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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 povrchl 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 ndmraze/odmrazovéni, korozni odolnost, ochrana proti biologickému zne¢isténi,
schopnost samocisténi povrchti, apod. Zpiisoby piipravy takovych povlakli vSak zahrnuji
sofistikované vicestupniové postupy, které¢ jsou nakladné a neposkytuji dostate¢nou odolnost

hydrofilniho/hydrofobniho chovéani takto modifikovaneho povrchu.

Predkladana disertani 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 piipravenych povlaki, 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 Gprav a

ptehled technologii zZarovych nastiiku.

V ramci druhé, experimentalni, ¢asti byly ptipraveny povlaky na bazi Al,Oz, 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 kolumnarni 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 experimentl
byly pouzity tfi rozdilné prasky na bazi WC-Co-Cr pro vyrobu povlakii 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 vzorkit WC-Co-

Cr pomaoci 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 due to their wide range of potential applications 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 [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 with low-surface energy materials; (ii) most of the
superhydrophobic/hydrophobic surfaces show a lack of mechanical robustness; (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 [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.

In the present work, atmospheric plasma spraying techniques was utilized to fabricate
Al>03, Cr203-SiO2-TiO2, YSZ and WC-Co-Cr wear-resistant coatings. The wettability of the
produced coatings was studied concerning their surface topography. 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.
Later, the 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.
Finally, the robustness of their wetting behavior 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.



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°), (ii) 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.

Assessment of the wetting behavior of an ideally smooth solid surface is described by
Young’s equation (1) [5], where y;,, is the liquid surface tension, ys, is the solid surface free

energy (SFE), y4; is the solid/liquid interfacial free energy and 8y is the contact angle.

Ysv — Vst = Vi * COSOy (1)

According to Young’s theory, the hydrophobic surfaces possess high WCA and low ys,
surface free energy in comparison to the hydrophilic materials.

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 [6, 7] and Cassie-
Baxter [8] proposed the equations trying to incorporate solid material rough surface in two
different ways of wetting. According to Wenzel (Eq. 2), 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:

cosBy, = Rs * cosOy (2)

where cos6,, 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 (Eg. 3) 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 (3):

cosOcp = fs *cosOy + f; — 1 3)

where cosf.p 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.



The combination of Wenzel and Cassie-Baxter models (Eq. 4) was found to be helpful in

the description of the wetting behavior of solid surfaces with the multi-scale roughness [9],

where the surface roughness factor Rs and the surface area of “solid-liquid” contact f; are
considered:

coSOcpw = Rs * fs x cosOy + f; — 1 4)

2.2 Development of surfaces with specific wetting behavior

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 [10], it is reported that only several solid material surfaces possess almost
superhydrophilic behavior (WCA ~ 10° or below): gold, copper, chromium, TiO2, quartz,
amorphous silica and glass. 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) [10].

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 surface topography [11, 12]. Plenty of methods were
applied to develop superhydrophobic surfaces including lithography, solution immersion,
plasma etching, templating, electrodeposition, sol-gel, etc. [12, 13]. Significant attention was
recently focused on the rare-earth elements’ oxides (REO’s) due to the work reported by Azimi
et al. [14], where REO’s were presented as ceramics with intrinsically hydrophobic behavior in
the polished state due to their unique electronic structure. Further research on this topic shows

significantly varying results which keep the hydrophobicity of REOs under debate [15-18].

2.3 Application of surfaces with specific wetting behavior

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
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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), etc. [2, 3].

However, most of the methods used to manufacture the coatings with specific wetting
behavior 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) [19], 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 [12, 20, 21].

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

challenging.

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. Using thermal spraying enables the deposition of
coatings with a thickness ranging from several micrometers up to a few millimeters.

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
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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.

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:
Spraying of wear-resistant coatings from commercially available powders, namely Al.Os,
Cr203-Si02-TiOz, ZrO2-Y203 (YSZ) and WC-Co-Cr using APS technique;

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;
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;

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

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

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;

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

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,;

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.



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 1.

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 1 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 spolecnost s.r.0. (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
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
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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 Jilich GmbH (Julich, 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.

5 Results and Discussion

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

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 2. Based on the results of the digital image analysis, the thickness
of the coatings was in a range from ~290 um to ~780 um and the porosity ranged from ~3 %
to ~7 %.

Analysis of wetting behavior 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.

Al203

Figure 2 Cross-sections of (a) YSZ, (b) Al.Os, (¢) Cr,03-SiO,-TiO2 and
(d) WC-Co-Cr coatings; pores are marked by red color

All YSZ, Al203, 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
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angle (WCA) below 90°. 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.

It was observed that the WCA values continued decreasing over time. 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. [22]. 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, the decrease of the WCA
value over the time was connected to the presence of vertical cracks, see Figure 2a.

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.

The studied coatings were mostly ceramics that are polar components and supposed to be
hydrophilic due to the strong polar-polar interactions [10]. 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. 3) at the moment of first contact of the water droplet with the solid
surface. 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-term stable Cassie-Baxter wetting state is possible when the surface roughness has
the multi-scale character, with nano- and submicron-sized peaks/valleys [9].

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.
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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 111 plasma torches.

The F4 YSZ sample consisted of a conventional lamellar microstructure with a low number
of unmelted particles and a relatively low porosity (~3%). The WSP-H YSZ sample consisted
of a columnar or cauliflower-like microstructure, with clearly distinguishable columns
separated by inter-columnar voids. Cross-sectional observation of Axial I11 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 surface topography of the
WSP-H, 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.

The analysis of XRD patterns revealed that all the YSZ coatings consisted of the metastable
tetragonal phase (t* - YSZ). The EDX analysis showed the presence of zirconium, oxygen and
yttrium elements, and 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. The
results of the XPS analysis showed no significant difference among the samples, and 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 (ZrO2-Y203). The C 1s element was detected due to the organic contaminations
adsorbed from the atmosphere and/or the vacuum chamber of XPS apparatus [23].

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°. The YSZ
coatings with columnar microstructure fabricated employing an Axial 111 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°). As the XRD
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analysis of the YSZ coatings showed the same phase composition with only a single tetragonal-
YSZ phase, the elemental distribution (the EDX and 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 results of surface topography measurements
are summarized in Table 1.

Table 1 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

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. This combination provided hydrophilic
wetting behavior following the Wenzel wetting model (Eqg. 2), with pores/cracks filled by water,
resulting in the low WCA value (hydrophilicity). According to the Wenzel model, the surface
roughness factor Rs can amplify hydrophobicity/hydrophilicity. 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).

Figure 3 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. 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 um) was much rougher compared to the A3-P/A3-D YSZ
samples (Ra = 0.6 um).

Ra=0.6 um

Figure 3 Height-maps of (a) A3-D, (b) A3-P and (c) WSP-H YSZ samples; the dashed lines
(~100 pum) mark the profiles used for Ra measurements
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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-
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).

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 [24]. 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 valleys/pores in the dendritic structure created a
space for air-pockets to be entrapped, thereby resulting in enhanced superhydrophobic
behavior.

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 [12]. The superhydrophobic behavior of each YSZ sample was partially or
completely degraded after this brief test, resulting in a loss of water mobility.

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.

15



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.

The EDX analysis 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. The
distribution of elements was similar for all studied coatings.

A comparative XRD analysis of unmodified as-sprayed WC-Co-Cr coatings showed clear
peaks of WC, W-C and W phases, 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 2.

Table 2 Crystalline phases and crystallinity content in C16, CU16 and CU31 as-sprayed coatings

Phase content [wt.%]
Coating Crystallinity content [%]
WC W,C w
Cl6 51 37 12 36
CU16 49 39 12 41
Cu31 20 54 26 50

The quantitative XPS analysis of polished unmodified samples revealed that the surface
chemistry of the cermet coatings was represented mainly through compositions of W (W 4f), O
(O 1s) and C (C 1s). Clear peaks of Co 2p and Cr 2p were not detected. The deconvolution of
C 1s high-resolution spectra 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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All the coatings were of a lamellar or splat-like microstructure that is very common for
HVOF deposits [25-30]. The porosity of HVOF deposits was much lower when compared with
plasma sprayed WC-Co-Cr coatings, i.e., C16 and CU16 had ~1.5% and CU31 had ~1% of
porosity.

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. 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 [31] 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).
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 3.

Table 3 Roughness parameters of surfaces of C16, CU16 and CU31 as-sprayed unmodified coatings

Coating Sa [um] Sq [um] Ssk [-] Sku [-] Rs [-]
C16-AS 3.8 4.9 0.21 4.35 2.13
CU16-AS 5.4 6.7 0.18 3.03 2.23
CU31-AS 6.8 8.3 0.04 2.56 1.92

The results of the measurements of water contact angle (WCA), surface free energy (SFE)
and distribution of its components are presented in Table 4. 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. Recent studies have already reported [32, 33] on the effect of
non-polar hydrocarbons on hydrophobic behavior. Therefore, it could explain the presence of
additional C-H peak in deconvoluted C 1s spectra of the CU31 sample.

The analysis of the WCA of the as-sprayed unmodified C16, CU16 and CU31 coatings,
Table 5. 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 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 5. The best water
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repellency and mobility performance was found on the C16 and CU16 coatings with a
WCA > 170° and a SA of 8° and 5°, respectively. Ultra-fine WC carbide particles embedded
into the Co-Cr metallic matrix formed nano- and submicron-sized peaks, see Figure 4. 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.
According to the combined Wenzel-Cassie-Baxter wetting regime, 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 3. Using Eq. 4 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. 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.

Table 4 Water contact angle and surface free energy values of the polished and polished modified C16,
CU16 and CU31 coatings

Sample State WCA[°?] SFE[mJm?  »*[mIm? " [mIim?] YISFE

C16 P 55+1 50.26 35.71 14.55 0.29
P-M 107 £2 27.05 27.00 0.05 <0.01

CU16 P 53+2 51.30 36.46 14.84 0.29
P-M 1061 27.76 28.73 0.03 <0.01

Cu31 P 68+1 46.58 37.36 9.23 0.20
P-M 105+2 28.21 28.16 0.05 <0.01

Table 5 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?]
+ - .
c16 A@S M 1ii7_03 8 127.0387
+ - :
cule Ags M 113;7_02 5 122.1709
AS 88+2 - 28.49
cust AS-M 152+14 10 2.85

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
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with ultra-fine WC particles). Therefore, using bi-modal powder feedstock can ensure the
optimal surface topography with a high water repellency.

CU16 - AS CU31-AS

’ : A : |
—1,&::. Py Lum

Figure 4 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)

5.4 Mechanical properties, wear/erosion resistance and non-destructive durability
tests of hydrophobic WC-Co-Cr coatings

The mechanical properties of the WC-Co-Cr HVOF as-sprayed C16, CU16 and CU31
coatings were evaluated using the Vickers microhardness test at samples cross-sections. 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).

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 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. 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. 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.

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. 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
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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. 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. 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. 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. This result
proves the sufficient robustness of the hydrophobic wetting behavior of WC-Co-Cr coatings
that could withstand 11520 cycles and partially remained, even after 17 280 cycles of
sacrificial testing.

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, see Figure 5. The aluminum and stainless-steel substrates were in the
ground state with a surface arithmetic mean height Sa of ~1.2 um, and the measured WCA
values were of ~68° and ~71° respectively. Considering that the ice adhesion strength decreases
with an increasing WCA value [34], it can be concluded that the C16/CU16 as-sprayed
modified coatings possess a significantly improved icephobicity in comparison to unmodified
coatings and conventional construction materials.

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 6. In recent studies [35], 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.

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
coatings surface, Figure 6a. As demonstrated in Figure 6b, 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.
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These preliminary observations pointed out a promising durability of superhydrophobicity of

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

CA~9 g CA~120°
CU16 - P-M

CA~95°
Figure 5 Icephobic behavior of Al/SS substrates and C16/CU16 coatings

Table 6 Concentrated sulfuric acid and its water-mixtures contact angle values of C16/CU16 coatings

H2S04 in water mixture CA [°]

Sample 47 M 9.3 M 14 M H2S04 CA [7]
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

®
'

Figure 6 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,-Y>03, Al;03, Cr203-SiO2-TiO2 and WC-Co-Cr, were produced by
means of atmospheric plasma spraying. 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.

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 1ll plasma
torches). 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. 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. Such a layer
provided transition of wetting behavior from hydrophilic (A3-P YSZ sample) and hydrophobic
(A3-D YSZ sample) states to superhydrophobic one. 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.
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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.

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. 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. 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 construction 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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