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Abstract Despite the existence of several methods for

production of superhydrophobic coatings from various

materials, their application in harsh environments is still a

great challenge. In this work, WC-Co-Cr cermet coatings

were prepared by means of high velocity oxy-fuel (HVOF)

spraying. WC particles dispersed in Co-Cr metallic matrix

allowed to form the multi-scale surface roughness and thus

to achieve hydrophobicity of the coatings in the as-sprayed

state. The additional surface treatment by the silicone oil

rendered the coatings superhydrophobic. The WC-Co-Cr

coatings were fabricated from three different powder

feedstocks: coarse powder with coarse WC particles,

coarse powder with ultrafine WC particles, and fine powder

with ultrafine WC particles. The investigation of

microstructure, phase composition, and surface topography

of produced coatings was conducted to study the influence

of these factors on the water contact angle and surface free

energy, which were obtained by the sessile droplet method.

Theoretical models were used to explain the wetting

behavior of all the coatings. Finally, preliminary results of

the slurry abrasion response test revealed very good

robustness of hydrophobicity of the coatings and also

pointed to a need for further research on surface modifi-

cations for sacrificial applications.

Keywords HVOF � hydrophobic coating � Owens–Wendt

theory � slurry abrasion response test � superhydrophobic
coating � surface free energy � WC-Co-Cr coating

Introduction

The water wetting behavior of solid surfaces is commonly

described by the value of the water contact angle (WCA),

which allows to divide all the surfaces into several classes,

including superhydrophilic (WCA\ 10), hydrophilic

(10\WCA\ 90), hydrophobic (90[WCA[ 150), and

superhydrophobic (WCA[ 150) surfaces (Ref 1-3). The

major factors that influence the wetting behavior are sur-

face chemistry and surface topography (Ref 4-8). T. Young

(Ref 4) described the wetting behavior of a smooth solid

surface and the effect of the surface free energy (SFE) on

the contact angle. The wetting behavior of rough surfaces

is commonly referred to the Wenzel model (Ref 5), Cassie–

Baxter model (Ref 6) or their combination (Ref 8).

Depending on the WCA and chemical, physical, and

mechanical properties, the surfaces with specific wetting

behavior are used in various applications including self-

cleaning (water droplets collect the dust particles while

sliding off a surface), water–oil separation (superhy-

drophobic-superoleophilic surface repel water and attract

oil), anti-biofouling (reduced area of a solid–liquid inter-

face hinders growth of microorganisms), etc. (Ref 9-14). A

particular attention is focused on potential application of

robust hydrophobic and superhydrophobic surfaces made

of rare earth oxides (REOs) and some other hard materials,

such as cermets (i) in heat transfer systems to provide drop-
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wise condensation that significantly (up to 10 times)

improves heat transfer performance than film-wise con-

densation typically appearing on currently used hydrophilic

stainless steel (Ref 15, 16); (ii) for anti-icing behavior of

ship parts and off-shore platforms, etc., in which case the

high value of WCA and low water sliding angle could

minimize ice adhesion (Ref 17-20); (iii) to enhance the

corrosion resistance, as with increasing WCA, the area of

contact of a solid surface with a corrosive liquid (water) is

decreased (Ref 21); (iv) in pipes, submarines and ships as

drag-reduction surfaces (e.g. muddy water transportation),

where low adhesion reduces energy losses during the liquid

transport (in pipes) or the movement of the parts of

ships/submarines (Ref 22); (v) to increase the cavitation

erosion resistance, since the superhydrophobic surfaces

typically have reduced drag in laminar and turbulent flow

and relatively high corrosion resistance (Ref 23).

Commonly used ceramic and metallic surfaces are

hydrophilic due to their high surface free energy; only the

REOs provide hydrophobicity in the polished state that is

attributed to their unique electronic structure (Ref 24).

Regardless of the material, to obtain the superhydrophobic

state of the surface with the so-called lotus effect (Ref 1-3),

the formation of a multi-scale surface roughness is required

(Ref 7, 25), Fig. 1 (Ref 25).

Currently, there are many technologies used to obtain a

specific wetting behavior based on a combination of unique

multiscale topographies and low surface energy materials

(Ref 9-11, 26-28). Nevertheless, all used technologies have

some major disadvantages that limit their application on

large industrial scale, such as time-consuming process or

constraints on size and shape of treated components due to

the limited size of the required vacuum/inert atmosphere

chamber, the insufficient mechanical stability (e.g. the low

wear resistance of fluoropolymers (Ref 27)), or high tech-

nology costs associated with the high price of rare earth

element oxides and/or even higher price of their precursors

(Ref 29-31). Therefore, the inexpensive, fast, and indus-

trially scalable technology for the manufacture of

mechanically stable surfaces with a specific wetting

behavior is remaining challenging.

For these reasons, thermal spray technologies are of a

great interest, as they are widely spread scalable tech-

nologies for preparation of coatings based on different

material combinations (ceramic, metallic, composite and

polymer materials) and with tailored properties (e.g. wear

resistance, corrosion resistance, etc.). Several efforts to

produce highly hydrophobic or superhydrophobic coatings

by thermal spraying of hard ceramic and cermet materials

combined with subsequent chemical treatment were

undertaken. For instance, Sharifi et al. (Ref 28) obtained

superhydrophobic behavior of TiO2 suspension plasma

sprayed coatings by additional immersion into stearic acid

solution, with WCA above 155�. Atmospheric and vacuum

solution precursor plasma spraying of REOs generated

superhydrophilic/hydrophilic as-sprayed coatings that

turned into superhydrophobic after vacuum treatment for

12 h (Ref 30, 31). Such transition of wettability was

explained by the formation of a low surface energy film of

hydrocarbons during vacuum treatment (Ref 31). However,

the coatings lost their superhydrophobicity after subsequent

heat annealing at 250�C (Ref 30). The investigation of the

wetting behavior of WC cermet coatings produced by high

velocity oxy-fuel (HVOF) and air–fuel (HVAF) was also

reported. For instance, Xi et al. (Ref 32) fabricated WC-Co

coatings with WCA of 123 ± 2.3� in the as-sprayed state.

After surface modification by hydrophobic nano-SiO2, the

water contact angle increased up to 154.3 ± 3.0� and the

coatings showed steady anti-icing performance (Ref 32). In

the paper by Qiao et al. (Ref 33), polished hydrophilic

HVOF WC-Co-Cr coatings developed for diamond drill

bits used in the oil exploitation were laser-textured, which

improved water repellency and provided hydrophobicity

(WCA up to 136.5�). Vijay et al. (Ref 34) investigated

wettability of different HVAF WC-Co-Cr coatings. Their

coatings exhibited a relatively high WCA, from 114� to

135.1� in the as-sprayed state, that the authors connected to

fine carbides contained in the feedstock powder that

Fig. 1 Schematic illustration of

wetting behavior of surfaces

with a different surface

roughness adapted from

(Ref 25)
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formed fine features on the coating surface thus providing

hierarchical/multi-scale surface roughness (Ref 34).

In our previous study on this topic (Ref 35), the wetting

behavior of atmospheric plasma sprayed WC-based wear-

resistant cermet coatings was investigated, showing

slightly hydrophobic behavior in both the as-sprayed and

polished states. Unfortunately, the stability of WCA was

found to be insufficient due to the relatively high porosity

of produced coatings and gradual penetration of the liquid

into the pores. Therefore, high velocity oxy-fuel spraying

was chosen in this study to lower porosity and due to some

other advantages, such as higher hardness and higher effi-

ciency and mobility of the equipment. The WC-Co-Cr

cermet coatings were produced from three different pow-

ders (coarse, coarse with ultrafine WC and fine with

ultrafine WC) by HVOF. The main idea was to develop

hard cermet coatings with multi-scale surface features,

which can lead to the hydrophobic or even superhy-

drophobic state. Additionally, recent studies focusing on

HVOF cermet coatings with different WC particle sizes

revealed that ultrafine WC particles can provide very high

hardness and good mechanical properties (Ref 36), lower

oxidation during wear testing (Ref 37), higher corrosion

resistance in 3.5% NaCl environment (Ref 38) and higher

wear resistance (Ref 39, 40) in comparison to conventional

WC feedstock. The water contact angle and surface free

energy were obtained by the sessile droplet method for

both the as-sprayed and polished coatings to study the

influences of surface chemical composition and surface

topography. Furthermore, the coatings were modified by

the silicone oil (polydimethylsiloxane) as the well-known

hydrophobic agent in order to (i) improve water repellency

and to (ii) isolate the effect of surface roughness on wet-

tability. The Wenzel, Cassie–Baxter and combined models

were employed to describe the wetting behavior. To eval-

uate the robustness of hydrophobicity, long-term slurry

abrasion testing was performed on as-sprayed and as-

sprayed modified samples.

Experimental Procedure

Spraying of Cermet Coatings

Three commercial agglomerated and sintered WC-Co-Cr

powders, GP10C-16, GP10CU-16, and GP10CU-31 (XTC,

China), with different particle size distributions (coarse or

ultrafine WC particles dispersed in Co-Cr metallic matrix)

were used to produce three series of cermet coatings.

Morphology of the feedstock powders, which was studied

using scanning electron microscopy (SEM; LYRA3, Tes-

can, Czech Republic) in backscattered electron (BSE)

mode, is shown in Fig. 2. The coatings, henceforth

designated as C16, CU16, and CU31, respectively, were

prepared by HVOF spraying using a GLC5 gun (GTV,

Germany) installed on a six-axis IRB 2600 robot (ABB,

Germany). AISI 304 stainless steel coupons (30 mm x

10 mm) with a NiCr (Amperit 251, Höganäs AB, Ger-

many) HVOF-sprayed bond coat (* 150 lm in thickness)

were used as substrates. The NiCr bond coat was employed

to improve the adhesion of cermet coatings, based on our

previous experimental experience with such systems. Prior

to spraying of the bond coat, the stainless steel substrates

were grit blasted with alumina particles and cleaned in an

ultrasonic bath to remove contaminants. The substrate

temperature was kept at 30–40�C before each spraying run.

An AccuraSpray G3C system (Tecnar Automation,

Canada) was utilized to record in-flight temperature and

velocity of powder particles at the moment of impact onto

the substrate surface. The information on the feedstock

powders, HVOF spraying parameters, and particle in-flight

behavior are summarized in Table 1.

Sample Surface Preparation

Each type of experimental WC-Co-Cr cermet coating was

studied in four different surface states, namely in the as-

sprayed state, after polishing, and in the as-sprayed and

polished states with silicone oil surface modification. These

states are henceforth labeled as AS, P, AS-M and P-M,

respectively. Polishing was performed using diamond

pastes, starting from 9 lm down to 1 lm abrasive particles,

until the surface root mean square height Sq lower than

0.20 lm and the surface roughness factor Rs below 1.01

were obtained. The polished samples were prepared in

order to eliminate the influence of surface topography and

thus to compare the effect of different phase compositions

on wetting behavior and surface free energy values.

Concerning the superhydrophobic surface modification,

a simple method of spraying of a hydrophobic agent by a

spray pump was applied. The commercially available sili-

cone oil (Novato, Czech Republic) with polydimethyl-

siloxane (PDMS) basis was chosen in this study due to its

low price and availability. The oil was sprayed onto the

coating surfaces from the distance of 300 mm under the

angle of 90�. Subsequently, these modified samples were

put under the vacuum of 1 9 10-1 Pa pressure to let the oil

penetrate into the coating and fill the pores. Following that,

the samples were heat treated in a furnace at 350�C for

30 min. After curing, a very thin transparent layer was

present on the surface, which did not noticeably change

surface topographical features. The silicone oil surface

treatment was used with the aim to, firstly, provide

superhydrophobic behavior, and secondly, to eliminate the

influence of initial surface chemistry, thus isolating the

topography effect.
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Coatings Characterization

The cross-section microstructure and the surface appear-

ance of prepared cermet coatings were studied using a

scanning electron microscope LYRA3 (Tescan, Czech

Republic) equipped with an energy dispersive x-ray spec-

trometer XFlash 5010 detector (Bruker, USA). Cross-sec-

tion micrographs, 1 mm2 in size obtained at

700 9 magnification, were used to estimate the porosity,

using the open source ImageJ software. Phase composition

was evaluated using a Rigaku SmartLab 3 kW diffrac-

tometer (Rigaku, Japan) set up in the Bragg–Brentano

geometry with Cu Ka radiation (k = 0.154 nm) operated at

the current of 30 mA and voltage of 40 kV. The diffraction

patterns were collected from 20 to 90� with the step size of

0.02� and the scan step time of 1 s. The Rietveld refine-

ment of the obtained x-ray diffraction (XRD) patterns was

performed using the X’Pert Highscore v.3a software and

the crystallographic models from the International Crys-

tallographic Database of detected phases, i.e. WC (ICSD

No 01-072-0097), W (ICSD No 01-089-3012) and W2C

(ICSD No 98-007-7568). To estimate the crystallinity of

experimental samples, the method of a ‘‘constant back-

ground intensity’’ was used in the Highscore v.3a software.

In this method, the crystallinity C [%] is determined by

Eq 1:

C ¼ 100 �
P

I
P

Itotal �
P

Iconst:bgr:
ðEq 1Þ

where RI is the area of crystalline peaks, RItotal is the total
area and RIconst.bgr. is the area of constant background,

which is subtracted from the total intensity (Ref 41).

As the wetting of the flat solid surface depends on the

chemistry of the very surface layer, x-ray photoelectron

spectroscopy (XPS) of C16, CU16 and CU31 polished

unmodified samples was performed to analyze the ele-

mental composition and chemical bonding state of the

elements. Prior to the XPS analysis, the samples were

cleaned in an ultrasonic bath with isopropyl alcohol and

dried by hot air, which is the same procedure as in the case

of WCA and SFE measurements.

XPS analysis was performed at a Kratos Analytical Axis

Supra (KRATOS-XPS, Kratos Analytical Ltd., UK) spec-

trometer with a monochromatic Al source using a pass

energy of 80 eV for wide spectra and of 20 eV for high-

resolution analysis of C 1 s, O 1 s, W 4f, Co 2p and Cr 2p

peaks. The analyzed regions were 300 9 700 lm2 in size.

The deconvolution of mentioned peaks was carried out in

the CasaXPS 2.3.22PR 1.0 software, applying synthetic

Fig. 2 Morphology of the feedstock powders (a) GP10C-16, (b) GP10CU-16, and (c) GP10CU-31 (SEM BSE)

Table 1 Feedstock powder and

coating spraying parameters
Coating designation C-16 CU-16 CU-31

Feedstock powder GP10C-16 GP10CU-16 GP10CU-31

Powder chemical composition, wt% 86WC-10Co-4Cr

Agglomerate size, lm - 25 ? 5 - 10 ? 2

WC carbides size, lm [ 0.5 \ 0.5

Ethylene, slpm 96

Oxygen, slpm 252

Spraying 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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peak models and constraints supported by the existing lit-

erature (Ref 42-46).

The surface topography was measured by a LEXT OLS

4100 (Olympus, Germany) laser scanning confocal

microscope. The 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) to assess their correlation

with wetting behavior. Five regions of size of * 640 lm2

were evaluated on as-sprayed and polished surfaces in both

unmodified and modified states.

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 the infor-

mation on the vertical extension of a surface. The skewness

reveals if the surface has predominantly high peaks

(Ssk[ 0) or deep valleys/pores (Ssk\ 0) (Fig. 3a). The

kurtosis characterizes the sharpness of peaks and valleys

(Sku[ 3) or their flatness (Sku\ 3) (Fig. 3b). The com-

plexity of surface topography can be described by the

developed interfacial area ratio Sdr, which is defined in the

ISO 25178-2 standard (Ref 47) and was found previously

to correlate well with wetting behavior of cermet coatings

(Ref 34). In this study, the surface roughness factor Rs is

preferred instead, because it appears in Wenzel (Ref 5), and

the combined Wenzel–Cassie–Baxter (Ref 8) models of

wetting discussed in section ‘‘Wetting Behavior and Sur-

face Free Energy’’. This parameter is defined as the ratio of

the ‘‘true’’ surface area and its projection and the rela-

tionship between Sdr and Rs is thus Rs = Sdr ? 1 (Ref 48).

Wetting Behavior and Surface Free Energy

Measurements

The water contact angle and surface free energy measure-

ments of experimental samples in four different states (AS,

P, AS-M, and P-M) were conducted by the sessile droplet

method using a Surface Energy Evaluation System device

(See System E, Advex Instruments, Czech Republic) with a

proprietary image analysis software. The measurements

were performed at the room temperature on the same day

the coatings were sprayed. Before measurements, the

samples were thoroughly cleaned in an ultrasonic bath with

isopropyl alcohol and dried by hot air to remove extra

impurities from the surface. The 3 ll droplet of liquid was

deposited onto the solid surface, and the angle made by

intersection of the gas–liquid interface and the solid–liquid

interface was estimated. Small droplets were used to

decrease the influence of gravity on the shape of the

droplets.

Assessment of the wetting behavior of a smooth solid

surface by the sessile droplet method is based on the

Young’s Eq 2, in which the liquid surface tension clv, the
solid surface free energy csv (SFE), the solid/liquid inter-

facial free energy csl, and the contact angle hY terms are

included (Ref 4):

csv � csl ¼ clv � cos hY : ðEq 2Þ

The calculation of the surface free energy was carried

out using the Owens–Wendt theory via measuring the

contact angles of water and diiodomethane liquids (Ref

49, 50). The Owens–Wendt theory considers the surface

free energy as a sum of polar (cP) and dispersive (cD) parts.
According to this theory, the polar part of a liquid will

interact with the polar part of a solid, while the dispersive

part of a liquid will interact with the dispersive part of the

solid, respectively. The theory assumes that the liquid with

high polarity (e.g. water) will spread on a polar solid sur-

face resulting in a low contact angle due to stronger polar–

polar interaction. If the dispersive part of a solid surface is

larger, then the contact angle will be higher due to weaker

polar–polar interaction. Diiodomethane as a liquid with a

low polar part (cP * 0 mJ/m2) and water as a liquid with a

Fig. 3 Schematic illustration of

profiles with different

(a) skewness Rsk and

(b) kurtosis Rku; Rsk and Rku are

profile analogs of Ssk and Sku
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high polar part (cP = 51 mJ/m2) were chosen to properly

evaluate the surface free energy.

At least 10 droplets of each liquid were evaluated on

each sample. The droplets were set on the regions which

were earlier selected for roughness measurements (sec-

tion ‘‘Coatings Characterization’’). To evaluate the water

mobility, measurements of the sliding angle (SA) on

modified surfaces were done via tilting the sample with

larger water droplets (10 ll) until the droplet started

moving. Larger droplets were used in this case to provide

sufficient weight.

The CU16 coating, with the highest water mobility, was

chosen for the preliminary self-cleaning and muddy water

transportation tests. During the self-cleaning test, the

sample was covered by fine alumina powder and then tilted

by 10�. Water droplets (* 10 ll) were set on the surface to
roll off and collect the alumina powder during descent. The

muddy water transportation test was carried out via setting

continuous flow of a suspension of water and WC powder

particles over the surface tilted by 10�.

Theoretical Models of Wetting Behavior of Rough

Surfaces

As the roughness is not considered by the Young’s Eq 2,

the Wenzel model (Ref 5), Cassie–Baxter model (Ref 6) or

combined model (Ref 8) were applied to describe the

roughness effect. The Wenzel model (Fig. 4) assumes that

the liquid droplet penetrates the grooves (valleys) of a solid

surface. According to this model (Eq 3), the roughness

factor Rs amplifies the wettability in comparison to the

polished state (Ref 5). It means that if the polished surface

is hydrophilic (WCA\ 90�), it will become more hydro-

philic (WCA � 90�) in a rough state.

cos hW ¼ Rs � cos hY ðEq 3Þ

On the other hand, the Cassie–Baxter wetting model

(Fig. 4) assumes that there is a layer of air pockets trapped

between the peaks or inside the pores that prevents the

contact of the liquid with the solid surface, thus increasing

water repellency. According to Cassie–Baxter model

(Eq 4), the wettability further depends on the fraction area

of solid surface (fs) that is in contact with water (Ref 6):

cos hCB ¼ fs � cos hY þ fs � 1 ðEq 4Þ

The combined model was found to be useful in

description of wetting behavior of solid surfaces with

multi-scale roughness (Ref 8). Considering the roughness

factor Rs of the solid surface area that is in contact with a

liquid, the modified form of the Cassie–Baxter equation is

derived as:

cos hCBW ¼ Rs � fs � cos hY þ fs � 1 ðEq 5Þ

Slurry Abrasion Response test

To estimate the robustness of wetting properties, the as-

sprayed and as-sprayed modified C16 and CU16 (most

hydrophobic) coatings were subjected to the Slurry Abra-

sion Response (SAR) test (ASTM G75-15 standard) (Ref

51). During the test, the specimens were immersed into the

bath with the suspension of artificial seawater (ASW) and

solid Al2O3 particles (50% wt.) with the rubber stripes on

the bottom; the specimens were pressed against the rubber

with the force of 22.24 N per sample and were moved

along the rubber by an electro engine. The duration of the

test of as-sprayed samples was 4 h, corresponding to

11,520 cycles. The WCA and topography changes were

evaluated after the test. The testing of as-sprayed modified

samples was interrupted after 1 min (48 cycles) because of

the loss of the benefits of the modification layer.

Fig. 4 Wetting behavior of a

rough surface with Wenzel and

Cassie–Baxter regimes of

wetting
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Results and Discussion

Microstructure and Chemistry of the Coatings

The EDX analysis of as-sprayed unmodified samples

revealed the presence of W, C, O, Cr, and Co peaks,

Table 2. The analysis of as-sprayed modified samples

revealed the additional peak of Si (* 10 wt.%) that is

supposed to come from the silicone oil. The distribution of

elements was nearly equal among the coatings and was in

agreement with the literature (Ref 52).

Figure 5 shows the comparative XRD patterns of C16,

CU16 and CU31 as-sprayed unmodified coatings. The

presence of WC, W and W2C phases was clearly detected;

however, the peaks of crystalline Co and Cr binders were

not observed. Intensity values of WC, W2C and W phases

of C16 and CU16 coatings were similar and differed from

the CU31 coating. This is also obvious from the Rietveld

quantification results collected in Table 3 that revealed the

highest decarburization of WC to W2C and W in the CU31

coating and the highest content of the retained WC phase in

the C16 coating. Clearly, the level of decarburization is

mainly related to the size of the powder particles and the

CU31 coating, which was prepared from the finest feed-

stock powder, shows the highest decarburization, even

though the temperature of particles at the stand-off distance

(200 mm) was the lowest. The fine powder particles in the

feedstock material were observed to achieve higher

decarburization levels also in some previous studies (Ref

36, 39, 53) and thus the lower temperature of CU31 par-

ticles measured at the stand-off distance is believed to be

caused by their tendency to travel outside the flame core

with increasing distance, cooling more than the coarse C16

and CU16 particles. Such conclusion is supported by the

computational analysis reported by Li et al. (Ref 54), in

which case the highest temperature was predicted for par-

ticles with the diameter of 20 lm while smaller (and also

larger) particles achieved lower temperatures, which was

explained by high sensitivity of small particles to fluctua-

tions of the gas flow during HVOF spraying.

In all the coatings, the XRD amorphous halo (approxi-

mately from 34� to 45� 2h values) indicated the presence of

amorphous or nano-crystalline phases. The amorphous halo

is associated with Co and Cr binders and its presence

agrees with the literature. The crystallinity content

increased with decreasing feedstock particle size, from the

C16 coating (coarse powder and coarse WC particles) to

the CU31 coating (fine powder and ultrafine WC particles),

see Table 3. This can be explained by the difference in the

powder particle in-flight temperature at the moment of

impact (Table 1), which was about 2200 �C for the C16

coating, compared to 2020�C for the CU-31 coating. Such

high temperature could promote formation of amor-

phous/nano-crystalline phases due to very fast cooling of

molten and semi-molten powder particles impacting the

cold substrate (Ref 39, 53, 55-58).

The XRD patterns of modified samples did not reveal

any differences in comparison with the unmodified ones.

The presence of the silicone oil was not detected, probably

due to the very low thickness of the modification layer.

The quantitative results of XPS analysis performed on

polished unmodified samples are shown in Table 4. High-

resolution XPS spectra of O 1s and W 4f peaks are pre-

sented as Fig. 6. No clear peaks of Co 2p and Cr 2p were

detected and thus data on these elements are not presented.

The content of W in the analyzed samples was much

lower than what was reported by Wesmann et al. for their

WC-Co-Cr HVOF samples (Ref 42, 43) but it should be

noted that Ar sputtering was used prior to the XPS mea-

surements in their experiment, which reduces the amount

of oxides, as also noted by the authors (Ref 42, 43). The O

1s and W 4f deconvoluted peaks revealed the difference in

W–O content among the samples. Besides the oxygen O 1s

peak at * 532 eV that can be associated with the organic

C-O contamination from the atmosphere, the second O 1s

peak at * 530 eV is related to the metal oxides, in our

case tungsten oxides. The analysis of W 4f spectra showed

the presence of W–C composition with peaks at * 31.5

and * 33.5 eV and W–O composition with peaks at *
36 and * 38 eV. The content of W–O increased from the

C16 sample to the CU31 sample. The surfaces with a

higher content of W2C and/or W have a higher W–O

content, which is related to the instability of W2C and

formation of tungsten oxides in atmosphere (Ref 44). The

same trend was observed in the present work; the C16

sample with the lowest decarburization showed the lowest

W-O content in the XPS spectra and the CU31 sample with

the highest decarburization showed the highest W–O con-

tent. With increasing intensities of W–O, from the C16

sample to the CU31 sample, the atomic percentage of O 1s

and W 4f is increased as well, Fig. 6 and Table 4.

The deconvolution of C 1s spectra, Fig. 7, showed

nearly the same results for all the samples, with the main

peak at * 283 eV that is related to the WC compound.

The only difference was the second peak at * 285 eV in

Table 2 Elemental analysis of as-sprayed coatings

Coating Element, wt.%

W C O Cr Co

C16 79.6 11.6 3.1 0.2 5.5

CU16 80.1 10.8 3.4 0.9 4.8

CU31 78.3 12.3 4.6 0.3 4.5
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the CU31 sample that is related to the C-H hydrocarbon

compound.

Figure 8 shows representative cross-sectional images of

C16, CU16 and CU31 coatings. Micrographs revealed

dense splat-like microstructure that is typical for HVOF

sprayed coatings (Ref 39, 53, 55-57). The porosities

were * 1% for CU31 and * 1.5% for C16 and CU16

samples. As expected (Ref 53, 57, 58), the lowest porosity

was measured for the CU31 coating produced from the

finest powder. The high-magnification micrographs

(Fig. 8b, d, f) expose the differences in carbides size and

morphology among the samples. The C16 coating prepared

from the coarsest powder predominantly contained irreg-

ularly shaped carbides with the size above 1 lm. In con-

trast, the coatings CU16 and CU31 prepared from the

powder feedstock with ultrafine carbides showed large

amount of carbides with the size below 1 lm and with

rounder morphology that indicates full or partial melting of

the carbide particles during spraying.

Topography

Surface topography characteristics were evaluated for all

the samples. In the case of polished samples, topographical

measurements were carried out to assure Sq lower than

0.20 lm and Rs below 1.01. Furthermore, the analysis of

modified samples showed no changes in roughness

parameters and, therefore, only the as-sprayed coatings are

discussed in the following text.

SEM images of surfaces after spraying are presented in

Fig. 9 and the height maps are shown as Fig. 10. All

coatings had the multi-scale surface roughness composed

of the large-scale waviness surface component related

mainly to the deposition process (Ref 48), micron-sized

peaks and valleys of the lateral size of 2-10 microns and,

finally, fine WC carbide particles, hundreds of nanometers

in size, which significantly increase the surface area. We

connect such a unique multi-scale structure with sintered

and agglomerated feedstock powder with fine carbides that

created nano-scale features on a rough surface of the splats.

The surface arithmetical mean height Sa and the surface

root mean square height Sq increased with the decreasing

Fig. 5 X-ray diffraction analysis of C16, CU16 and CU31 unmodified samples

Table 3 Percentage of crystalline phases and crystallinity content in

the coatings

Coating Phase content, wt.% Crystallinity content, %

WC W2C W

C16 51 37 12 36

CU16 49 39 12 41

CU31 20 54 26 50

Table 4 XPS quantitative

analysis of polished unmodified

samples

Coating Element, at.%

O 1s C 1s W 4f

C16-P 28.7 63.6 7.7

CU16-P 33.4 53 13.6

CU31-P 36.2 48.5 15.3
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Fig. 6 High-resolution XPS spectra of O 1s and W 4f peaks from polished unmodified samples

J Therm Spray Tech (2021) 30:285–303 293

123



size of the feedstock powder particles, Table 5. The C16

coatings produced from the coarsest powder had the lowest

Sa and Sq values, the CU16 coatings produced from the

powder with ultrafine WC particles had higher values and

the CU31 coatings produced from the finest powder are

characterized by the highest Sa and Sq values. Al-Mutairi

et al. (Ref 52) reported the same trend of increasing surface

roughness with decreasing powder particles size in the case

of HVOF-sprayed WC-Co coatings. Note that this behavior

is opposite to what was observed for some plasma sprayed

coatings (e.g. (Ref 59)) and it is most likely related to the

degree of flattening, which was smaller for colder particles

with lower momentum (Table 1).

The opposite trend can be seen for the skewness and the

kurtosis. In the case of the skewness, there is a noticeable

difference between C16/CU16 and CU31 samples, sug-

gesting that C16/CU16 samples had more peaks than val-

leys/pores (Ssk[ 0) than the CU31 sample with equally

distributed peaks and valleys/pores (Ssk * 0). In the case

of the kurtosis, all the samples showed different behavior.

The surface of C16 sample (Sku[ 3) mostly consisted of

sharp-cut peaks and valleys, the CU16 sample’s height

distribution was less narrow (Sku * 3) and the surface of

the CU31 sample had flattened top of the peaks and bottom

of the valleys (Sku\ 3). The difference in distribution and

sharpness of peaks/valleys is also clearly observed in 3D

illustration of as-sprayed surfaces; see Fig. 10.

Finally, the surface roughness factor Rs increased with

decreasing size of WC particles in the feedstock powder,

which is clear from the comparison of C16 and CU16 with

the same size of particles and coarse and ultrafine WC).

This result confirms that the addition of ultrafine WC

particles enlarged the total surface area.

Wetting Behavior and Surface Free Energy

Water contact angle and surface free energy were evaluated

with excluding the influencing factors, namely, the surface

topography and the surface chemistry were excluded via

polishing and silicone oil surface chemistry modification,

respectively.

Polished and Polished Modified Coatings

First, to understand the influence of phase composition

(surface chemistry) on wettability of the three WC-Co-Cr

coatings, the polished coatings (Sq\ 0.2 lm and Rs\
1.01) were investigated via the Young’s equation (Eq 2),

thus excluding the influence of surface topography on

wetting behavior.

The measured water contact angle (Fig. 11) and surface

free energy results are summarized in Table 6. It is

observed that all the polished unmodified surfaces were

hydrophilic, with the water contact angle * 50-70�, and
all the modified surfaces were hydrophobic, with the water

contact angle of about 105�.
The data on unmodified samples agree well with the

existing literature reporting the values of WCA (Ref 33)

and SFE (Ref 60). It is noticeable that C16 and CU16

samples showed relatively similar water contact angles and

surface free energies that differed from those of the CU31

sample. Since the roughness effect was effectively exclu-

ded by polishing, such result is primarily connected with

the difference in surface chemistry.

According to the XPS analysis, the surfaces of experi-

mental samples were mostly composed of W–O oxides and

W–C carbides that are hydrophilic due to polar–polar

Fig. 7 High-resolution XPS spectra of C 1 s peak from polished unmodified samples
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interaction with water. Only the CU31 sample showed the

additional peak at * 285 eV in the deconvoluted C 1s

spectra, that is connected to the C-H bonding. Calculations

showed that the C-H peak corresponded to * 10% at. of

the C 1 s spectra in this case. Therefore, despite that all the

samples were thoroughly cleaned in isopropyl alcohol prior

to XPS, WCA, and SFE analysis, some hydrocarbons could

remain on the surface.

The hydrophobic effect of adsorbed nonpolar hydro-

carbons was reported in numerous studies (Ref 61, 62). The

metal cations have a strong electron-accepting nature and,

therefore, the solid surface with a higher content of

metallic phase has more chances to have adsorbed

Fig. 8 Cross-section

micrographs of (a, b) C16, (c, d)

CU16 and (e, f) CU31 as-

sprayed coatings
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hydrocarbons. The Rietveld refinement revealed the high-

est content of W phase in the CU31 sample (26% wt. vs.

12% wt. in C16/CU16), see Table 3, which can explain

why the deconvoluted high-resolution C 1s spectra showed

the presence of hydrocarbons only on the surface of the

CU31 sample.

As explained above, the Owens–Wendt theoretical

model (Ref 49, 50) considers the surface free energy to

consists of nonpolar (dispersive) cD and polar cP parts,

which are both provided in Table 6. The contribution of

polar component to the total value of SFE presented in

Table 6 in the cP/SFE column is notably lower for the

CU31 sample in comparison to C16 and CU16 samples.

Based on the results of XPS analysis, we can conclude that

nonpolar hydrocarbons adsorbed on the surface of W grains

was primary responsible for higher WCA, lower SFE and

Fig. 9 Top-view of (a, b) C16

AS, (c, d) CU16 AS and (e, f)

CU31 as-sprayed coatings
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Fig. 10 Height maps of as-sprayed coatings. Note that the polished surfaces are not shown here for their flatness and similarity

Table 5 Roughness parameters

of as-sprayed C16, CU16 and

CU31 samples

Sample Sa, lm Sq, lm Ssk Sku Rs

C16 AS 3.8 ± 0.5 4.9 ± 0.4 0.21 ± 0.03 4.35 ± 0.10 2.13 ± 0.01

CU16 AS 5.4 ± 0.4 6.7 ± 0.5 0.18 ± 0.01 3.03 ± 0.10 2.23 ± 0.01

CU31 AS 6.8 ± 0.4 8.3 ± 0.4 0.04 ± 0.02 2.56 ± 0.07 1.92 ± 0.02

Fig. 11 Water droplet behavior on polished and polished modified coatings
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lower cP/SFE ratio in CU31 sample in comparison to the

C16 and CU16 samples.

In the case of the modified polished state, the values of

water contact angle were approximately the same (of

around 105�) and the surface free energy values and the

distribution of its polar and nonpolar components were also

similar. Such hydrophobic wetting behavior is close to

polydimethylsiloxane (PDMS) (Ref 63) that was the base

of silicone oil used for the surface chemistry modification.

As-Sprayed and As-Sprayed Modified Coatings

The investigation of the wetting behavior of samples in the

as-sprayed state, Table 7 and Fig. 12—top row, showed

that the C16 and CU16 coatings were hydrophobic and

close to the superhydrophobic state. According to our

knowledge, this is the first report on the HVOF WC cermet

coatings with the water contact angle above 140� in the as-

sprayed state. The CU31 coating revealed a boundary

‘‘hydrophilic–hydrophobic’’ behavior, with the WCA close

to 90�. Surface chemistry modification by oil turned all the

coatings into the superhydrophobic state with low SFE, the

WCA above 150� (defining condition of superhydropho-

bicity (Ref 1, 2)) and the sliding angle below 10�, Table 7.

The best water repellency and water mobility was observed

for the C16 and CU16 samples with WCA[ 170� and

sliding angles of 8� and 5�, respectively.
The comparison of the results of as-sprayed and pol-

ished samples shows that the roughness amplifies

hydrophobicity, increases the water contact angle and

decreases the surface free energy. Furthermore, it is

observed that the wetting behavior of both as-sprayed and

as-sprayed modified samples does not follow the Wenzel

model of wetting, but follows either the Cassie–Baxter

model (Eq 4) or the combined model (Eq 5).

According to the combined model, which is appropriate

for multi-scale surfaces, the increasing roughness factor Rs

improves hydrophobicity and thus the high hydrophobicity

of the C16 and CU16 samples in both as-sprayed and as-

sprayed modified states is caused by their high surface

roughness factor (2.13 and 2.23, respectively).

The fs values obtained from Eq 5 were 4.1 (C16), 3.8

(CU16) and 23.1% (CU31) for the as-sprayed modified

samples. It means that, respectively, 95.9, 96.2 and 76.9%

of the interface was in fact related to the liquid–air contact,

providing the superhydrophobic behavior.

On the other hand, it should be noted that both C16 and

CU16 samples with the highest hydrophobicity had nearly

the same positive skewness values (Ssk & 0.2, Table 5).

As Ssk[ 0 suggests that the surface is predominantly

composed of peaks (Fig. 9 and 10), we assume that such

property might provide the Cassie–Baxter wetting state

with water droplets kept on the top of the peaks. Indeed, the

CU31 sample with Ssk * 0 is then supposed to be com-

posed of equal number of peaks and valleys, with more

valleys available to be filled by water, providing a com-

bination of Wenzel and Cassie–Baxter wetting behavior

and lower water contact angle.

Ultrafine internal WC carbides embedded into the

metallic matrix created very fine nano-scale peaks on the

surface of micrometric splats of WC-Co-Cr powder parti-

cles melted during HVOF spraying. The micron-sized

peaks superimposed with nano-sized peaks and val-

leys/pores (Fig. 9d, e, f) led to the high surface area, pro-

viding high water repellency due to the existence of

entrapped air pockets between the liquid and solid surfaces,

which prevents their contact. Vijay et al. (Ref 34) reported

the same effect of fine carbides on hydrophobic wetting

behavior for HVAF as-sprayed cermet coatings. The

experiments revealed the connection between the

hydrophobic behavior of as-sprayed samples and the

superhydrophobic behavior of as-sprayed modified samples

and demonstrated the fact that the combination of the

Table 6 Water wetting

behavior and surface free

energy of polished and polished

modified samples

Sample State WCA, � SFE, mJ/m2 cD, mJ/m2 cP, mJ/m2 cP/SFE

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 106 ± 1 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 7 Water wetting behavior and surface free energy of as-

sprayed and as-sprayed modified samples

Sample State WCA, � Sliding angle, � SFE, mJ/m2

C16 AS 122 ± 3 … 17.37

AS-M [170 8 2.08

CU16 AS 143 ± 2 … 12.79

AS-M [170 5 2.10

CU31 AS 88 ± 2 … 28.49

AS-M 152 ± 4 10 2.85
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unique multi-scale roughness formed by ultrafine carbide

particles and surface chemistry modification can lead to

superhydrophobicity of cermet coatings. In both the as-

sprayed and as-sprayed modified states, the best water

repellency and water mobility was shown by the CU16

sample (WCA close to 150� in the as-sprayed state;

WCA[ 170� and roll-off angle of 5� in the modified state)

produced from coarse powder with ultrafine carbides.

Thereby, we conclude that the combination of coarse

powder and ultrafine WC particles ensures the optimal

surface morphology for water repellency.

The CU16 modified superhydrophobic coating was

chosen for preliminary self-cleaning and muddy water

transportation tests. The Video 1 available in the Supple-

mentary material shows that the water droplets easily rolled

off the surface, collecting the alumina powder and leaving

behind the clean lines on the surface. The CU16 sample

presented promising durability in the muddy water trans-

portation test as well. As demonstrated in the Video 2 of

the Supplementary material, the surface remained without

any contamination after the test. These preliminary obser-

vations confirm that the superhydrophobicity of the as-

sprayed modified CU16 coatings is advantageous in envi-

ronments with contamination.

Slurry Abrasion Response Test

The robustness of the wetting behavior was further evalu-

ated by the SAR test of the as-sprayed and as-sprayed

modified C16 and CU16 (most hydrophobic) coatings in

the ASW-Al2O3 slurry. Figure 13 shows the water droplets

on the as-sprayed coatings after the SAR test, together with

the estimated WCA values. Table 8 summarizes the mea-

sured surface roughness values.

The SAR test had an impact on the surface topography

and on the wetting behavior. In comparison with the initial

as-sprayed state Table 5, all roughness parameters

decreased in both samples. This was the result of wear

damage to the surface by abrasive Al2O3 particles at the

peaks, which are the points of contact. The surface

roughness factor that appears in the wetting models

decreased by * 35% in both cases. On the other hand, the

decrease in WCA in both samples was smaller, namely

from 122� to 118� for C16 and from 143� to 128� for CU16
coatings.

The decrease in roughness is due to the flattening of the

peaks, nevertheless, the SAR test produced also new sur-

face irregularities in the form of wear tracks, which are

well seen in Fig. 14 and are below the resolution of the

employed laser scanning confocal microscope. Further-

more, it is clear that the fresh WC particles, which are

incorporated into the matrix (Fig. 8), were exposed during

the test. The presence of the wear tracks and WC particles

on the surface explains relatively high WCA values mea-

sured after the SAR test and proves that the water wetting

behavior of the WC-Co-Cr coatings is sufficiently robust

even for sacrificial applications.

On the other hand, the SAR test of the C16 and CU16

as-sprayed modified samples revealed that the superhy-

drophobic state was lost after 1 min (48 cycles), resulting

in the WCA of 140-145�. According to our knowledge,

there is no work reporting the SAR testing of hydropho-

bic/superhydrophobic surfaces. Nevertheless, the sand

erosion test on Yb2O3 solution precursor atmo-

spheric/vacuum plasma sprayed (SPAPS/SPVPS) coatings

reported in (Ref 31) revealed the changes of the WCA from

163� to 96� for SPAPS and from 155� to 140� for SPVPS
after 25 s of testing, which provides at least some com-

parison. Re-covering of the samples by silicone oil turned

the coatings’ wetting behavior into the superhydrophobic

state again, with the WCA * 170�. Nevertheless, further

Fig. 12 Water droplet behavior on as-sprayed and as-sprayed modified coatings
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research on surface modifications with higher mechanical

stability is clearly needed.

Conclusions

The investigation of water wetting behavior of high

velocity oxy-fuel hard cermet WC-Co-Cr coatings pro-

duced from three different feedstock powders was carried

out. To understand the impact of different feedstock

powders (C16—coarse with coarse WC particles, CU16—

coarse with ultrafine WC particles and CU31—fine with

ultrafine WC particles) on surface chemistry and surface

topography and their further influence on the wetting

behavior, the experimental coatings were studied in four

states (as-sprayed, polished, as-sprayed modified and pol-

ished modified).

All the samples showed the hydrophilic behavior in the

polished state, whereas in the as-sprayed state, all samples

were hydrophobic. Higher hydrophobicity of C16 and

CU16 as-sprayed samples was related to higher surface

roughness factor that was promoted by spraying coarser

powders. This is the first study reporting WC-Co-Cr cermet

coatings with water contact angle as high as 143� in the as-

sprayed state. Such wetting behavior relates to a unique

combination of chemical composition and multi-scale

surface topography enabled by fine WC carbide particles in

the feedstock powder. The additional surface chemistry

modification with the Si oil layer turned the coatings into

the superhydrophobic state with the lotus effect, resulting

in the water contact angle above 150� and the sliding angle

below 10�. The highest hydrophobicity in the as-sprayed

(WCA * 143�) and as-sprayed modified (WCA[ 170�
and sliding angle * 5�) states was found for the CU16

coating produced from coarse powder with ultrafine WC

Fig. 13 Water contact angle of

the C16 and CU16 samples after

the SAR test

Table 8 The surface roughness

parameters of C16 and CU16

samples after the SAR test

Sample Sa, lm Sq, lm Ssk Sku Rs

C16 AS 2.7 ± 0.5 3.4 ± 0.5 – 0.17 ± 0.10 3.19 ± 0.10 1.39 ± 0.05

CU16 AS 3.6 ± 0.3 4.4 ± 0.4 – 0.28 ± 0.10 2.82 ± 0.20 1.48 ± 0.03

Fig. 14 Top-view of C16 (a) and CU16 (b) coatings after the SAR

test
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particles, which yielded nano-scale topographical features

on the surface of micron-sized splats and the highest sur-

face roughness factor Rs. This was associated with the

Cassie–Baxter wetting regime with air pockets trapped

between the liquid and solid surfaces, providing high water

repellency and water mobility. The combined Cassie–

Baxter/Wenzel equation was used to estimate that in this

case only 3.8% of water droplet area was related to the

solid–liquid contact, while 96.2% of area was occupied by

the air–liquid interface. Therefore, it can be concluded that

the combination of a coarse powder with ultrafine WC

particles can be used to produce highly hydrophobic hard

as-sprayed coatings, which can be further turned superhy-

drophobic by additional surface chemistry modification.

The preliminary results of the slurry abrasion response

test showed very good robustness of hydrophobicity of the

C16 and CU16 coatings. The presence of the wear tracks

and WC particles on the surfaces resulted in the WCA of

118� (C16) and 128� (CU16) after 11 520 cycles, proving

that the hydrophobicity can be sustained during the lifetime

even in some sacrificial applications. However, the super-

hydrophobic state of the modified coatings was lost after 48

cycles pointing to the need for further research on

mechanically stable surface modifications.
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