 (YSZ)) and cermet (WC-Co-Cr) powders by
using the APS technique. This step was done with the aim of obtaining the first experience on
how the water will behave on a surface of conventional coatings widely used in the industry.
The spraying process of all aforementioned powders was performed in cooperation with S.A.M.

— metaliza¢ni spole¢nost s.r.o. (Brno, Czech Republic).

Based on the obtained results, YSZ and WC-Co-Cr materials were selected for further
research: (i) to estimate the influence of different parameters of plasma spraying of YSZ powder
and suspension with ultra-fine particles on coating microstructure and wetting behavior; (ii) to
investigate the wettability of WC-Co-Cr coatings fabricated by HVOF spraying utilizing three
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different feedstocks (coarse powder, coarse powder with ultra-fine WC and fine powder with
ultra-fine WC); and (iii) to provide additional surface treatment. In this research stage, spraying
of YSZ suspension was done at the Institute of Plasma Physics of the Czech Academy of
Science (Prague, Czech Republic) and at the Institute of Energy and Climate Research,

Forschungszentrum Julich GmbH (Jilich, Germany).

The final part of the experimental work focused on evaluating the mechanical performance
of the produced WC-Co-Cr coatings and assessing the robustness of their wetting behavior,
including short-term testing on icephobic, acid-phobic, muddy-water transportation and self-

cleaning performance.
4.1 Thermal spraying process

An APS set-up (APS MF-P-1000 (GTV, Germany), equipped with the FAMB-XL plasma
torch (Oerlikon Metco, Switzerland), was used to produce coatings from commercially
available powders on metallic substrates. As a substrate, the coupons of C45 construction steel
(diameter 25.4 mm, height 5 mm) were used. Before spraying, the substrates were grit blasted
by corundum particles with the aim of activating the surface and assuring the proper surface
roughness for better mechanical interlocking of the coating. In order to improve the adhesion
of the ceramic coatings to the substrate, the bond coats from the NiCr (Amperit 251, Hoganéas
AB, Germany) powder feedstock were sprayed first. After spraying of the bond coats, the top
coats from AlOsz (40.05.1G, GTV, Germany), 92Cr,03-5Si0,-3TiO; (40.36.7G, GTV,
Germany), 92Zr0,-8Y.03 (YSZ) (40.23.1G, GTV, Germany) and 86 WC-10Co0-4Cr (80.76.1G,
GTV, Germany) were sprayed. The initial powders and spraying parameters used are listed in
Table 3.

Hybrid water-stabilized plasma torch WSP-H 500 (ProjectSoft HK a.s., Czech Republic)
was used to spray YSZ ethanol-based suspension with 25 wt.% of suspended solid

particles [54].

Table 3 Atmospheric plasma spraying parameters

Feedstock Ar [slpm]  H2 [slpm] Current [A]  Spray distance [mm]
NiCr 45 11 600 140
Al2O3 41 14 530 120
92Cr203-5S10,-3TiO2 40 13 650 110
927r02-8Y203 40 12 630 80
86WC-10Co-4Cr 55 4 700 140

32



To estimate the suspension spraying conditions of YSZ coatings on wetting behavior, two
sets of samples with different spraying trajectories were fabricated using the Axial 11l high-
power plasma torch (Northwest Mettech Corporation, Canada), see Table 4. The difference
between two sets of samples was in the robot’s movement trajectory. The trajectory for the A3-
D YSZ sample was shorter, as well as the cooling time of the sample during spraying, in
comparison to the sample A3-P YSZ. Laboratory made ethanol-based suspension with 5 wt. %
of YSZ solid content, see Figure 17 (mixed TZ-5Y and TZ-3Y powders, Tosoh Corporation,
Japan), was used to deposit coatings onto the metallic substrate. Before YSZ top coat

deposition, grit blasting and bond coat spraying were performed.

Table 4 YSZ suspension plasma spraying parameters for Axial 111 plasma torch

Spray Robot
Sample  Ar [slpm] H> [slpm] N2 [slpm]  Current [A] distance trajectory
[mm] [mm]
A3-D 200 * 2 *16
184 36.5 24.5 230 70
A3-P 320*2*16

Figure 17 SEM micrographs of (a) YSZ powder used in suspension and (b) its detail

The high-velocity oxy-fuel spraying technique (GLC 5 HVOF torch, GTV, Germany) was
used for further investigation of WC-Co-Cr coatings and their wettability. Three series of
cermet coatings were fabricated from commercially available agglomerated and sintered
powders GP10C-16, GP10CU-16 and GP10CU-31 (XTC, China) with different distribution of
particle size (i) coarse, (ii) coarse with ultra-fine WC and (iii) fine with ultra-fine WC,
respectively. The morphology of powder particles is shown in Figure 18. The coatings
henceforth are designated as C16, CU16 and CU31 based on the powder feedstock. As
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substrates, AISI 304 stainless steel coupons (30 mm * 10 mm) with NiCr (Amperit 251,
Hoganas AB, Germany) bond coat (~150 pum thickness) were used. Here, stainless steel was
used as a substrate because of the planned testing of coatings by the slurry abrasion response
test and the cavitation erosion resistance tests performed in artificial seawater. Prior to spraying,
grit blasting of metallic substrates with alumina particles and cleaning in an ultrasonic bath
were provided to improve surface roughness for better adhesion strength of the coating and to
remove organic contaminations, respectively. Before each spraying run, the substrate
temperature was kept in the range of 30-40 °C. To record in-flight behavior (temperature and
velocity) of powder, an AccuraSpray G3C system (Tecnar Automation, Canada) was used and
measurements were done at the distance of 200 mm. Spraying parameters, feedstock powder
description and in-flight powder characteristics are summarized in Table 5.
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Figure 18 Morphology of (a) GP10C-16, (b) GP10CU-16 and (c) GP10CU-31 powders,

where WC particles (white color) embedded into Co-Cr matrix (light gray color)

Table 5 Spraying parameters and feedstock powder description

Coating designation C16 CuUl6 CuU31
Feedstock powder GP10C-16 GP10CU-16 GP10CU-31
Powder chemical composition [wt. %] 86WC-10Co-4Cr
Agglomerate size [um] -25+5 -10+2
W(C carbides size [um] >0.5 <05

Ethylene [slpm] 96

Oxygen [slpm] 252

Spray distance [mm] 200

Robot movement speed [mm/s] 600
In-flight particle velocity [m/s] ~610 ~615 ~680
In-flight particle temperature [°C] ~2200 ~2130 ~2020
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4.2 Samples’ surface modification

Surface modification of YSZ samples was done by a radio-frequency (RF) plasma jet
developed at Masaryk University (Brno, Czech Republic). It was reported elsewhere [75] that
RF-plasma surface treatment improves hydrophobic performance on the glass surface. A
schematic illustration of the RF-plasma device used for this purpose is presented in Figure 19.
Apparatus constiting of a 1-1000 W RF power supply operating at 13.56 MHz, with an LC
matching unit for power loss elimination and silicon capillary jet. As a carrier gas, argon with
the addition of hexamethyldisiloxane (HMDSO, 98.5%, Sigma Aldrich) was used. The
HMDSO was introduced to the RF-plasma jet in vapor form using bubbler and secondary carrier
argon flow. Deposition of the hydrophobic layer was carried out at the constant conditions, i.e.,
input power 150 W, deposition time 40 s, the distance between the sample surface and jet orifice

of 3 cm, main argon flow 5 I/min and additional argon flow carrying HMDSO vapors 2 I/min.
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Figure 19 RF plasma jet system - 1 — capillary plasma jet; 1.1 — RF electrode; 2 — LC
matching unit; 2.1 — coaxial cable; 3 — RF supply (13.56 MHz); 4 — gas distribution; 4.1 — gas

storage; 4.2 — tube/hose connections; 4.3 — flowmeter; 4.4 — bubbler.

Regarding the surface chemistry modification of HVOF cermet coatings (C16, CU16 and
CU31), a technologically simple way to improve hydrophobicity of the coatings using a
hydrophobic agent was developed and applied. Silicon oil (Novato, Czech Republic) on a
polydimethylsiloxane (PDMS) basis was chosen for this study due to its availability and low
purchasing cost. The mixture of oil and isopropyl alcohol (50/50 vol. %) was sprayed onto the
coatings’ surface from a distance of 300 mm under the angle of 90°, see Figure 20.
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Subsequently, these modified samples were put under the vacuum of 1x10 Pa pressure to let
the thin oil coating mixture penetrate the thermal sprayed coating to fill the open interconnected
pores. Following that, the samples were cured in a furnace at a temperature of 350 °C for 30
min. After curing, a very thin transparent layer was present on the coating's surface. The silicone
oil treatment was used with the aim of (i) providing superhydrophobic behavior and to (ii)
eliminating the influence of initial as-sprayed coating surface chemistry, in order to study the
role of surface topography in the wetting behavior.

( 350°C; 30 min
@ ) o oy |

Figure 20 Illustration of silicone oil surface treatment
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4.3 Samples’ surface preparation

The Al>O3, Cr203-Si0,-TiO2, YSZ and WC-Co-Cr plasma sprayed coatings were studied
in the as-sprayed, ground (after #220 abrasive paper and 9 pum diamond suspension) and
polished (after 3 um and 1 um diamond suspensions) states, in order to understand the influence
of surface topography of commercially utilized coatings on their wetting behavior. The YSZ
coatings (namely A3-D and A3-P) sprayed from suspension were analyzed in as-sprayed and
as-sprayed modified states (after RF-plasma treatment). Cermet coatings of WC-Co-Cr (C16,
CU16 and CU31) were evaluated in the as-sprayed, polished, as-sprayed modified and polished
modified (after Si-oil treatment) states. These are further termed as AS (as-sprayed), P
(polished), AS-M (as-sprayed modified) and P-M (polished modified).

Polishing was performed using diamond suspensions, starting from 9 um down to 1 pum
diamond abrasive particles in size, until the surface root mean square height Sq was < 0.20 um
and the surface roughness factor Rs was < 1.01. These polished samples were prepared in order
to eliminate the influence of surface topography and thus to determine the effect of phase

composition and surface chemistry on wetting behavior and free surface energy values.
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4.4 Coatings characterization
4.4.1 Microstructure, elemental and phase analysis

Investigation of samples cross-sections of atmospheric plasma sprayed coatings was
carried out by using an optical microscope Olympus DSX 510 (Olympus, Japan). Details of the
microstructures were observed by scanning electron microscopes LYRA3 (Tescan, Czech
Republic) and Verios 460L (Thermo Fisher Scientific, USA). Energy-dispersive X-ray
spectroscopy was performed using an X-ray spectrometer XFlash 5010 detector (Bruker, USA)
equipped on LYRA3 SEM. The XRD SmartLab 3kW diffractometer (Rigaku, Japan) in the
Bragg-Brentano geometry with Cu-Ka radiation (A = 0.154 nm) with a current of 30 mA and
voltage of 40 kV was used to investigate the phase composition of thermally sprayed coatings.
The diffractograms were taken from 20° to 90° with 0.02° step size and 1 s of the scan time.
X’Pert Highscore v.3a software with implemented Rietveld refinement method was used for
qualitative and quantitative phase analysis of diffraction patterns. Following crystallographic
models from the International Crystallographic Database were applied to determine detected
phases, i.e. Al203 (ICSD 98-002-8260; 98-000-9770), Cr.03 (ICSD 98-002-5781), SiO> (ICSD
98-003-4927), Cr (ICSD 98-062-5712), CoO (ICSD 01-070-2855), W,C (ICSD 98-003-0008;
98-007-7568), W (ICSD 01-089-3012), WC (ICSD 98-001-5406; 01-072-0097), CrN (ICSD
98-005-3146), WO, (ICSD 98-000-8217) and YSZ (ICSD 98-007-5309; 98-007-5310; 92-006-
2994).

The crystallinity was calculated in the Highscore v.3a software using the “constant

background intensity” method. The crystallinity C [%] was determined using the Eq. 9:

= 1003 1

X Ito tal_z Iconst.bgr.

(9)

where X7 is the area of crystalline peaks, X7t IS the total diffraction pattern area and

2leonsthgr IS the area of constant background, which is subtracted from the total intensity [76].
4.4.2 Surface chemistry analysis

XPS analysis was performed at a Kratos Analytical Axis Supra spectrometer (KRATOS-
XPS, Kratos Analytical Ltd., UK), with a monochromatic Al source at 80 eV pass energy for
wide spectra and at 20 eV for high-resolution spectra of C 1s, O 1s, W 4f, Co 2p and Cr 2p
peaks. The scanned area of the coating surface was 300x700 pum?. For post-processing and
deconvolution of the aforementioned peaks, the CasaXPS 2.3.22PR 1.0 software with synthetic

peak models and constraints supported by the existing literature was used [77-81]. As
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wettability of the solid surface is dependent on the chemistry of the very thin surface layer,
X-ray photoelectron spectroscopy (XPS) was carried out onto as-sprayed, polished and polished
modified surfaces of C16, CU16 and CU31 coatings to investigate the surface chemical
composition. Additionally, XPS analysis was carried out onto WSP-H, A3-D and A3-P YSZ
samples with a columnar microstructure. All the samples were cleaned in the ultrasonic bath

with isopropyl alcohol and further dried by hot air before measurements.
4.4.3 Surface topography characterization

The detailed surface features of thermally sprayed coatings were recorded by the scanning
electron microscope LYRAS3. The quantitative data of coatings surface topography was
measured by an optical profilometer MicroProf-100 (Fries Research and Technology Gmbh,
Germany) and an optical laser confocal microscope LEXT OLS 4100 (Olympus, Japan). The
data obtained from MicroProf 100 and LEXT OLS 4100 was post-processed in Gwyddion 2.53
open-source software. Post-processing consisted of (i) mean plane subtraction to provide plane
leveling of the data/figure, and (ii) Kuwahara filtering, which is an edge-preserving smoothing
technique, used in order to eliminate the noise and the artifacts from data/figure. Only these two
aforementioned steps were selected because they did not significantly change the measured
data. Five regions of 5 mm? and/or ~600 pum? areas were analyzed for each sample surface
topography investigation. The larger area (5 mm?) was used only for comparative surface
topography analysis of the coatings sprayed from solid feedstock, where powder particles were
in the size of tens of microns. A smaller surface area of ~600 um? was selected in order to detect
fine and ultra-fine topographical features (below 3 pum). The analysis of ~600 um? area was
then performed for polished surfaces (to detect small-sized valleys/pores and peaks), for
suspension plasma sprayed coatings (as suspended powder particles were below 3 pm in size)
and for HYOF WC-Co-Cr coatings produced from bi-modal feedstock (as it contained ultra-
fine WC particles).

The coatings surface topography was characterized by the surface arithmetic mean height
(Sa), the root mean square height (Sq), the skewness (Ssk), the kurtosis (Sku) and the surface
roughness factor (Rs) in order to investigate the role of topography on wetting behavior. The
surface arithmetic mean height Sa and the root mean square height Sq, which are the areal
analogs of widely used profile arithmetical mean height (Ra) and profile root mean square
height (Rq), provide information on the vertical extent of a surface. The skewness describes
whether the surface has predominantly high peaks (Ssk > 0) or deep valleys/pores (Ssk < 0); the
kurtosis reveals if the peaks and valleys are sharpened (Sku > 3) or flattened (Sku < 3), see

Figure 21.
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The developed interfacial area ratio Sdr, which is defined in the ISO 25178-2 standard [82],
can be used to explain the complexity of the coatings surface topography. This Sdr parameter
was found to be useful in describing the wetting behavior of cermet-based surfaces [72].
However, in this study, the surface roughness factor Rs is used instead of Sdr because Rs
appears in the Wenzel (Eg. 6) [16, 17] and in the combined Wenzel-Cassie-Baxter (Eq. 8) [21]
models of wetting. The surface roughness factor Rs shows the ratio of “true” surface area per

its projection and Rs directly correlates with Sdr as Rs = Sdr + 1 [83].

Rku> 3 Rku< 3
(a)
Mean line |-/---4
(b) Rsk> 0 Rsk< O
Mean line [/-¥--L

Figure 21 Illustration of (a) kurtosis Rku and (b) skewness Rsk on different profiles; Rku and

Rsk are profile analogs of Sku and Ssk
4.5 Wetting behavior and surface free energy measurements

The surface energy values and the data on the water wetting behavior of experimental
samples were obtained from the sessile droplet method using See System E (Advex Instruments,
Czech Republic) with eponymous image analysis software. Before measurements, each
samples’ surface was cleaned in an ultrasonic bath with isopropyl alcohol and dried by hot air
to remove dust and organic impurities from the coating's surface. During the sessile droplet
method for WCA and SFE measurements, 10 droplets of 3 pul of a liquid were deposited onto
the surface of a coating, and the angle of the “vapor-liquid-solid” interphase line was measured.
These tests were conducted at room temperature. The small volume of liquid was used to reduce

the impact of gravitational force on the shape of the droplets.

The sessile droplet method on a smooth solid surface is based on Young’s equation (Eq.1),
where the solid surface free energy, the solid/liquid interfacial free energy, the liquid surface
39



tension and the contact angle parameters are included. Calculation of the SFE was carried out
using the Owens-Wendt model. For these measurements, sets of water and diiodomethane
droplets were deposited onto the solid surfaces with further evaluation of their contact angles.

All calculations were provided by the See System E software.

4.6 Mechanical properties and wear/erosion resistance of

hydrophobic/superhydrophobic coatings

Prior to wear-resistant tests, all the superhydrophobic coatings were subjected to the water-
flush test for ~5 min using tap water [24]. Only the WC-Co-Cr modified coatings did not show
any degradation of the wetting behavior after this short test, therefore, these samples were

chosen for further analysis.

The mechanical properties of HVOF sprayed WC-Co-Cr coatings were evaluated using the
Vickers microhardness test. Due to the absence of standardized methods for assessment of the
mechanical robustness of the hydrophobic/superhydrophobic behavior, the slurry abrasion

response (SAR) and the cavitation erosion (CE) resistance tests were used.

The SAR test is commonly applied to rank the materials that are used for pumps and in the
fluid transport systems. The CE resistance test is directed to estimate the resistance of the
materials against cavitation damage. Such damage occurs in hydraulic turbines, bearings, ship
propellers, valves, spillways, etc. The two C16 and CU16 representatives with the highest

hydrophobic performance were selected for SAR and CE resistance tests.

Additionally, the Vickers microhardness measurements were carried at the samples cross-
sections by an average of at least 12 indents with HV 0.3 load using DeraScan G75 tester

(Struers, Germany).

The slurry abrasion response test (ASTM G75 Standard Test Method for Determination of
Slurry  Abrasivity (Miller Number) and Slurry Abrasion Response of Materials
(SAR Number)) [84] is a wear-resistant test where the samples are exposed in a slurry media
and wear against the rubber with a pre-setup force of 22.24 N with 48 cycles per minute, see
Figure 22a. The duration of the test was 6 hours, split into three 2-hours sessions. As a slurry,
the mixture of artificial seawater (ASW) and 50 wt. % of Al.O3 (30 — 50 pum in size) was used.
The as-sprayed modified and unmodified samples were tested as follows: (i) unmodified
samples were tested for 6 hours (17 280 cycles) with topography and WCA measurements after
4 and 6 hours of testing; (ii) modified samples were tested for 1 minute (48 cycles) until the

coatings’ superhydrophobic behavior was lost. The unmodified samples were examined after 4

40



and 6 hours because it was a period when the wetting behavior of the coatings was changed

from hydrophobic to hydrophilic.

The cavitation erosion resistance test (ASTM G32 — 16 Standard Test Method for
Cavitation Erosion Using Vibratory Apparatus) [85] was performed using an alternative method
where the coating surface was facing the horn of the vibration apparatus (Sonopuls Ultrasonic
Homogenizer HD 3400, Bandelin, Germany) with a frequency of 20 kHz and an amplitude of
50 um, see Figure 22b. The distance between the horn and the coating surface was 0.5 mm. The
as-sprayed hydrophobic samples were tested until the hydrophobic behavior was lost; that was
165 min for the C16 sample and 120 min for the CU16 sample. The superhydrophobic coatings
were tested for 20 minutes and terminated once the superhydrophobic effect was lost. The
cumulative mass loss, coatings’ surface top-view and wetting behavior changes were observed

and evaluated after the test.

(a) (b) Ultrasonic generator

F=2224N
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Figure 22 Slurry abrasion response (a) and cavitation erosion (b) tests

Several short-term tests for icephobic, acid-phobic, self-cleaning and muddy-water
transportation performance of superhydrophobic C16 and CU16 coatings were also performed.
The preliminary estimation of the icephobic behavior was conducted on superhydrophobic
(C16/CU16 AS-M) and hydrophobic (C16/CU16 AS, C16/CU16 P-M) coatings in comparison
to bare aluminum and stainless-steel substrates. During the test, several 3 pl droplets of
deionized water were dripped onto the solid surface of a coating/substrate, and immersed into
the laboratory freezer with -10° C temperature in order to froze the water droplets. After
complete freezing, the contact angle between the ice-droplet and the solid surface was

evaluated.
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For analysis of “acid-phobic” performance, a droplet of the mixture of sulfuric acid in water
(4.7 M, 9.3 M and 14 M) and pure sulfuric acid was dripped onto the surface of C16/CU16 AS
and C16/CU16 AS-M coatings. The contact angle between the liquid droplet and solid surface

was estimated.

For the self-cleaning test, the sample was covered by fine alumina powder particles (below
1 um in size) and tilted at the angle of ~10°. Then, the water droplets were sent to the surface

with the aim of sliding off and collecting the alumina powder particles.

The muddy-water transportation test was carried out via sending the continuous flow of a
water-based slurry consisting of ultra-fine WC powder particles (50 wt. %) on the coating’s

surface that was tilted at the angle of ~10°.
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5 Results and discussion

5.1 Wetting behavior of YSZ, Al203, Cr203-SiO2-TiO2 and WC-Co-Cr plasma

sprayed coatings
5.1.1 Microstructure and phase composition

Analysis of cross-sections of atmospheric plasma sprayed coatings showed that the
coatings consisted of compact splat-like or lamellar microstructure with a low number of
unmelted particles, see Figure 23. Based on the results of the digital image analysis, the
thickness of the coatings was in a range from ~290 pum to ~780 um and the porosity ranged
from ~3 % to ~7 %, see Table 6. The presence of vertical and randomly oriented cracks was
observed in the YSZ and Cr203-SiO>-TiO> coatings, respectively, Figure 23a and Figure 23c.
The XRD measurements and Rietveld refinement, see Table 6, confirmed the decomposition of
initial powder feedstock of Cr203-SiO.-TiO2 and WC-Co-Cr coatings with the formation of Cr
and W>C phases, respectively. The presence of WO, CrN and CoO phases, Table 6, suggests
that molten or partially molten powder particles of WC-Co-Cr decomposed and interacted with
the atmosphere during plasma spraying. In the case of coatings sprayed from the initial Al.O3
feedstock, the XRD analysis revealed the formation of n-Al203 (~94%) with a small amount of
a-Al>03 (~6%). The coatings of yttria-stabilized zirconia (YSZ) consisted only of a metastable
tetragonal ZrO»-Y203 (t'-YSZ) phase, which is typical for plasma sprayed Y SZ deposits. Based
on XRD analysis, all of the coatings were supposed to show attraction to water, since they

mostly consisted of intrinsically hydrophilic ceramic components.

"‘;(b) Al203

Figure 23 Cross-sections of (a) YSZ, (b) Al2Og, (c) Cr203-SiO2-TiO; and

(d) WC-Co-Cr coatings; pores are marked by red color
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Table 6 Rietveld refinement and porosity measurements of YSZ, Al20s, Cr.03-SiO.-TiO2 and
WC-Co-Cr plasma sprayed coatings

Coating Phases [wt. %] Porosity [%]
YSZ t'-YSz 3.1
ALOS N-Al20s — 94% 6.9
a-Al203 — 6%
Cr203-91 %
Cr203-Si02-TiO2 Cr—7% 6.8
Si02—-2%
W2C —-43 %
WC - 18 %
WC-Co-Cr WO;-2% 5.6
Co0-22%
CrN-15%
5.1.2 Surface topography

Analysis of surface topography was performed on ceramic and cermet coatings in the as-
sprayed state, after grinding with #220 abrasive paper and after polishing with diamond

suspensions containing 9, 3 and 1 um abrasive particles. The results are shown in Table 7.

The values of the surface arithmetic mean height Sa, the root mean square Sq, the skewness
Ssk and the surface roughness factor Rs decreased gradually from the as-sprayed state down to
the polished state. On the contrary, the values of the kurtosis Sku increased. The decrease of the
surface arithmetic mean height Sa, the root mean square Sq and the surface roughness factor Rs
was connected to the removal of peaks and the progressive flattening of the surface during the
grinding/polishing process. The decrease in the skewness Ssk values shows that the surface
predominantly consisted of deep valleys/pores as the grinding/polishing process mostly
affecting the peaks rather than the valleys. The gradual increase in the kurtosis Sku can be
explained by the use of finer abrasive particles with each subsequent step of surface treatment

(from grinding with #220 abrasive paper down to polishing with 1 um diamond suspension).
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Table 7 Roughness parameters of as-sprayed, ground and polished surfaces of YSZ, Al>Og,
Cr203-Si02-TiO2 and WC-Co-Cr coatings

Coating Surface condition  Sa[um] Sq[um] Ssk[-] Sku[-] Rs [-]

As-sprayed 9.1 11.6 0.12 3.11 1.25

#220 1.0 1.9 -1.04 3.30 1.01

YSz 9 um 0.3 1.0 -1.32  10.01 1.01

3 um 0.2 0.8 -143  10.21 <1.01

1um 0.2 0.7 -1.34 12.32 <1.01

As-sprayed 8.8 10.9 0.22 2.90 1.10

#220 0.9 1.2 -0.90 3.53 1.01

AlzO3 9 um 0.6 0.8 -1.22 4.54 1.01
3um 0.3 0.4 -1.84 8.10 <1.01

1pum 0.2 0.3 -2.01 9.92 <1.01

As-sprayed 9.1 11.4 0.20 2.80 1.20

C10s-Si0n- #220 0.7 0.8 -0.64 3.63 1.01
Tio, 9 um 0.3 0.4 -0.72 7.81 1.01

3 um 0.1 0.2 -0.91 9.92 <1.01

1um 0.1 0.1 -1.03  10.54 <1.01

As-sprayed 9.3 11.6 0.34 2.90 1.21

#220 1.0 1.3 -1.22 4.44 1.01

WC-Co-Cr 9 um 0.2 0.3 -1.40 4.83 1.01
3 um 0.1 0.2 -1.73 1254 <1.01

1um 0.1 0.1 -1.80  15.50 <1.01

5.1.3 Wetting behavior

All YSZ, Al>0s3, Cr.03-SiO2-TiO2 and WC-Co-Cr plasma sprayed coatings revealed
hydrophilic behavior in the as-sprayed, ground and polished surface states with a water contact
angle (WCA) below 90°, see Table 8. The wetting behavior of ceramic coatings in the as-
sprayed and polished states was found to be similar. The most significant difference in WCA
between different surface states, as well as the highest WCA value, was observed for the cermet
WC-Co-Cr coating, namely from ~89° in the as-sprayed state down to ~55° after grinding and

up to ~73° in the polished state.
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Table 8 WCA measurements of as-sprayed, ground and polished surfaces of YSZ, Al>O3,
Cr203-Si02-TiO2 and WC-Co-Cr coatings

Coating Surface condition WCA [°] WCA after 300 sec [°]
As-sprayed 71+2 64+3
#220 69+1 61+3
YSz 9 um 66 £ 3 60+ 2
3 um 68+ 3 62+ 3
1 pum 70+1 59 +1
As-sprayed 79+3 66 + 2
#220 72+3 63+ 3
AlzO3 9 um 63+3 57+2
3 um 61+1 55+3
1um 81+1 57+1
As-sprayed 83+2 60 + 3
#220 69+3 55+2
Cr203-Si0O2-TiO2 9 um 722 57+2
3um 884 50+3
1um 8714 53+1
As-sprayed 89+1 794
#220 55+ 2 50+2
WC-Co-Cr 9 um 59+2 51+2
3 um 62+1 49 +3
1um 73+3 53+1

It was observed that the WCA values continued decreasing over time. Therefore, all
measurements of the WCA were prolonged for 300 seconds until the WCA value became stable
and remained unchanged. All the coatings showed similar WCA values ranging from ~50° up
to ~79° after 300 s of measurements in the as-sprayed, ground and polished states. The effect
of water absorption on plasma sprayed oxide ceramic coatings in the polished state was
observed by Harju et al. [86], where the WCA value of the polished (Ra = 0.26 um) Al>O3
coating decreased from ~73° down to ~50° during the first 360 seconds of water droplet
exposure. A similar result on the decrease in the WCA value was observed in the current work.
The WCA value of the polished (Sa ~ 0.2 um) Al.Oz coating changed from ~81° down to ~57°
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after the first 300 seconds of water droplet exposure. Such a significant decrease of the WCA
values was also observed in all the studied coatings and was presumed to be connected with the
coatings open porosity which is typical for plasma sprayed coatings [50]. The smallest change
in the WCA value with the time was noticed on the YSZ ceramic coating. Though, the porosity
of the YSZ coating was the lowest among all the studied coatings, see Table 6, the decrease of
the WCA value over the time was connected to the presence of vertical cracks, see Figure 23a.
The crucial effect of cracks on wetting behavior was reported by Han et al. [87], where the
cracks-free styrene-based memory shape polymer (S-SMP) showed almost hydrophobic
behavior with the WCA of ~85°. Whereas, the introduction of cracks into S-SMP led to the
hydrophilic state with dramatical decrease of the WCA down to ~25°. On the basis of the fact
that cracks changed wetting behavior from almost hydrophobic to hydrophilic state, it can be
suggested that vertical cracks in the YSZ coating provided faster infiltration of water droplets
into the coating rather than to the pores. Therefore, the WCA value of the YSZ coating did not
change significantly after 300 seconds.

The effect of coatings porosity/cracks on wetting behavior among all the coatings was
dominant compared to the surface topography state. Therefore, no clear evidence of the surface

topography influence on wetting behavior was observed at the end.

According to the Wenzel model of wetting, the surface roughness factor Rs amplifies
wetting behavior, i.e. a hydrophilic surface becomes more hydrophilic, and a hydrophobic
surface becomes more hydrophobic. The studied coatings were mostly ceramics that are polar
components and supposed to be hydrophilic due to the strong polar-polar interactions [22].
However, the highest value of WCA (more hydrophobic), as well as the highest surface
roughness factor Rs, was observed for the as-sprayed surfaces. It shows that wetting did not
follow the Wenzel model, but followed the Cassie-Baxter model (Eq. 7) at the moment of first
contact of the water droplet with the solid surface. The Cassie-Baxter model of wetting
considers the existence of air pockets between the solid and liquid phase, Eq. 7 and Figure 3.
These air pockets prevent contact of the liquid phase with the solid phase, thus providing a
higher water contact angle value. Subsequently, the water droplet filled the coating pores over
time, resulting in a lower water contact angle value. Once the water droplet filled the pores, the

wetting state changed from the Cassie-Baxter to the Wenzel wetting state, Eq. 6 and Figure 3.

Consequently, it can be suggested that the WCA value of intrinsically hydrophilic materials
might be increased (toward hydrophobicity) if the Cassie-Baxter wetting state is reached and

the penetration of water into the pores/valleys/cracks is prevented. Achievement of the long-
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term stable Cassie-Baxter wetting state is possible when the surface roughness has the multi-

scale character, with nano- and/or submicron-sized peaks/valleys [21].

Based on the results obtained from this study, further research is focused on the formation
of YSZ and WC-Co-Cr coatings with a multi-scale topography, with the aim of trying to
amplify coatings hydrophobicity. In order to ensure the formation of the multi-scale surface
roughness, it was decided to introduce ultra-fine powder particles into the initial feedstock. To
realize that, (i) YSZ coatings were produced by the means of suspension plasma spraying (SPS),
utilizing ultra-fine powder particles; and (ii) bi-modal (combination of the coarse and ultra-fine
powder particles) feedstock was used in the case of WC-Co-Cr material to fabricate the coatings
by the use of high-velocity oxy-fuel (HVOF) spraying. The HVOF technology enables the
formation of coatings with a lower porosity in comparison to atmospheric plasma spraying, but
the heat input in HVOF is not enough to fabricate the coatings from YSZ powder feedstock,
therefore the HVOF was only used for the spraying of WC-Co-Cr.

5.2 Investigation of wettability of YSZ plasma sprayed coatings with different

microstructure

Yttria-stabilized zirconia (YSZ) material was used in the form of solid and liquid
feedstocks to manufacture coatings with different microstructures, namely lamellar and
columnar, and to investigate the effect of surface topography and microstructure on wetting
behavior. The conventional route of spraying of YSZ powder was used to fabricate the coating
with a lamellar microstructure (sample F4 YSZ), using atmospheric plasma spraying utilizing
the F4 plasma torch. An in-house-made ethanol-based suspension with YSZ ultra-fine powder
particles was used to develop YSZ coatings with the columnar microstructure (samples
WSP-H YSZ, A3-D YSZ and A3-P YSZ), employing the water-stabilized WSP-H and Axial

I11 plasma torches.
5.2.1 Microstructure and surface chemistry

Cross-sectional images of plasma sprayed YSZ coatings with lamellar and columnar
microstructure are presented in Figure 25. It is clearly seen that the F4 YSZ and WSP-H YSZ
coatings were significantly different. The F4 YSZ sample consisted of a conventional lamellar
microstructure with a low number of unmelted particles and a relatively low porosity (~3%),
see Figure 24 and Figure 25a-b. Such a lamellar microstructure is typical for the powder
feedstock plasma spraying process [50]. The overlapping lamellae (splats) were ~40 pum in size
and larger, corresponding to the size of the feedstock powder particles (~20-70 um). The
overlapping of the splats is apparent in Figure 25b.
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WSP-H YSZ

Figure 24 Cross-section micrographs of YSZ (a) lamellar and (b) columnar microstructures

Figure 25 Top-view of YSZ (a, b) lamellar and (c, d) columnar plasma sprayed coatings
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On the other hand, the WSP-H YSZ sample consisted of a columnar or cauliflower-like
microstructure, with clearly distinguishable columns separated by inter-columnar voids, see
Figure 24 and Figure 25c-d.

During the plasma spraying of suspensions, the suspension with nano- and submicron-sized
(~50-500 nm) powder particles entered the plasma jet and formed agglomerates. Furtherly, if
the agglomerates were coarse and heavy enough, they followed the flow of plasma gases,
impacting the substrate. If the agglomerates were too small and light, they flew on the periphery
of the plasma stream. This resulted in the formation of massive columns by coarser splats while
finer splats were attached at the top of the columns [88, 89]. Figure 25c-d shows that massive
columns (~50-200 pm in size) are covered by submicron-sized particles creating a multi-scale

surface topography.

Two sets of coatings, namely A3-D and A3-P, were sprayed employing an Axial Il plasma
torch using the same spraying parameters, but different trajectories of the spraying program,
see Figure 26. The trajectory for the A3-D YSZ sample was shorter, as well as the cooling time

of the sample during spraying, in comparison to the sample A3-P YSZ.

| aspvsz | |[2mm | Azpysz | [J2mm

200 mm 320 mm

Figure 26 Schematic illustration of the manipulator movement trajectory during spraying of
A3-D and A3-P YSZ coupon samples

The difference in spray trajectory was found to have only a slight effect on the appearance
of the columnar microstructure of the YSZ coatings, as shown in Figure 27. Cross-sectional
observation of Axial Il suspension plasma sprayed YSZ coatings revealed that the A3-P YSZ
sample consisted of a columnar microstructure with clearly separated columns. In contrast, the
A3-D YSZ sample was of a denser columnar microstructure, with a lower number of gaps/pores
between columns. However, the presence of inter-columnar voids at the surface of A3-D/A3-P
YSZ samples was not observed when compared to the sample WSP-H YSZ.

The denser microstructure of the A3-D YSZ sample was formed due to the shorter

trajectory of the manipulators movement during spraying followed by the shorter cooling time
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and, therefore, different sintering conditions. However, the top view of the A3-D YSZ and
A3-P YSZ samples, presented in Figure 31, did not show a significant difference. In a similar
way to the WSP-H YSZ coating, the surface topography of the A3-D and A3-P YSZ samples
consisted of a multi-scale topography with massive coarse columns (~30-200 pum in size)

covered by submicron-sized particles, see Figure 28.
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Figure 27 Cross-section micrographs of (a) A3-D and (b) A3-P YSZ coatings fabricated by
Axial 111 plasma torch

The analysis of XRD patterns revealed that all the coatings consisted of the metastable
tetragonal phase (t° - YSZ), shown in Figure 29. During the plasma spraying process,
suspension or powder particles were heated up to extremely high temperatures with a
subsequent intensive solidification when impacting the solid substrate. The single metastable

tetragonal YSZ phase formation could be expected under such non-equilibrium conditions [90].
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Figure 28 Top-view of (a, b) A3-D and (c, d) A3-P YSZ coatings fabricated by Axial Ill

plasma torch

Energy-dispersive X-ray spectroscopy (EDX) analysis was performed in order to compare
the elemental distribution of F4 YSZ, WSP-H, A3-D and A3-P YSZ coatings. The results are
summarized in Table 9. The EDX analysis showed the presence of zirconium, oxygen and
yttrium elements, following the chemical composition of YSZ (ZrO2-Y203) initial
powder/suspension feedstock. The distribution of elements was found to be very similar for all
the YSZ coatings: 59-61 wt.% of zirconium, 14-15 wt.% of yttrium and 24-26 wt.% of oxygen,
which was also found in a good agreement with the relevant literature [89].
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Figure 29 X-ray diffraction analysis of lamellar (F4 YSZ) and columnar (WSP-H YSZ,
A3-P YSZ, A3-D YSZ) coatings

Table 9 EDX analysis of YSZ coatings

Element [wt.%]

Coating
Zr Y O
F4YSZ 59.9 14.1 26.0
WSP-H YSZ 60.1 14.1 25.8
A3-D YSZ 59.2 15.3 25.5
A3-P YSZ 59.9 15.2 24.9

The results of quantitative X-ray photoelectron spectroscopy (XPS) analysis are
summarized in Table 10. Even though different APS and WSP-H technologies were used to
produce the YSZ coatings, the results of the XPS analysis showed no significant difference
among the samples. The XPS analysis revealed the highest content of Zr 3d (69-70 at.%), then
O 1s (~17 at.%) and Y 3d (4-5 at.%), which is the base of YSZ (ZrO,-Y>03). The C 1s element
was detected due to the organic contaminations adsorbed from the atmosphere and/or the

vacuum chamber of XPS apparatus [91].
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Table 10 XPS quantitative analysis of YSZ coatings

Element [at.%]

Coating
Zr 3d Y 3d O1s Cls
FA YSZ 69.1 4.9 17.8 8.2
WSP-H YSZ 70.1 4.7 17.3 7.9
A3-D YSZ 69.6 4.7 17.4 8.3
A3-P YSZ 69.8 5.0 17.1 8.1
5.2.2 Surface topography

The surface topography was analyzed on the as-sprayed lamellar (F4 YSZ) and columnar
(WSP-H YSZ, A3-D YSZ and A3-P YSZ) coatings. In this section, the surface topography
taken from the area of 648x648 um? is presented, thus the presented data for the F4 YSZ sample
(Table 11 and Table 7) was found to be slightly different.

The results are summarized in Table 11 and presented in Figure 30 as 3D illustrations of
the coatings’ surface. The values of the surface arithmetic mean height (Sa), the root mean
square height (Sq) and the surface roughness factor (Rs) were significantly higher for the YSZ
samples with a columnar microstructure. The YSZ samples with a columnar microstructure
showed a higher number of pores/valleys than peaks (Ssk < 0). On the contrary, the surface of
the lamellar YSZ sample revealed a higher number of peaks (Ssk > 0). The slight difference in
kurtosis (Sku) showed that the peaks on the surface of the columnar WSP-H Y SZ sample were
sharper (Sku > 3) than the peaks on the surface of the F4 YSZ, A3-D and A3-P samples
(Sku ~ 3).

Table 11 Roughness parameters of surfaces of YSZ coatings

Coating Sa [um] Sq [um] Ssk [-] Sku [-] Rs [-]
F4YSZ 7.3 9.1 0.14 2.81 1.29
WSP-H YSZ 41.8 52.4 -0.93 3.45 3.56
A3-D YSZ 28.3 34.0 -0.05 2.31 2.56
A3-P YSZ 30.1 35.9 -0.21 2.35 2.65

Finally, the surface roughness factor Rs was almost three times higher for the WSP-H YSZ
sample (columnar microstructure) compared to the F4 YSZ sample (lamellar microstructure)
and of ~30% higher than that of the A3-D/A3-P YSZ samples (columnar microstructure). This
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difference in Rs values between the F4 YSZ and WSP-H/A3-D/A3-P Y SZ samples is connected
to the use of ultra-fine powder in the suspension feedstock. The ultra-fine particles from the
initial feedstock enabled the formation of submicron-sized peaks on the surface, enlarging the
total surface area of the coating. When comparing Figure 25b (F4 YSZ), Figure 25d (WSP-H
YSZ) and Figure 28b, d (A3-D/A3-P YSZ), it is apparent that the surface of the lamellar YSZ
sample was composed of flattened splats of several tens of microns in size, while the surface of
the columnar YSZ samples was composed mostly of massive columns (~30-200 pum in size),
covered by the submicron-sized particles. However, both the A3-D and A3-P YSZ samples
were much smoother in comparison to the WSP-H YSZ sample. The higher value of the surface
roughness factor Rs of the WSP-H YSZ sample is connected to the presence of a higher number
of ultra-fine features located at the top of the massive columns. As can be seen from the 3D
illustrations in Figure 30, the surface of large columns is rougher in the case of the WSP-H YSZ
sample. The same tendency can be observed when comparing top-views of the WSP-H YSZ
with A3-D/A3-P YSZ samples, Figure 25c and Figure 28a, c, respectively. This resulted in a
higher value of kurtosis Sku and a lower value of skewness Ssk and meant that the surface of
the WSP-H Y SZ sample consisted of a higher number of narrow valleys/pores presented on the

surface in comparison to the A3-D and A3-P YSZ surfaces.
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Figure 30 3D topography illustration of (a) F4, (b) WSP-H, (c) A3-D and (d) A3-P YSZ

coatings
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5.2.3 Wetting behavior

The results of the water contact angle (WCA) measurements pointed to a significant
difference in wetting behavior among all studied coatings. The lamellar F4 YSZ sample was
found to be hydrophilic with a WCA of 64 £ 3° and the columnar WSP-H YSZ sample was
superhydrophobic with a WCA of 156 + 3°, Figure 31. The YSZ coatings with columnar
microstructure fabricated employing an Axial 11l plasma torch showed hydrophobic behavior
in the A3-D YSZ sample (with WCA of 129 £ 3°) and almost superhydrophilic behavior in the
A3-P YSZ sample (with WCA of 14 + 7°), Figure 34.

F4 YSZ
WCA~64°

Figure 31 Water droplet behavior on the as-sprayed lamellar F4 YSZ and columnar
WSP-H YSZ coatings

The wetting behavior of solid surfaces depends mostly on two main factors, namely the
surface chemistry and surface topography. In recent studies, C-H hydrocarbon surface
contamination was shown to be responsible for the different wetting behavior of REO’s ceramic
coatings with a columnar microstructure [91], where, without any change in
microstructure/surface topography, an increase of adventitious carbon from 8.6% up to 32.4%
was claimed to be responsible for “superhydrophilic-to-superhydrophobic” transition. Qiao et
al. [71] reported on the hydrophobic effect of carbon accumulated on the surface of WC-Co-Cr
HVOF sprayed coatings after laser texturing. In their work, the content of carbon increased
from ~11 wt.% up to ~63 wt.% according to EDX analysis. However, in the present study, the
content of carbon (C 1s) detected by the XPS analysis was found to be almost the same, ranging
from 7.9 to 8.3 at.%, and no carbon was detected by the EDX analysis for any YSZ coating, see
Table 9 and Table 10. As the XRD analysis of the YSZ coatings showed the same phase
composition with only a single tetragonal-YSZ phase, the elemental distribution (the EDX and
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the XPS analyzes) was found to be very similar, therefore, such a high difference in wetting

behavior was mostly related to the difference in microstructure and topography.

The surface of the lamellar F4 YSZ sample was composed of the splats of several tens of
microns in size and pores/cracks in between of them, Figure 25a-b. This combination provided
hydrophilic wetting behavior following the Wenzel wetting model (Eg. 6), with pores filled by
water, resulting in the low WCA value (hydrophilicity). The opposite wetting behavior was
found on the columnar WSP-H YSZ sample, where wetting followed the Cassie-Baxter
model (Eq. 7) or a combination of the Wenzel and Cassie-Baxter models (Eq. 8). The Cassie-
Baxter wetting model considers the presence of entrapped air-pockets between liquid and solid
surfaces. Therefore, the superhydrophobicity of the columnar WSP-H YSZ sample was based
on the multi-scale surface topography. The surface morphology of the columnar WSP-H YSZ
sample consisted of coarse columns with the layer of submicron-sized peaks distributed at the
top of the large columns, Figure 25c-d. The small air pockets could also be entrapped between
the ultra-fine peaks and prevent the direct contact of water droplets with the solid surface. Thus,
the water repellency was improved, resulting in superhydrophobic behavior. Even though
ceramic coating’s surface was supposed to be hydrophilic due to the strong polar-polar
interactions with water [22], this result proved that using ultra-fine particles in the feedstock
for thermal spraying might lead to the formation of the multi-scale topography with high water

repellency.

The wetting behavior of the surfaces with the multi-scale topography can be described by
a combination of the Wenzel and Cassie-Baxter models (Eq. 8). According to the combined
model, the surface roughness factor Rs can amplify hydrophobicity, and thus it explained the
difference in the wetting behavior of the WSP-H YSZ sample (Rs = 3.56) in comparison to
A3-D/A3-P YSZ samples (Rs = 2.56/2.65). However, this did not explain the significant
difference between A3-D and A3-P YSZ samples, which had a similar surface roughness. Such
difference in the wetting behavior can be caused by the fact that the A3-P YSZ sample had
many more pores between the columns in comparison to the A3-D YSZ sample, see Figure 27.
The pores in the microstructure of the A3-P YSZ sample absorbed water droplets in a similar
way as in the case of the F4 YSZ sample. In the case of the F4 YSZ and A3-P YSZ samples,
the wetting behavior followed the Wenzel model, which assumes that intrinsically hydrophilic
surfaces become more hydrophilic with increasing surface roughness factor Rs. Therefore, it
explains the reason for the lower WCA value of the A3-P YSZ sample compared to the WCA
value of the F4 YSZ sample (WCA =14 £ 7° and Rs = 2.65 vs. WCA = 64 £ 3° and Rs = 1.29,

respectively).
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Figure 32 represents the height-maps of the A3-D, A3-P and WSP-H YSZ samples with
the averaged arithmetical mean height Ra roughness parameter measured on 5 random places
on the top of the columns. From Figure 24 and Figure 27, it is apparent that the microstructures
of the WSP-H YSZ and A3-P YSZ coatings are relatively similar, but the WCA values are
significantly different (156 £ 3° vs. 14 = 7°). The difference in the wetting behavior was
connected to the fact that the surface of the large columns of the WSP-H sample (Ra = 1.6 pm)
was much rougher compared to the A3-P/A3-D YSZ samples (Ra = 0.6 pm). Some authors [92]
observed a similar tendency on YSZ plasma sprayed coatings where coatings with higher
roughness showed higher WCA values. The rough surface of the columns increased the total
surface area of the WSP-H YSZ sample (WSP-H Rs = 3.56 vs. A3-P/A3-D Rs = 2.65/2.56),
that ensured the Cassie-Baxter wetting state with entrapped air-pockets between solid and liquid

phases, resulting in superhydrophobic behavior.

Ra=0.6 um Ra=0.6 um Ra=1.6 um

Figure 32 Height-maps of (a) A3-D, (b) A3-P and (c) WSP-H YSZ samples; the dashed lines

(~100 um) mark the profiles used for Ra measurements

Based on the discussion above, it can be concluded that (i) the lamellar microstructure of
the YSZ (F4 YSZ sample) coatings provided hydrophilic behavior with the Wenzel wetting
state due to the infiltration of water into pores and cracks in the coating; (ii) the presence of
pores between flat columns supported almost superhydrophilic behavior with the Wenzel
wetting state in the A3-P YSZ sample; (iii) similar flat columns, but with a denser columnar
microstructure in the A3-D YSZ sample prevented the penetration of water into the coating,
resulting in hydrophobic behavior with a Cassie-Baxter wetting state; and (iv) the rough surface
of the columns as well as the high surface area of the WSP-H YSZ sample provided

superhydrophobic behavior with a Cassie-Baxter wetting state.

As wetting behavior in the case of YSZ columnar microstructure samples appeared to be
very sensitive to small changes in microstructure and surface topography, it was decided to
apply the additional surface treatment in order to improve their hydrophobicity. The radio-

58



frequency (RF) plasma jet with hexamethyldisiloxane (HMDSO) admixture was used for this
purpose. After such hydrophobization, the wetting behavior of the A3-D and A3-P YSZ
samples turned from hydrophobic/hydrophilic up to the superhydrophobic state, i.e., from
129 + 3° up to 150 * 2° (for A3-D YSZ) and from 14 + 7° up to 151 + 1° (for A3-P YSZ). This

transition is presented in Figure 33.

Before RF A3-P YSZ
plasma
treatment

A3-D YSZ After RF ‘ A3-P YSZ
‘ treatment

Figure 33 Water droplet behavior on A3-D and A3-P YSZ samples (top) before and (bottom)

after RF plasma surface treatment

The EDX surface analysis of the modified A3-D and A3-P YSZ samples revealed a high
concentration of carbon (~23 wt.%) and silicon (~16 wt.%). These two elements were addressed
to the modification layer that was produced from the HMDSO admixture. The phenomenon of
wettability transition is connected to the simultaneous modification of the surface chemistry
ensured by the deposition of the nanostructured layer of hydrophobic organosilicons with multi-
scale topography [75], Figure 34. The deposited layer was composed of irregular-shaped nano-
sized particles (~100 nm in size) and their agglomerates (~1-2 um in size) possessing dendritic

morphology.

The RF plasma jet treatment did not significantly influence the roughness parameters of
the A3-D and A3-P YSZ samples, see Table 11 and 12. A noticeable change was found in the
values of the skewness Ssk parameter, from -0.05 down to -0.51 for the A3-D sample and from
-0.21 down to -0.68 for the A3-P sample. The negative skewness means that the surface
predominantly consists of valleys/pores than peaks, which is supposed to be due to the
formation of a layer with porous dendritic structure composed of nano-sized particles and their

micron-sized agglomerates. In the case of the A3-P YSZ sample, the RF plasma jet treatment
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provided a fast transition of the wetting regime, i.e., from the homogeneous Wenzel regime to
the heterogeneous Cassie-Baxter regime of wetting with a high water repellency (high
hydrophobicity). The valleys/pores in the dendritic structure created a space for air-pockets to

be entrapped, thereby resulting in enhanced superhydrophobic behavior.

Figure 34 Top-view of RF-plasma modification layer at increasing magnification

Table 12 Roughness parameters of A3-D and A3-P YSZ coatings after RF plasma jet treatment

Coating Sa [um] Sq [um] Ssk [-] Sku [-] Rs [-]
A3-D YSZ 28.5 34.1 -0.51 2.40 2.61
A3-P YSZ 30.3 36.0 -0.68 2.42 2.72

To estimate the robustness of the superhydrophobic behavior, the WSP-H YSZ, A3-D
modified and A3-P modified samples were subjected to the water-flush test for ~5 min using
tap water [24]. The superhydrophobic behavior of each YSZ sample was partially or completely
degraded after this brief test, resulting in a loss of water mobility. For example, Figure 35

represents the A3-D YSZ modified sample after the water-flush test where water droplets

attached to the damaged part.

Figure 35 Degradation of water-mobility performance of the A3-D YSZ modified sample
after water-flush test
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One of the potential applications of the YSZ coating with superhydrophobic behavior is in
the anti-icing surfaces for airplanes and wind turbines where a high water contact angle and a
relatively low density of YSZ (~ 2 g/cm®) material would be beneficial. However, even though
the superhydrophobic state was obtained, such a thin layer with dendritic structure composed
from nano-particles was not expected to be wear-resistant or useful in sacrificial applications.
Thus, further research focused on the production of wear-resistant coatings with multi-scale
topography produced by the means of high-velocity oxy-fuel spraying.

5.3 Wetting behavior of WC-Co-Cr cermet coatings produced by high-velocity oxy-

fuel spraying

The previous research discovered that the porosity of WC-Co-Cr thermal sprayed coatings
had a significant impact on wetting behavior. Therefore, in order to lower porosity, and because
of other advantages such as the higher hardness of coatings, higher efficiency and mobility,
high-velocity oxy-fuel spraying (HVOF) technology was chosen. The WC-Co-Cr coatings were
obtained from three different powders: (i) coarse powder (C16 sample), (ii) coarse powder with
ultra-fine WC particles (CU16 sample) and (iii) fine powder with ultra-fine WC particles (CU31
sample). The main idea was to fabricate hard and wear-resistant coatings with a multi-scale
surface topography, which could result in hydrophobic or superhydrophobic behavior.
Additionally, Si-oil modification was applied (i) to isolate the surface roughness effect on
wetting behavior and (ii) to amplify the hydrophobicity of the coatings. In this chapter, the role
of surface chemistry and surface topography on wetting behavior and surface free energy of
WC-Co-Cr coatings is analyzed and discussed in detail. This part of the thesis was published
in the Journal of Thermal Spray Technology [93] and reproduced with permission from

Springer Nature.
5.3.1 Microstructure and surface chemistry

The energy-dispersive X-ray spectroscopy analysis was performed on as-sprayed and as-
sprayed modified WC-Co-Cr coatings. The result of EDX analysis of the as-sprayed samples is
presented in Table 13. It revealed the presence of W, C, O, Co and Cr elements that were from
the base material, while the analysis of the modified samples showed the presence of an
additional Si element (~10 wt. %) that was supposed to be from Si-oil modification. As shown
in Table 13, the distribution of elements was similar for all studied coatings and corresponded

with existing literature [94].
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Table 13 EDX analysis of C16, CU16 and CU31 coatings in the as-sprayed state

Element [wt. %]

Coating
W C O Co Cr
C16 79.6 11.6 3.1 55 0.2
CuUl16 80.1 10.8 3.4 4.8 0.9
Cu3l 78.3 12.3 4.6 4.5 0.3

A comparative XRD analysis of unmodified as-sprayed C16, CU16 and CU31 coatings is
presented in Figure 36. Clear peaks of WC, W,C and W phases were detected, while no peaks
of Cr and Co binders were observed. The XRD patterns were similar for the C16 and CU16
coatings with nearly equal intensities of WC, W>C and W phases, but distinctly different from
the CU31 coating, as clearly seen from Rietveld refinement, Table 14. The highest
decarburization of WC particles during spraying was observed in the CU31 coating, as shown
by the highest amount of W>C and W. Concurrently, the C16 coating showed the lowest
decarburization with 51% of retained WC phase. Apparently, the decarburization process was
related to the size of powder particles, as the finest powder feedstock was used in the fabrication
of CU31 coating. It was reported elsewhere [95-97] that fine powder particles lead to higher
decarburization. The in-flight temperature of the GP10CU-31 powder particles at a stand-off
distance of 200 mm was the lowest among three powder feedstocks, Table 5 in section 4
Experimental design and methods. Taking this into account, it is believed that fine powder
particles flew outside the flame core before reaching a 200 mm stand-off distance. Thus, these
fine powder particles were cooled down more than the coarse ones at the moment of impact to
the metallic substrate. Computational analysis carried out by Li et al. [98] supported these
conclusions, as it was shown that the highest temperature at the moment of impact was obtained
for powder particles 20 um in size. The smaller (as well as larger) powder particles were
predicted to reach lower temperatures, which was explained by the high susceptibility of small

particles to fluctuations of the gas flow during HVOF spraying.
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Figure 36 X-ray diffraction analysis of C16, CU16 and CU31 coatings in the as-sprayed state

In all the studied coatings, the presence of an XRD amorphous halo (from 34° to 45° 20
values) indicated the content of nanocrystalline or amorphous phases. The amorphous halo was
related to the Cr and Co metallic binders, agreeing with the existing literature [96, 97, 99-102].
The content of crystallinity was higher in coatings produced from finer powders, i.e., C16
coating (produced from coarse powder) showed 36%, whereas CU31 (produced from fine
powder with ultra-fine WC particles) showed 50% of crystallinity, Table 14. These results could
be explained by the measured in-flight temperature at the distance of 200 mm, which equals to
the spraying distance, Table 5 in Section 4, that was measured to be ~2200° C for C16 coating
and ~2020° C for CU31 coating. Thus, molten or partially molten powder particles were
subjected to extensive cooling and solidification when impacting the substrate material with
further formation of amorphous or nano-crystalline phase [96, 97, 99-102].

The XRD patterns of the modified as-sprayed C16, CU16 and CU31 coatings are not
presented here as they did not reveal any presence of the Si-oil modification layer. This might
be related to its very low thickness.

As wetting behavior is affected by the chemistry of the very surface layer, quantitative XPS
analysis was performed on as-sprayed and polished unmodified surfaces, as well as on the
modified polished surface of the C16, CU16 and CU31 coatings. The results of the quantitative
XPS analysis of the as-sprayed and polished unmodified surfaces are presented in Table 15.
Based on the detected peaks of W 4f, C 1s and O 1s, XPS analysis revealed that the surface
chemistry of the cermet coatings was represented mainly through compositions of W, O and C.
Clear peaks of Co 2p and Cr 2p were not detected and, thus, were not presented here.
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Table 14 Crystalline phases and crystallinity content in C16, CU16 and CU31 as-sprayed

coatings
_ Phase content [wt.%] o
Coating Crystallinity content [%]
wC W2C w
C16 51 37 12 36
CU16 49 39 12 41
CuU31 20 54 26 50

From Table 15, it is evident that the data of as-sprayed and polished unmodified coatings
were different. Such a difference might be connected (i) to the influence of multi-scale
roughness on the so-called “shadow effect” [103-105]; and (ii) to the formation of
oxide/hydroxide and other layers during grinding/polishing, as within these processes freshly
reactive surfaces were subjected to wear and direct contact with polishing slurries and/or
cooling water. However, it is clearly seen that elemental distribution among the as-sprayed C16,
CU16 and CU31 samples showed only a slight difference in the range of * 2 at.%.

Table 15 XPS quantitative elemental analysis of as-sprayed and polished unmodified C16,
CU16 and CU31 coatings

Element [at. %]

Coating W 4f C1ls O1s
C16 AS 26.4 49.7 23.9
CU16 AS 251 50.1 24.8
CU31 AS 23.1 50.9 26.0

Cle6 P 7.7 63.6 28.7
CUl6 P 13.6 53 33.4
CU31P 15.3 48.5 36.5

In the case of the polished unmodified samples, the distribution of elements differed
significantly, Table 15. Thus, the deconvolution of all W 4f, C 1s and O 1s peaks was
performed, as presented in Figure 37. The amount of W element in the studied coatings was
significantly lower in comparison to the WC-Co-Cr HVOF coatings reported by Wesmann et
al. [77, 78]. However, their coatings were subjected to the Ar-sputtering before XPS analysis,

which decreased the number of oxides on the surface, as reported by Wesmann et al. [77, 78].
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Figure 37 Deconvolution of O 1s and W 4f peaks from high-resolution XPS spectra of C16,
CU16 and CU31 polished unmodified samples

The deconvolution of the W 4f and O 1s peaks showed a different content of W-O
composition, see Figure 37. The central peak at ~532 eV of O 1s spectra was attributed to the
C-O organic contamination from the surrounding atmosphere, whereas a smaller peak at
~530 eV of O 1s spectra was related to the Me-O compound showing W-O in the case of the
studied coatings. The deconvolution of W 4f high-resolution spectra revealed two clearly

distinguishable groups of peaks, namely (i) at ~31.5 and ~33.5 eV; and (ii) at ~36 and ~38 eV.
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The first group was associated with the W-C compound, while the second was related to the
W-O composition. In both, the O 1s and W 4f high-resolution spectra, the intensity of the peaks
related to the W-O compound increased from the C16 sample to CU31 sample. When compared
with XRD Rietveld refinement, Table 14, it is seen that the CU31 sample with the highest
amount of W>C and W phases showed the highest W-O content in XPS analysis as well. A
similar outcome was reported by Zhang et al. [79] and it could be explained by the instability
of W,C and W in the air atmosphere, or after the grinding/polishing procedure with further
formation of the tungsten oxide layer.

The deconvolution of C 1s high-resolution spectra, presented in Figure 38, revealed a very
similar result with the central peak at ~283 eV addressed to the W-C composition. Only the

CU31 sample had the second smaller peak at ~285 eV that was supposed to be related to the
hydrocarbon C-H compound.
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Figure 38 Deconvolution of C 1s peak from high-resolution XPS spectra of C16, CU16 and
CU31 polished unmodified samples

Finally, XPS analysis of the polished modified C16, CU16 and CU31 samples showed the
presence of Si 2p, C 1s and O 1s elements with nearly the same distribution, Table 18. All these
three elements were from the polydimethylsiloxane that was the base of Si-oil. The presence of
W 4f, Co 2p or Cr 2p was not detected, indicating that the thickness of the modification layer
was enough to completely cover the base WC-Co-Cr coating.

Figure 39 represents cross-sections of the C16, CU16 and CU31 AS samples. All the

coatings were of a lamellar or splat-like microstructure that is very common for HVOF deposits
[96, 97, 99-101].
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Table 16 XPS quantitative elemental analysis of polished modified C16, CU16 and CU31

coatings

Element [at. %]

Coating Si2p C1ls O 1s
C16 P-M 311 48.6 20.3
CU16 P-M 29.7 49.6 20.7
CU31 P-M 30.8 49.7 19.5

Figure 39 Cross-section micrographs and their details of (a, d) C16, (b, €) CU16 and (c, f)
CU31 WC-Co-Cr samples

As one of the aims was to produce dense WC-Co-Cr coatings, the porosity of HVOF
deposits was much lower when compared with plasma sprayed WC-Co-Cr coatings, Figure 23
and Figure 39, i.e., C16 and CU16 had ~1.5% and CU31 had ~1% of porosity. Based on the
literature [97, 101, 102], it was expected that the coating fabricated from the finest powder
feedstock would have the lowest porosity. The differences in carbides size and their
morphology among the studied coatings can be observed in Figure 39d-f. Irregularly shaped
carbides with a size above 1 um were mostly contained in the C16 coating produced from the

coarsest powder feedstock. In contradistinction to the C16 coating, spherical shaped WC
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particles with a size below 1 pum were predominantly presented in the microstructure of the
CU16 and CU31 coatings that were sprayed utilizing ultra-fine carbides. The spherical
morphology of particles indicated a complete or partial melting of the carbide powder particles

during the HVOF spraying process.
5.3.2 Surface topography

The topographic analysis was performed on as-sprayed, as-sprayed modified and polished
unmodified coatings. In the case of the polished unmodified surfaces, topography
measurements were done to ensure that the root mean square height Sq was below 0.20 pm and
the surface roughness factor Rs was below 1.01; 2D height maps are presented in Figure 40. In
the case of the as-sprayed modified surfaces, topography measurements did not reveal any

noticeable difference when compared to the as-sprayed unmodified surfaces. Thus, only the

results on the as-sprayed unmodified surfaces are presented and discussed in the further text.

Figure 40 Height maps of (a) C16, (b) CU16 and (c) CU31 polished unmodified coatings

The SEM top-view images of the as-sprayed unmodified C16, CU16 and CU31 coatings
are presented in Figure 41. All of the studied coatings showed the presence of the multi-scale
roughness, i.e. a large-scale (tens of microns) wavy surface connected to the spraying
process [83] with micron-sized (approximately from 2 to 10 microns) peaks and valleys that
were covered by ultra-fine WC carbide particles (hundreds of nanometers in size). Apparently,
the presence of ultra-fine WC particles significantly enlarged the surface area. Such a unique
multi-scale roughness was connected to the agglomerated and sintered initial feedstock powder
with ultra-fine WC particles that created nano-scale topographical features on the surface of

micron-sized splats.

The measured roughness parameters of the C16, CU16 and CU31 coatings are summarized
in Table 17, while Figure 44 represents 3D surface topography figures of the studied coatings.
The surface arithmetical mean height Sa and the surface root mean square height Sq showed a
direct connection to the size of the initial feedstock powder. The lowest Sa and Sq values were

measured in the C16 sample produced from the coarsest powder, and the highest Sa and Sq
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values were measured in the CU31 coating fabricated using the finest feedstock powder. The
same behavior was reported by Al-Mutairi et al. [94], in which case the WC-Co HVOF-sprayed
coatings produced from the finest powder feedstock represented the highest roughness. Such
behavior was the opposite of that of plasma sprayed coatings, in which case the roughness

increases with an increasing powder size Vassen et al. [106].

Table 17 Roughness parameters of surfaces of C16, CU16 and CU31 as-sprayed unmodified

coatings
Coating Sa [um] Sq [pum] Ssk [-] Sku [-] Rs [-]
C16-AS 3.8 4.9 0.21 4.35 2.13
CU16-AS 54 6.7 0.18 3.03 2.23
CU31-AS 6.8 8.3 0.04 2.56 1.92

The opposite behavior can be observed in the case of the skewness Ssk and kurtosis Sku.
The noticeable difference between C16/CU16 and CU3L1 in the skewness values showed that
the surfaces of the C16/CU16 coatings were composed of more peaks than valleys/pores
(Ssk > 0); while the surface of the CU31 coating showed a relatively equal distribution of
valleys/pores and peaks (Ssk ~ 0). The kurtosis values indicated that the finer powder feedstock
resulted in flatter peaks and valleys. Sharp-cut peaks and valleys covered the surface of the C16
coating (Sku > 3), the surface of the CU16 coating had a smaller distribution of narrow peaks
and valleys (Sku ~ 3), and the surface of the CU31 coating was predominantly covered by the
flattened peaks and valleys (Sku < 3). The difference in the skewness and the kurtosis can be
clearly observed in 3D topography illustrations, Figure 42, where the variation of distribution

and shape of the peaks and the valleys/pores is visualized.

Finally, the comparison of the surface roughness factor Rs of the C16 coating produced
from coarse powder (Rs ~ 2.13) and the CU16 coating produced from coarse powder with ultra-
fine WC particles (Rs ~ 2.23) proved the enlarging effect of the embedded ultra-fine WC

particles on the surface area.
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Figure 41 Top-view of (a, b) C16, (c, d) CU16 and (e, d) CU31 as-sprayed unmodified
coatings
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Figure 42 3D topography illustration of surfaces of (a) C16, (b) CU16 and (c) CU31 as-

sprayed unmodified coatings
5.3.3 Wetting behavior

For proper estimation of effects of surface chemistry and surface topography on wetting
behavior, the water contact angle and surface free energy measurements were carried out on as-
sprayed, polished (with the eliminated effect of surface topography), as-sprayed modified (with
the eliminated effect of the initial WC-Co-Cr surface chemistry) and the polished modified C16,
CU16 and CU31 cermet coatings.

Polished and polished modified states

At first, to isolate the surface chemistry effect, polished and polished modified
(Sq < 0.2 pmand Rs < 1.01) coatings were analyzed using Young’s equation (Eq. 1). The results
of the measurements of water contact angle (WCA), surface free energy (SFE) and distribution
of its components are presented in Table 18 and Figure 43. It was found that all the samples
showed hydrophilic behavior with a WCA ranging from ~50° up to ~70° in the polished
unmodified state, while Si-oil modification amplified water repellency up to the hydrophobic
state with a WCA of ~105° for all the modified samples. The obtained results on WCA and
SFE measurements of the C16, CU16 and CU31 P - M samples were in a good agreement with
the literature [71, 107]. A noticeable difference in the WCA and SFE values was found between
the C16/CU16 and CU31 samples, Table 18. As the surface topography of the polished samples
was nearly identical, the difference in the wetting behavior was predominantly related to the
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differences in chemistry. Following the XPS quantitative analysis results, the surface chemistry
of the C16, CU16 and CU31 samples was represented by polar W-O oxides and polar W-C
carbides, providing hydrophilic behavior due to the polar-polar interaction with water. The only
difference was found in the deconvoluted C 1s spectra of the CU31 sample, revealing the
presence of an additional small peak at ~285 eV that was addressed to the C-H compound. It
was calculated that this small peak of C-H compound corresponded to ~10 at. % of the whole
C 1s spectra. Thus, it can be concluded that even though all samples passed through the proper
cleaning procedure before the XPS, WCA and SFE measurements, some C-H hydrocarbons

were still present on the surface.

Table 18 Water contact angle and surface free energy values of the polished and polished
modified C16, CU16 and CU31 coatings

Sample State WCA[°] SFE [mJm?] »°[mdm?] »°[mIim?]  /SFE
16 P 55+1 50.26 35.71 14.55 0.29
P-M 107+ 2 27.05 27.00 0.05 <0.01
P 53+2 51.30 36.46 14.84 0.29
CUl6
P-M 106 +1 27.76 28.73 0.03 <0.01
P 68+1 46.58 37.36 9.23 0.20
Cu3l
P-M 105+ 2 28.21 28.16 0.05 <0.01
Cie-P CU16-P Cu31i-pP
WCA~55° WCA~53° WCA~68°
Cl6-P-M CU31-P-M
WCA~105°

WCA~106°

Figure 43 Water droplet behavior on (top) polished and (bottom) polished modified C16,
CU16 and CU31 coatings
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Recent studies have already reported [91, 108] on the effect of non-polar hydrocarbons on
hydrophobic behavior. The solid surface containing a higher amount of metallic phase was
supposed to provide a higher probability for hydrocarbons to be adsorbed due to the strong
electron-accepting nature of metal cations. Following the Rietveld refinement, the CU31
coating showed the highest content of the pure W phase in comparison to the C16/CU16
coatings, namely 26 % wt. vs. 12 % wt., Table 14. Therefore, it could explain the presence of
additional C-H peak in deconvoluted C 1s spectra of the CU31 sample.

As mentioned in the “Review” chapter, the Owens-Wendt theoretical
model [13] described surface free energy as the sum of the polar y and dispersive y* (non-polar)
components. Both of them are listed in Table 18 and, for clarity, the contribution of the polar
component to the SFE value is presented separately as y*/SFE ratio as well. The contribution
of the polar component to the SFE was notably lower in the case of the CU31 sample compared
to the C16/CU16 samples. Based on the XPS quantitative analysis and further spectra
deconvolution, it can be concluded that the non-polar C-H hydrocarbons adsorbed on the
surface of the W grains were responsible for the higher WCA value, lower SFE value and lower
yPISFE ratio of the CU31 coating.

The values of WCA, SFE and distribution of polar/non-polar components of the polished
modified C16, CU16 and CU31 coatings were nearly equal, representing hydrophobic behavior
for all three coatings. The obtained results were very close to polydimethylsiloxane
(PDMS) [109], the base of Si-oil applied for modification of the surfaces.

As-sprayed and as-sprayed modified states

The analysis of the WCA of the as-sprayed unmodified C16, CU16 and CU31 coatings,
Table 19 and Figure 44, revealed hydrophobic and almost superhydrophobic behavior of the
C16 and CU16 coatings. To the best of the author’s knowledge, this was the first report on WC-
Co-Cr cermet HVOF sprayed coating with a WCA value above 140° in the as-sprayed state.
The boundary “hydrophilic-hydrophobic” behavior was detected for the CU31 coating
(WCA ~ 88°). The Si-oil surface modification amplified hydrophobicity up to the
superhydrophobic state with a very low sliding angle (SA) and SFE values for all the studied
coatings, as listed in Table 19 and presented in Figure 44. The best water repellency and
mobility performance was found on the C16 and CU16 coatings with a WCA > 170° and a SA

of 8° and 5°, respectively.
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Table 19 Water contact angle, sliding angle and surface free energy values of the as-spayed
and as-sprayed modified C16, CU16 and CU31 coatings

Sample State WCA [°] Sliding angle [°]  SFE [mJ/m?]
AS 122 +3 - 17.37
C16
AS-M >170 8 2.08
AS 143+ 2 - 12.79
CU16
AS-M >170 5 2.10
AS 88+2 - 28.49
CuU31
AS-M 152+ 4 10 2.85

C16 - AS | CU16 - AS BU31 - AS
WCA~123° WCA~143° WCA~89°

CU16 - AS-M ] CU31 - AS-M
WCA>170° ‘ / :

Figure 44 Water droplet behavior on (top) the as-sprayed and (bottom) as-sprayed modified
C16, CU16 and CU31 coatings

Based on the hydrophilic behavior of all of the coatings in the polished unmodified state,
it could be concluded that surface roughness amplified hydrophobicity, resulting in much higher
values of WCA and lower values of SFE. Moreover, such a result showed that the wetting
behavior of the C16, CU16 and CU31 coatings did not follow the Wenzel wetting regime, but
followed the Cassie-Baxter (Eg. 7) or combined (Eq. 8) regime of wetting.

According to the combined Wenzel-Cassie-Baxter wetting regime, which was found useful
for the description of surfaces with a multi-scale topography, hydrophobicity increases with an
increasing surface roughness factor Rs. Thereby, the higher hydrophobicity of the as-sprayed
and as-sprayed modified C16 (Rs = 2.13) and CU16 (Rs = 2.23) coatings was promoted by a

higher surface roughness factor Rs, Table 17.

74



Using Eq. 8 for the combined regime of wetting, the calculated f; values were 4.1% for the
C16, 3.8% for the CU16 and 23.1% for the CU31 in the as-sprayed modified conditions. The
fs value shows the area of the droplet that is in contact with the solid surface. Thus, 95.9% (for
the C16), 96.2% (for the CU16) and 76.9% (for the CU31) area of the water droplet was related,
in fact, to the liquid-gas (air) contact, providing a high water repellency and mobility.

Furthermore, the two most hydrophobic coatings (C16 and CU16) had very close skewness
Ssk values (Ssk ~ 0.2), Table 17. Since Ssk > 0 represented the surface with a higher number of
peaks than valleys/pores, as seen in Figures 41-42, it was assumed that water droplets were kept
on the top of the peaks, possessing Cassie-Baxter or a combined Wenzel and Cassie-Baxter
wetting state, with entrapped air-pockets between the liquid and solid surfaces. At the same
time, Ssk ~ 0 of the CU31 coating revealed an equal distribution of peaks and valleys/pores,
thus providing more valleys/pores to be covered by water droplets, giving lower WCA values

in both the as-sprayed and as-sprayed modified conditions.

Ultra-fine WC carbide particles embedded into the Co-Cr metallic matrix formed nano-
and submicron-sized peaks, see Figure 45, on the surface of micron-sized splats of WC-Co-Cr
feedstock powder particles that were molten or partially molten during the HVOF spraying
process. These micron-scale peaks covered by nano-scale peaks and valleys/pores enlarged the
total surface area, providing more space for air-pockets to be entrapped, improving hydrophobic
behavior. The same amplification effect of fine carbides on the hydrophobic properties of the
cermet HVAF coatings was reported by Vijay et al. [72]. Additionally, the peaks formed by
WC particles, Figure 45, could act as a barrier for the three-phase contact line movement,

preventing the spreading of the water droplet, thus increasing its WCA and hydrophobicity.

CU16 - AS CU31-AS

Figure 45 Cross-sections of the as-sprayed (a) C16, (b) CU16 and (c) CU31 coatings’ top part

with WC carbides (white color) embedded into Co-Cr metallic matrix (light gray color)
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These experiments showed that using the agglomerated and sintered WC-Co-Cr powder
feedstock in HVOF spraying enables the deposition of coatings with a multi-scale surface
roughness, leading to the hydrophobic behavior in the as-sprayed state and the
superhydrophobic behavior in the as-sprayed modified state. In both the as-sprayed and as-
sprayed modified states, the highest water repellency and water mobility were observed in the
CU16 coating (the WCA was close to 150° in the as-sprayed state; WCA > 170° and SA ~ 5°
in the as-sprayed modified state) fabricated from bi-modal powder feedstock (coarse powder
with ultra-fine WC particles). Therefore, using bi-modal powder feedstock can ensure the

optimal surface topography with a high water repellency.

5.4 Mechanical properties, wear/erosion resistance and non-destructive durability

tests of hydrophobic WC-Co-Cr coatings
5.4.1 Microhardness measurements

The mechanical properties of the WC-Co-Cr HVOF as-sprayed C16, CU16 and CU31
coatings (the subject of the previous chapter) were evaluated using the Vickers microhardness
test at samples cross-sections. At least 12 indents of HV 0.3 load (300 g) were analyzed per

sample.

The highest microhardness was measured for the CU16 coating (1155 = 112 HV) and
nearly equal values were measured for the CU31 and C16 coatings (988 + 66 HV and 966 +
119 HV, respectively). The microhardness of all the studied coatings was in agreement with the
literature [96, 110-112]. Commonly, the microhardness of WC-Co/WC-Co-Cr coatings is
amplified (i) by the amount of retained non-decarburized WC particles [96] and (ii) by the
presence of ultra-fine WC particles [96, 110, 113]. The CU16 coating with the highest
microhardness was produced from coarse powder with ultra-fine WC particles and with a WC
content of 49 wt.%, Table 14. In contrast, nearly equal microhardness values were measured
for the C16 coating (with 51 wt.% of WC, but produced from a coarse powder only) and for the
CU31 coating (produced from fine powder with ultra-fine WC particles, where only of about
20 wt.% of WC phase remained).

5.4.2 Cavitation erosion resistance

For the cavitation erosion (CE) resistance test, the two most hydrophobic C16 and CU16

samples in the as-sprayed and as-sprayed modified states were selected.

The as-sprayed modified samples were tested for 20 minutes, and the test was terminated

once the superhydrophobic effect was lost. The WCA value decreased down to ~140-145° and
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was associated with the gradual removal of the Si-oil modification layer. The mass loss after

20 minutes of testing was ~0.01 g in both samples.

The as-sprayed unmodified C16 and CU16 samples were tested for 165 min and 120 min,
respectively, and stopped once the loss of hydrophobicity was observed. In this case, the mass
loss was found to be different for the two coatings. The C16 sample produced from coarse
powder revealed a higher resistance to cavitation erosion with a cumulative mass loss of 0.030
(after 120 min) and 0.042 g (after 165 min). On the other hand, the CU16 sample produced
from bi-modal powder (coarse powder with ultra-fine WC particles) had a cumulative mass loss
of 0.040 g already after 120 min of testing. The cumulative mass loss of both the C16 and CU16
samples was much higher than reported in other studies on WC-Co/WC-Co-Cr coatings [114,
115]. For this research, the surfaces of experimental samples were not ground/polished prior to
the CE test, in order to estimate the robustness of hydrophobic behavior. It was reported
elsewhere [116] that the surface roughness has a negative effect on CE resistance. The surface
roughness, especially multi-scale surface roughness, can be considered to be a surface defect
providing inhomogeneity of stress during cavitation [116]. The same reason was most likely
responsible for the higher cumulative mass loss of the CU16 sample that showed higher

roughness than the C16 sample, Table 17.

The top-views of the C16 and CU16 samples after the CE test are presented in Figure 46.
Even though the eroded surfaces of the C16 and CU16 samples were relatively rough after the
CE test, the hydrophobic behavior was lost due to the formation of cracks within the coatings,
Figure 46 a, c. After the CE test, these cracks promoted gradual penetration of the water droplets
into the coating, resulting in a very low water contact angle (WCA was measured in the range
from ~35° to ~50°). To prove this observation, an additional surface treatment by Si-oil was
carried out to cover the cracks. The WCA after Si-oil treatment increased up to the
superhydrophobic state with a WCA ~ 150°, see Figure 47, which was almost 50° higher
compared to what was observed on polished modified coatings, Table 18. This result proved
that the surface of the C16 and CU16 coatings after the cavitation erosion test remained rough
enough to amplify hydrophobic behavior, but the cracks formed within the coatings were
responsible for wetting behavior transition from the hydrophobic to hydrophilic state.

5.4.3 Slurry abrasion response test

As for the CE test, the two most hydrophobic as-sprayed and as-sprayed modified C16 and
CU16 samples were selected for the Slurry Abrasion Response (SAR) test.
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The superhydrophobicity of the as-sprayed modified C16 and CU16 samples was capable
of withstanding erosion wear for 48 cycles (1 minute of testing), with a decrease in WCA value
down to 140-145°. Additional re-covering of the experimental coatings by Si-oil restored
superhydrophobic behavior, resulting in a very high WCA of about 170°. According to author’s
knowledge, there are no reports evaluating the robustness of the hydrophobic/superhydrophobic
coatings utilizing SAR test. Nevertheless, recently published work of Xu et al. [117] can be
used at least to provide rough comparison, where, the solution precursor atmospheric/vacuum
plasma (SPAPS/SPVPS) sprayed Yb.O3 superhydrophobic coatings were subjected to the dry

sand erosion test for 25 s, resulting in the decrease of the WCA value from 163° to 96° ( for
SPAPS Yb203 coatings) and from 155° to 140° (for SPVPS Yb.Oz coatings).

Figure 46 Top-view of (a, b) C16 and (c, d) CU16 as-sprayed coatings after cavitation

erosion test
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After CE After CE + Si-oil
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WCA~45°" WCA~150°

Figure 47 Water droplet behavior on CU-16 as-sprayed coating after cavitation erosion test

and after re-covering by Si-oil

Hydrophobic as-sprayed C16 and CU16 samples were tested for 17 280 cycles (6 hours of
testing). The changes in surface topography and WCA values were recorded after 4 and 6 hours
of testing, as it was found to be the period in which the wetting behavior switched from
hydrophobic to hydrophilic, Table 20 and Figure 48. Even though the hydrophilic behavior was
observed in both the C16 and CU16 as-sprayed samples, there were still parts of the coatings’
surfaces that showed hydrophobic behavior even after 6 hours of testing. These areas are

indicated by the black color in Figure 48 right column.

Table 20 Roughness parameters of surfaces of the as-sprayed C16 and CU16 after 4 and 6
hours of the SAR testing

Coating Time[h] Sa[um] Sq [um] Ssk [] Sku [-] Rs [-]
2.7 3.4 -0.17 3.19 1.39

Cl6 AS
2.2 3.1 -0.20 3.02 1.11
4 3.6 4.4 -0.28 2.82 1.48

CU16 AS
6 2.9 3.7 -0.31 2.51 1.18

The long-term SAR test had a significant impact on the surface roughness of the as-sprayed
coatings which subsequently negatively affected wetting behavior. When comparing the surface
topography data of the C16 AS and CU16 AS samples before and after the SAR test, Table 17
and Table 20, it is evident that all roughness parameters decreased in values. During the SAR
test, the abrasive alumina particles in the slurry wore the peaks and led to their flattening as the
peaks were the first contact points. The WCA values decreased from ~122° to ~118° (after 4
hours) and ~70° (after 6 hours) for the C16 sample, and from ~143° to ~128° (after 4 hours)
and ~74° (after 6 hours) for the CU16 sample. The decrease of the surface roughness factor Rs

was equal for both samples, namely, ~35% and ~50% after 4 and 6 hours of testing,
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respectively. It can be pointed out that despite the significant decrease of the surface roughness
factor Rs, the WCA value did not decrease that much after 4 hours of testing. Such result can
be related to the formation of wear-tracks originated during the SAR testing that also influenced
surface roughness, Figure 49. However, these wear-tracks were of a very small thickness, thus
could not be observed by the utilized laser scanning confocal microscope used to analyze

surface topography.

WCA~70°

WCA~74°

4 hours 6 hours
11 520 cycles 17 280 cycles

Figure 48 Water droplet behavior on the as-sprayed (top) C16 and (bottom) CU16 samples
after 4 and 6 hours of SAR testing; macro-photos with marked hydrophobic and hydrophilic
areas of (right-top) the C16 and (right-bottom) CU16 samples after 6 hours of SAR testing

From Figure 49, it is also clearly seen that even after such long-term harsh testing, WC
particles incorporated into the Co-Cr matrix remained on the coatings’ surface. These two
factors, namely the formation of the wear-tracks and the retention of WC particles, were the
main reason for the hydrophobic behavior after 4 hours of testing. This result proves the
sufficient robustness of the hydrophobic wetting behavior of WC-Co-Cr coatings that could

withstand 11 520 cycles and partially remained, even after 17 280 cycles of sacrificial testing.
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Figure 49 Top-view of the as-sprayed (a) C16 and (b) CU16 samples after the SAR test

5.4.4 Icephobic test

Evaluation of the icephobic behavior was carried out on superhydrophobic as-sprayed
modified C16/CU16 samples, hydrophobic as-sprayed and polished modified C16/CU16
samples. Conventional materials, such as aluminum and stainless-steel, were analyzed as well
to provide a comparison, as these materials suffered from severe ice-formation and ice-
accumulation during the service lifetime [118, 119]. The aluminum and stainless-steel
substrates were in the ground state with a surface arithmetic mean height Sa of ~1.2 pum, and
the measured WCA values were of ~68° and ~71° respectively, while the contact angle of
frozen droplets at the same substrates decreased to ~49° and ~53°. A similar decrease in the
contact angle value was observed at C16/CU16 samples as well. The decrease in the contact
angle value was of ~10° for polished modified coatings, ~4° for as-sprayed coatings and ~20°

for as-sprayed modified coatings, as summarized in Table 21 and shown in Figure 50.

It is evident that the frozen droplets on the surface of C16/CU16 AS-M coatings kept the
spherical shape, while the rest of the analyzed surfaces created frozen droplets with a peak on
the top, see Figure 50. In case of the C16/CU16 AS-M samples, the ice formation started above
the solid surface, but not at the “solid-liquid” interface. This was related to the coatings’ multi-
scale surface roughness and a very low “solid-liquid” contact area of C16/CU16 AS-M samples,
that was 4.1 % and 3.8 % respectively [120]. The rest of the analyzed surfaces promoted
nucleation of the ice at the “solid-liquid” interface due to a higher “solid-liquid” interface
contact area. Considering that the ice adhesion strength decreases with an increasing WCA
value [121], it can be concluded that the C16/CU16 as-sprayed modified coatings possess a
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significantly improved icephobicity in comparison to unmodified coatings and conventional

construction materials.

Table 21 Water and ice contact angle values of Al/SS substrates and C16/CU16 coatings

Sample WCA [7] Ice CA[°]
Al 68 + 2 49+1
SS 71+4 53+2
C16 AS 122 +3 120+ 1
Cl6 P-M 107 +£2 93+3
C16 AS-M >170 153+1
CU16 AS 143+ 2 139+1
CU16 P-M 106 +1 9B +2
CU16 AS-M >170 153+ 2

CA~93° | RT20"
CU16 - P-M

CA™~95°
Figure 50 Icephobic behavior of Al/SS substrates and C16/CU16 coatings

5.4.5 Acid-phobic test

For the acid-phobic test, a droplet of the mixture of concentrated sulfuric acid in water
(4.7 M, 9.3 M and 14 M) and pure concentrated sulfuric acid were deposited on the surface of
the C16/CU16 as-sprayed modified and the C16/CU16 as-sprayed coatings. The results are

summarized in Table 22. Regarding the C16/CU16 as-sprayed coatings, the measured contact
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angles of the three mixtures were in the range of ~19° up to ~25° and the droplets of
concentrated sulfuric acid were spread completely on the coatings surface. In case of the as-
sprayed modified C16/CU16 coatings, the contact angle values were found to be much higher,
reaching ~153° (for 4.7 M and 9.3 M) and ~148° (for 14 M). The droplets of the 4.7 M and
9.3 M H2SO4 mixtures easily rolled off once the coatings surface was tilted at ~10°, leaving the
surface without any visible damage. While the droplets of the 14 M H2SO4 mixture adhered to
the surface promoting the degradation of the Si-oil layer. In case of concentrated sulfuric acid,
the droplets spread over the coatings surface revealing a ~5° contact angle with complete
deterioration of the modification layer. The concentrated sulfuric acid and its water-mixtures
wetting behavior of the CU16 as-sprayed and as-sprayed modified coating is shown in
Figure 51. In recent studies [122], it was reported on the importance of increasing the corrosion-
resistance of WC-based cermet coatings due to the corrosive nature of their service
environments. This short-term test demonstrates the potential of Si-oil surface treatment to

improve corrosion resistance and increase the service lifetime of the WC-Co-Cr coatings.

Table 22 Concentrated sulfuric acid and its water-mixtures contact angle values of C16/CU16

coatings
H2SO4 in water mixture CA [°]
Sample H2SO4 CA [°]
4.7 M 9.3 M 14 M
C16 AS 23+2 20+ 3 19+1 2+2
C16 AS-M 153+1 153+1 148 £ 3 4+1
CU16 AS 25+1 21+3 20+ 3 2+2
CU16 AS-M 153 +2 153+1 149 + 2 5+2

5.4.6 Self-cleaning and muddy-water transportation tests

Environmental or artificial contaminations can degrade the superhydrophobic behavior of
a surface directly in practical applications. Therefore, the short-term self-cleaning and muddy-
water transportation tests were conducted in order to provide a preliminary information on the
robustness of superhydrophobic C16/CU16 as-sprayed modified coatings. The hydrophobic
C16/CU16 as-sprayed coatings are not presented here due to the fact that they did not possess
any water mobility, and the water droplets were adhered to the coatings even in an upside-down

position.

During the self-cleaning test, the water droplets were quickly rolling off the tilted surface

of the C16/CU16 AS-M coatings, collecting the alumina dust and producing clean lines on the
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coatings surface, Figure 52a. As demonstrated in Figure 52b, the continuous flow of muddy
water with suspended ultra-fine WC particles was sent onto the tilted surface of the
C16/CU16 AS-M coating and quickly rolled off without any apparent contamination remained.
These preliminary observations pointed out a promising durability of superhydrophobicity of

WC-Co-Cr C16/CU16 AS-M coatings against powder/slurry contaminations and showed

similar performance to the case of more expensive REO’s superhydrophobic coatings [25].

Figure 51 Acid-phobic performance of the CU16 as-sprayed and CU16 as-sprayed modified

coatings

Figure 52 Representation of (a) self-cleaning and (b) muddy-water transportation tests
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6 Conclusions

The main aim of the thesis was to produce the wear-resistant coatings with
hydrophilic/hydrophobic behavior by means of thermal spraying; to perform a detailed analysis
of produced coatings in order to assess the interconnections between microstructure, surface
chemistry and surface topography with their wetting behavior; and to estimate the properties

and robustness of the wetting behavior of produced coatings.

In the first part of the experimental work, several wear-resistant ceramic and cermet
coatings, namely ZrO,-Y203, Al203, Cr203-SiO2-TiO, and WC-Co-Cr, were produced by
means of atmospheric plasma spraying. The topography and the wetting behavior of these
experimental coatings were studied in the as-sprayed, ground (#220 abrasive paper) and
polished (9, 3, 1 um diamond pastes) states. All the coatings showed hydrophilic behavior with
the Wenzel wetting regime due to the presence of pores/cracks present in the coatings, which
resulted in a gradual infiltration of the water droplets into the coatings. The effect of the coatings
porosity and/or cracks on the wetting behavior was crucial and, therefore, the influence of
surface topography on wetting behavior remained unclear. The highest values of the water
contact angle were observed at the coatings in the as-sprayed state. The YSZ and WC-Co-Cr
materials were selected for optimization of spraying parameters and further research as the YSZ
coating showed the smallest change in WCA values in time and the WC-Co-Cr coating showed

the highest WCA value in the as-sprayed state among the studied coatings.

In the second part, the YSZ coatings were produced using liquid and solid feedstocks in
order to understand the effect of microstructure on wetting behavior. Four series of samples
were produced, namely YSZ coatings with a lamellar microstructure (employing the F4 plasma
torch) and with a columnar microstructure (employing the WSP-H and Axial Il plasma
torches). All the coatings were studied in the as-sprayed state. The comparative analysis of
microstructure, surface chemistry and surface topography and their effect on wetting behavior
revealed that (i) the YSZ coating with lamellar microstructure (the F4 YSZ coating) promoted
hydrophilic behavior with the Wenzel wetting state due to the infiltration of the water into the
pores and cracks in the coating; (ii) the presence of pores in the columnar microstructure located
between the flat columns promoted almost superhydrophilic behavior with the Wenzel wetting
state in the A3-P YSZ coating; (iii) the denser flat columnar microstructure of the A3-D YSZ
coating prevented the penetration of water into the coating, resulting in hydrophobic behavior
with the Cassie-Baxter wetting state; and (iv) the rough surface of the columns, as well as the
high surface area, of the WSP-H YSZ sample provided superhydrophobic behavior with the

Cassie-Baxter wetting state.
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With the aim to overcome the dependency of wetting behavior on microstructural and
topographical features of YSZ coatings, the additional RF-plasma jet surface treatment was
made. After the RF-plasma jet surface modification, the organosilicon layer with dendritic
structure composed of nano-sized particles was produced. Such a layer provided transition of
wetting behavior from hydrophilic (A3-P YSZ sample) and hydrophobic (A3-D YSZ sample)
states to superhydrophobic one with the Cassie-Baxter wetting regime. The dendritic structure
of the organosilicon layer ensured entrapping of the air-pockets between the nano-sized peaks
and valleys resulting in high water repellency and water mobility. Nevertheless, the
superhydrophobic behavior with high water mobility of the as-sprayed WSP-H and modified
A3-D/A3-P YSZ samples was not able to withstand the short-term water-flush test pointing out
the need for further research on fabrication of water-repellent wear-resistant coatings.

The third part of the experimental work aimed to fabricate wear-resistant coatings from
WC-Co-Cr cermet materials using three different powder feedstocks, by the means of high-
velocity oxy-fuel spraying. The coarse powder, a coarse powder with ultra-fine WC particles
and a fine powder with ultra-fine WC particles were used in order to deposit coatings with
multi-scale topography. To understand the influence of surface topography and surface
chemistry on wetting behavior, all the coatings were studied in the as-sprayed, polished
(isolated effect of surface chemistry), as-sprayed modified (isolated effect of surface
topography) and polished modified states. A technologically simple way to improve surface
hydrophobicity based on a Si-oil treatment was provided. All cermet coatings were hydrophilic
in the polished state, but hydrophobic and almost superhydrophobic in the as-sprayed state.
Additional surface modification provided by a Si-oil turned wetting behavior into the
superhydrophobic state of all cermet coatings. The highest water contact angle value (WCA ~
143° in the as-sprayed; WCA > 170° in the as-sprayed modified) and the lowest sliding angle
(SA ~ 5°) was found for the CU16 coating in the as-sprayed and as-sprayed modified states.
The CU16 coating was produced from a coarse powder with ultra-fine WC particles, revealing
that such a combination provided an optimal multi-scale surface topography for water
repellency and water mobility. This is the first work reporting a WCA value as high as ~143°
for as-sprayed WC-Co-Cr coatings. The wetting behavior of as-sprayed and as-sprayed
modified coatings followed Cassie-Baxter or a combined Wenzel and Cassie-Baxter wetting
regime with entrapped air-pockets in nano-scale topographical features. These air-pockets
played the role of a barrier between a water droplet and a solid surface, preventing their contact,
thus increasing hydrophobic performance. It was calculated that only 3.8% of the water droplet

surface was in contact with the coating’s surface, while the rest 96.2% was in contact with air.
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Finally, in the last experimental part, the mechanical properties of cermet coatings and the
robustness of hydrophobic/superhydrophobic behavior were evaluated by microhardness
measurements, cavitation erosion, slurry abrasion response and unconventional non-destructive
tests. The highest microhardness was measured for the CU16 coating produced from the coarse
powder with ultra-fine WC particles. The superhydrophobic behavior of experimental samples
was lost after 20 min of the cavitation erosion test and after 48 cycles of the slurry abrasion
response test, pointing to the need for further research on improvement of the coatings surface
modification. Even though these obtained results were better than what was reported in the
literature for thermal sprayed coatings produced from expensive REQ’s precursors. The
robustness of the hydrophobic behavior of cermet coatings was able to withstand cavitation for
almost three hours (165 min); 11 520 cycles (4 hours) and partially remained after 17 280 cycles
(6 hours) of slurry abrasion testing. These results showed that the hydrophobicity of the cermet
coatings was robust enough even for demanding sacrificial industrial applications.
Interestingly, it was observed that the produced wear tracks played an amplification role in
hydrophobicity due to an enlarged surface area. Non-destructive tests on the icephobic, acid-
phobic, self-cleaning and muddy-water transportation performance of the superhydrophobic
C16 and CU16 coatings were carried out. The icephobic performance showed that C16 and
CU16 as-sprayed modified coatings can significantly increase the icephobicity of conventional
constructional materials. The acid-phobic test demonstrated the potential of the Si-oil surface
treatment to improve of corrosion resistance and increase the service lifetime of the WC-Co-Cr
coatings. The self-cleaning and muddy-water transportation tests also revealed good results,

with no apparent contamination or negligible wear of the superhydrophobic layer.
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Future work

Based on the obtained results in the thesis on the superhydrophobic behavior of (i) YSZ
WSP-H coatings and (ii) on the highly-hydrophobic/superhydrophobic behavior of
unmodified/modified WC-Co-Cr cermet coatings, there is still a need for further research. It is
planned to produce YSZ coatings using solution precursor plasma spraying in order to analyze
their icephobic/anti-icing performance for wind turbine and aerospace applications. The high
porosity presented in the columnar microstructure of YSZ coatings is also an advantage for the
above-mentioned industrial applications. Such research belongs to the field of applied science,
while the effect of surface roughness, e.g. estimation of the fractality of the columns and its
effect on wetting behavior, is a highly interesting basic research topic. Nevertheless, the
columnar microstructure is not expected to be resistant to wear and/or cavitation erosion.
Therefore, further optimization of the feedstock WC-Co-Cr powder, or other cermet
compositions, could be a solution to the development of one-step technology to fabricate wear-
and cavitation-resistant superhydrophobic coatings that could be useful in future sacrificial
applications. The second possibility is to improve the coatings via the additional surface
treatment, or to modify their initial feedstock directly by a hydrophobic agent. In the present
work, a technologically simple way to amplify hydrophobic properties was also presented.
However, further research on this topic is obviously needed, based on the results of slurry
abrasion response and cavitation erosion resistance tests, revealing the need for the

development of the coatings modification layer with improved hardness and adhesion.

As most of the currently published reports on the topic of hydrophobic/superhydrophobic
materials/coatings are focused on expensive rare-earth element oxides and their precursors, the
aforementioned materials are significantly less expensive alternatives, especially for

applications where mechanical robustness is required.
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