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Abstract: In this article, we analyse five types of coatings, in terms of their microstructure,
hardness, porosity, and wear resistance, in the as-sprayed state. The coatings are WC-based
(WC-FeCrAl, WC-WB-Co, and WC-NiMoCrFeCo), alloy-based (Co-MoCrSi), or nanoWC coating-based
(nanoWC-CoCr). Two tests were applied to assess the wear resistance of the coatings: a dry-pot
wear test with two impact angles and an abrasive test using an abrasive cloth with two grit sizes.
Porosity was determined by image analysis. Vickers impression was performed on cross-sections
of the coatings, in order to determine their indentation fracture toughness. The highest hardness
of the tested coatings was recorded for the nanoWC coating, followed by the rest of the WC-based
coatings; meanwhile, the lowest hardness was recorded for the alloy coating. Minimal porosity was
achieved by the alloy coating, due to its different nature and the absence of hard particles with a
higher melting point. The NanoWC coating and other WC-based coatings had a higher porosity;
however, porosity did not exceed 1% for each coating. The best wear resistance was achieved by the
nanoWC coating, followed by the other WC-based coatings, with the lowest obtained by the alloy
coating. The same tendency was recorded when determining the indentation fracture toughness.
From a microscopic point of view, the structure of the evaluated coatings is not compact; nevertheless,
their properties are excellent, and they act as compact coatings under load.

Keywords: High Velocity Oxy-Fuel (HVOF) thermal spraying; cermets; hardness; wear resistance;
porosity; indentation fracture toughness

1. Introduction

The transport industry (i.e., aerospace, marine, and automotive) is in need of new materials and
developments. In addition to higher fuel efficiency and a broader range of new applications, these are
expected to contribute to higher safety, environmental compatibility, lower costs, lower weight, reduced
maintenance, and extended durability [1]. Thermal spraying of coatings is an important surface
engineering technique used in all industrial areas (including transport), for primary production as
well as the renovation of parts. A wide range of metals or ceramics can be sprayed onto the surface
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of various materials, including steel, aluminium alloys, and magnesium or titanium alloy substrates.
In this way, the choice of a proper coating—primarily for wear and corrosion protection, the repair of
worn components, or hard chrome replacement—is of great importance and can lead to a technically
superior and commercially competitive solution [2,3]. Current coating materials and techniques
are able to fulfil the required goals for various kinds of hydro, industrial heavy vessel, automobile,
and aircraft components [4]. However, improvements are still expected, such as in the coating
deposition in narrow areas or complex parts/geometries, either internally or externally, and with the
application of sensors, used in the harsh environment of spray booths, to improve the reproducibility
and reliability of coatings sprayed with hot or cold gases. One way to obtain higher or new value
coatings is the possibility of applying tailored coatings which allow for the adjustment of surface
properties, such as: (I) mechanical (wear, friction), (II) chemical (corrosion, permeation, temperature
insulation, biocompatibility, wettability), (III) electrical (conductivity), and (IV) optical (transmission,
reflection, absorption, colour) properties [5]. Properly selected and applied coatings significantly
increase the life and reliability of the coated materials [6]. Advanced surface treatments of materials,
such as the coatings used currently, may be able to carry out multiple functions in devices where
two bodies are in relative movement (e.g., to support the load, lower friction, provide self-healing
capability, or facilitate energy absorption), enabling the design of products, machinery, vehicles,
and services for use in our daily lives [7]. The expansion of thermal spray techniques—including the
High Velocity Oxy-Fuel (HVOF) technique—has taken place recently, thanks to the development of
materials, equipment, and diagnostic tools, as well as understanding of the processes with the aim
to green tribology applications [8]. Among the ways that materials research can contribute to the
green deal is the possibility to tailor the tribological behaviour of the surface treatments for products
and processes [7].

Trends in the HVOF thermal spraying technique [1] field can be characterized by the following:

Development of Nanoparticles and Nanocoatings

As stated in [9–11], thermally sprayed nanocoatings mainly include three types:

• Nanocrystalline coatings, composed of only one material;
• Nanocrystalline composite coatings, consisting of two or more nanomaterials;
• Composite coatings reinforced with nanoparticles.

The addition of nanoparticles to traditional coatings can significantly improve the properties and
functions of the coating at low cost [12–16].

Development of Thermal Spraying Processes Using Suspensions and Solution Precursors

Thermal spray coatings from liquid feedstocks, such as suspensions and solution precursors,
have attracted increased attention from the scientific community, due to the unique properties of
the coating that can be achieved by the use of such processes. Some research teams have carried
out their work based on plasma, as well as using HVOF processes in the production of advanced
nano-structured and nano-phased materials [17,18].

Ecologization

In terms of the ecologization of thermal spraying, innovations are generally represented by
so-called “green carbides”. Recently, cermet coatings containing hard WC particles in a metal matrix
applied by HVOF technology have been considered as a less dangerous and more environmentally
friendly alternative to hard chromium plating [19–23]. As WC-based powders contain heavy metals,
such as Co and Ni, there are very strict logistics of the powders used to form the coatings in the
HVOF process. At present, the efforts of materials scientists are focused on the development of new
powders, in which elements such as Co and Ni in the metal matrix are eliminated and replaced by
other alloys. One such replacement is powder WC-FeCrAl, called “green carbides” [24,25].
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Development of a New Generation of HVOF Systems

A new generation of HVOF systems, the so-called high-pressure HVOF systems (HP-HVOF),
enable the efficient production of very dense carbide layers. The pressure in the combustion chamber
(as one of the options to increase the efficiency of the system) needs to be regulated, in order
to meet existing safety standards for oxygen supply. Kerosene/oxygen combustion is still the most
environmentally friendly and the simplest solution for designing a new generation of high-performance
HP-HVOF systems. As particle acceleration is determined mainly by particle size and momentum,
the system design must be carried out hand-in-hand with the powder design [26]. As published in [27],
newly developed HVOF spray guns operating at elevated pressure in the combustion chamber have
shown high potential for spraying metal coatings that do not present the high ductility of pure copper
or aluminium.

Post-treatment of the HVOF Coating

Thermally applied coatings have high surface roughness, often above the required limit for many
industrial applications. Such coatings need to be completed, in order to achieve the required surface
quality and shape accuracy. Post-processing techniques are also needed, in order to remove the applied
defects and to improve the properties of the coating [28,29]. The laser remelting technique is considered
a promising and effective method to improve the surface of coatings, remove microstructural defects
such as pores and cracks, and increase component and equipment life by enhancing microhardness
and increasing adhesion between the coating and substrate [30–32]. Laser remelted coatings have
a much denser and more homogeneous structure with excellent metallurgical bonding between
particles. Significant reduction in surface roughness has also been observed on the surface of laser
post-treated coatings [30].

Process Maps for Thermal Spraying (TS Maps)

The relationships between process, structure, and properties can be presented using process maps,
which can be used as a design tool for coating processing. Process maps represent the relationships
between process variables and output effects [33]. The process map methodology has been developed
for process control and optimization of coating properties. In the process mapping concept, diagnostic
tools are used to understand the basic relationships in the thermal spraying process, from the
powder through to the thermal spraying process, the formation of the coating, the characteristics
of the coating and, finally, to the effectiveness of the coating. TS maps are based on critical coating
characteristics (i.e., the microhardness, adhesive strength, and modulus of elasticity) of hot spray
coatings [34]. The process optimization mapping tool has been widely used for the plasma spray
process [33,35], but can also be successfully used for the HVOF process [36–38].

Application of HVOF and nanoHVOF Coatings in Transport Industry

New thermal spray techniques, coatings, and materials are expected to have impacts in many
industries, such as aerospace, automotive, marine, renewable/alternative energy, semiconductors,
biomedicine, and metal production, ensuring the required properties of coated components with
less wear and friction, corrosion, and oxidation, while enhancing their hardness and operating
temperatures [1,39,40]. For example, cermet coatings sprayed with HVOF, such as 75Cr3C225 (Ni20Cr),
can be applied to protect low weight aluminium components against wear without reducing their
fatigue strength. Such coatings can be designed to meet modern environmental requirements for
non-ferrous engine blocks, hybrid solutions for self-propelled aluminium engines, and coatings for
engine cylinder bores for both petrol and diesel engines. Reinforced metal matrix composite (MMC)
hard coatings, which are produced by thermal spray processes, can be used for various automotive parts,
such as piston rings and cylinder liners. Generally, WC-CoCr coatings are deposited using the HVOF
process, improving the surface resistance of low alloyed steels [41]. There is also a need for the
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development and implementation of tests and characterization methods specially adapted to ensure
the higher reliability of heavy equipment and industrial tool coatings [42]. Typical thermal spray
coatings used in different transport industries [1] are summarized in Table 1, while typical HVOF
surface applications in transport industries [43] are summarized in Table 2.

Table 1. Summary of coatings for different applications [1].

Utilization of Coatings Aerospace Automobile Industrial Gas Turbines Maritime

Thermal barrier coatings

ZrO2-Y2O3 (YSZ)

ZrO2-25CeO2-Y2O3
CeO2-YSZ
CaTiO3

MCrAlY (M=Co, Ni)

Turbine components

Bond coats

Piston crowns, cylinder
heads, valves, exhaust
ports, manifolds,
turbochargers, backing
plates of brakes

Bond coat

Combustor liner,
transition rings,
splash plate,
and fuel injector

Bond coat

Seals/abradables

Ni-graphite

MCrAlY (M=Co, Ni)

Polyesters
NiAl-polyesters
Al, bronze, babbitt
AlSi with polyester,
polyimide or BN

Rotating vane assemblies
of aircraft turbines

Compressor case

Compressor case

Compressor case

Oxidation and corrosion resistance

MCrAlY (M=Co, Ni)

Hastelloy (NiCrMo)
Tribaloys (Co-Cr-Si-Mo)

Al

Zn, Zn-Al

Engine components

Exhaust systems

Compressor section
carrying moisture and
chlorides and parts of
the turbine in contact
with fuels

Non-sacrificial thermal
spray coatings

Cathodic protection

Wear resistance and repair

WC-Co, WC-CoCr
and WC-Ni

Ni-Al, CuNiIn

Cr3C2-NiCr

Triballoys
(Co-Cr-Si-Mo),
NiCr, NiCrMo, NiMoAl,
alloy 625 and 718
Mo

Hydraulic systems,
rebuilding/repair of
worn or corroded
components
Bond coats, anti-fretting,
and clearance control
Seals at high temperature

Prevention of galling in
cylinder liners

Rebuilding of crankshaft

Drop erosion in pistons
Galling in cylinder liners

Rotating shafts

High-temperature parts
of the turbine section
Compressor

Build-up and repair

Erosion–corrosion of
water turbines

Table 2. Common High Velocity Oxy-Fuel (HVOF) surface applications in transport industries [43].

Common HVOF Surface Applications in Transport Industry

Aviation
Turbine engine fan blade mid-spans, compressor blades, turbine blade roots,
bearing journals, stator and rotor disk snap diameters, landing gears, actuators,
flap tracks, helicopter rotor joint´s and sleeves

Automotive Transmission shifter forks

Transportation/Heavy Equipment Hydraulic rods, pistons, ship steering rams

Powders based on iron, nickel, cobalt, chromium carbide, tungsten carbide, and mixtures of these
materials are generally used in nanoHVOF technology. NanoHVOF technology can solve problems
relating to the replacement of hard chrome plating, corrosion, thermal barrier, fatigue, erosive, abrasive,
vibrating, adhesive and cavitation wear, and electrical conductivity or non-conductivity. Compared to
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welding and chrome plating, nanoHVOF technology is a cheaper and faster renovation technology.
New, advanced thermal spray technologies make it possible to deposit wear-resistant coatings on the
cylindrical surfaces of aluminium or magnesium engines [40].

In this paper, we focus on the quality evaluation of five types of coatings applied by HVOF
technology. Coatings suitable for application in the transportation field were selected. The WC-FeCrAl
coating, with an environmentally friendly matrix without harmful elements of Co and Ni, as well
as the WC-CoCr coating based on nanoparticles and coatings with WC particles were evaluated.
The quality of the cermet coatings was compared with a commercially used Co-MoCrSi alloy coating.
The quality of the coatings was evaluated in terms of porosity, hardness, indentation fracture toughness,
and wear resistance.

2. Materials and Methods

2.1. Base Materials and Powders for Coating Formation

Coatings were formed by HVOF spraying on a substrate made of 1.4404 steel: austenitic,
low-carbon stainless steel, resistant to non-oxidizing environments, and designated for parts subject to
high chemical stress. Table 3 shows the chemical composition of the substrate, as given by the steel
producer (Acerinox, Germany).

Table 3. Chemical composition of base material (wt.%).

Base Material C Si Mn P S Cr Mo Ni Fe

1.4404 0.03 1 2 0.4 0.03 16.5–18.5 2–2.5 11–14 Balance

The substrate has a cylindrical shape (ø 25 mm, length of 50 mm) with the coating sprayed on
the head of the cylinder. The substrate material was prepared by degreasing and abrasive cleaning
(abrasive: white corundum with particle size 0.56 mm, air pressure: 0.4 MPa, blasting distance: 300 mm,
impact angle: 90◦). Table 4 shows the chemical composition of the feedstock powders used, as given
by the powder producer, while Figure 1 shows SEM imagery of the individual powders.

Table 4. Chemical composition of feedstock powders (wt.%).

Elements WC-FeCrAl WC-WB-Co WC-NiMoCrFeCo Co-MoCrSi WC-CoCr

C 5.4–5.9 3.5–4.0 5–5.6 - 4.8–5.6
Fe 10–12 - 0.8–1.5 - -
Cr 2.5–3.8 - 2–3.5 8.5 3.4–4.6
Al 0.6–1.2 - - - -
B - 1.5–2.5 - - -

Co - 9–11 0.3–0.6 Bal. 8.5–11.5
W Bal. Bal. Bal. - Bal.
Ni - - 10–12.5 - -
Mo - - 2–3.5 28.5 -
O - - max. 2.5 - -
Si - - - 2.6 -
Fe - - - - 0.2

Figure 1. Cont.
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Figure 1. SEM micrographs of powders used.

WC-FeCrAl (Höganäs, Sweden) has particle size −45/+15 µm and carbide/matrix ratio 85/15.
This powder was developed especially for spraying with HVOF technology. The density and wear
resistance of coatings made from this powder are comparable to that of a WC-Co coating. In NaCl
solution, it exhibits better corrosion resistance than the WC-Co-Cr coating. It is environmentally friendly,
without the presence of cobalt or nickel. It belongs to a group of new “green” carbides. It is characterized
by excellent corrosion and erosion resistance in seawater and in neutral environments and environments
with high pH. It is also characterized by good resistance to abrasive and cavitation wear.

WC-WB-Co (Höganäs, Sweden) has particle size −45/+15 µm and WC/WB/Co ratio 60/30/10.
This powder can be applied using HVOF technology. It creates very dense and malleable coatings with
good resistance to erosion, abrasion, cavitation, and corrosion. It is intended for the surface protection
of parts used in marine environments, as well as rollers leading steel strips to a zinc bath.

WC-NiMoCrFeCo (Höganäs, Sweden) has particle size−45/+15 µm and carbide/matrix ratio 82/18.
This is an innovative powder based on tungsten carbide with a highly corrosion-resistant matrix.
It has been specially developed for HVOF application, forming coatings with high corrosion resistance,
compared to standard coatings such as WC-Co-Cr or WC-Ni. It has improved performance when
exposed to highly corrosive environments, such as seawater or diluted mineral and organic acids,
while maintaining good wear resistance.

Co-MoCrSi (Praxair Surf. Technologies, Manchester, CT, USA) has particle size −45/+10 µm.
This is an alloy, carbide-free powder, which is suitable for application by HVOF technology.
It is characterized by good sliding properties and is resistant to corrosion and oxidation.

nanoWC-CoCr (Thermico, Dortmund, Germany) has particle size −15/+5 µm and carbide/matrix
ratio 86/14. This coating is applied to hydraulic cylinders with high resistance to corrosion and wear,
as well as to compressor shafts, valves, and rollers in the paper industry. The hardness of such coatings
exceeds 1200 HV0.3.

The coatings were applied by HVOF technology, using the PRAXAIR TAFA JP 5000 (Praxair Surface
Technologies Inc., Indianapolis, IN, USA) coating application system with HP/HVOF and Powder
Feeder 1264 (Praxair Surface Technologies Inc., Indianapolis, IN, USA). The spraying parameters are
shown in Table 5.

Table 5. Spraying parameters.

Parameter Value

Nozzle diameter 25.4 mm
Kerosene flow 6.0 g·h−1/22.7 L·h−1

Oxygen flow 800 L·min−1

Stand-off distance 380 mm
Powder flow rate 80 g·min−1

2.2. Microstructure of Coatings

Coatings deposited on face of steel cylinders were cut, ground, and polished to prepare
metallographic cross-sections. Cross-sections were used for determination of the thickness of the
coatings (ISO 1463: 2004-10, Olympus BXFM, Hamburg, Germany), indentation fracture toughness,
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microhardness of coatings (ISO 4516, Shimadzu HMV-2, Tokyo, Japan; load of 980.7 mN, dwell 15 s,
20 indentations per sample), and structure of coatings (Tescan Vega 3, TESCAN ORSAY HOLDING,
a.s., Brno, Czech Republic). The internal structure of the coatings, remelting, and distribution of hard
particles in the matrix were evaluated from the fracture surfaces.

The porosity of the coatings was also evaluated using the metallographic cross-sections,
as a percentage of the pore area to the total evaluated coating area through image analysis using
the Quick PHOTO Camera 2.3 software (Promicra, s.r.o., Prague, Czech Republic). The porosity
was evaluated from micrographs taken at the same magnification, as an average from ten different
cross-sectional areas of each coating.

2.3. Dry-Pot Erosive Wear Test

The test coatings were in relative motion with respect to the dry abrasive placed in the vessel,
being specifically oriented with respect to the axis of rotation such that the angle of contact of the coating
with the abrasive was 45◦ and 90◦, respectively; see Figure 2. The wear resistance was determined
based on weight loss. Brown corundum with particle size 0.75 mm was used as the abrasive. The total
duration of the test was 480 min. The test was repeated three times on each coating and at each
contact angle.

Figure 2. (a) Fixing of test samples in the testing device and (b) scheme of contact geometry.

2.4. Abrasive Wear Test with Abrasive Cloth

An abrasive wear test of the coatings was performed on a laboratory test device APGi
(VEB Leipzig, Germany), using an abrasive cloth; see Figure 3. The grit sizes of the corundum
cloths were # 80 and # 120, respectively. The test parameters were: load, 10 N; peripheral speed,
0.33 m·s−1; and length of contact track between the sample and the cloth, 40 m. The wear resistance of
the coatings was evaluated based on weight loss, and the test was repeated three times on each coating,
using a new abrasive cloth for each test.

Figure 3. Scheme of test device for abrasive resistance test using abrasive cloth.
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2.5. Indentation Fracture Toughness of Coatings

The Indentation Fracture Toughness (IFT) test was based on the indentation of a brittle material,
usually by a Vickers pyramid which, when loaded more than critical, causes cracks to emerge at the
corners of the impression. The value of the indentation fracture toughness can then be determined,
depending on the magnitude of the applied load and the length of the induced cracks [44–48].
With a sufficiently high load, radial cracks form in the diagonals of the impression. These cracks can
be of two types (Figure 4): radial central (central: having the shape of a semi-ellipse) or Palmqvist.
Ten indentations were made on the cross section of each coating.

Figure 4. Basic types of cracks.

Several authors have dealt with the evaluation of fracture toughness. In 1957, the first study was
carried out by Palmqvist, who determined failure resistance as the work required to create cracks.
Exner, Lawn, Fuller, Charles, Clauer, Miranza, Moya, and others have also dealt with the determination
of the IFT model [49–52], establishing a number of empiric formulas for the determination of IFT with
respect to the assumed crack geometry.

The IFT of the evaluated coatings was determined on metallographic cross-sections of coatings.
For indentation, a Bruker CETR UMT-2 test device (Billerica, MA, USA) equipped with a Vickers
indentor with a load force of 40 N was used. The indentation size and crack length were measured
using a Keyence VHX 5000 digital microscope (Osaka, Japan). As we did not measure the true E value
of the coating and the use of a representative value of E would contribute to the overall error in
the IFT calculation, we decided to use the LF model, which does not include the E/H (modulus to
hardness) ratio.

Therefore, the indentation fracture toughness, KIc, was determined using the LF (Lawn and
Fuller) model, according to the formula:

KIc = 0.0515
L

ac
3
2

, (1)

where L is the test load, c is the sum of the crack length and half the diagonal indentation, a is half
the indentation.

3. Results and Discussion

3.1. Microstructure of Coatings

The microstructures of the evaluated coatings, as determined by their metallographic cross-sections,
are shown in Figure 5.

Based on the abovementioned methodology, the internal structures of the coatings and their
chemical properties were evaluated. From Figure 5, it follows that the structures of the coatings,
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observed in terms of cross-sections, were dense, with no visible presence of pores or defects. The coatings
were well-bonded to the substrate, mechanically anchored in the micro-irregularities created by the
previous operation (abrasive blasting). At higher magnifications, the hard particles of WC or WB
are visible, homogeneously dispersed in the matrix. The Co-MoCrSi alloy-based coating had a different
structure from the others, with a distinct pattern of individual splats as a sign of sufficient melting
during spraying. Due to manual operation of the spraying nozzle, the thickness of coatings varied
between 200 and 420 µm.

Figure 5. Cont.
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Figure 5. Microstructures of coating cross-sections; SEM.

Figure 6 shows the fracture surfaces of the WC-FeCrAl coating at magnifications of 2000×, 5000×,
and 10,000×. Figure 7 shows the chemical analysis of the WC-FeCrAl coating.

Figure 6. Microstructure of the WC-FeCrAl coating at different magnifications.

Figure 7. Chemical analysis of the WC-FeCrAl coating.

On the fracture surface of the WC-FeCrAl coating in as-sprayed state, it is possible to see
non-melted tungsten carbide particles, the imperfections of the coating, and the presence of small pores.
The sandwich structure typical of this type of coating—due to particle deformation during impact and
splat formation—is also evident.
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Spectrum 12 shows the detail of the darker component of the coating. In this spectrum, chromium
had the highest content (36.2%), while the lowest content was aluminium (0.5%). Spectrum 13 shows a
detail of the light area of the coating. In this spectrum, tungsten had the highest content, up to 84.5%.
The lowest content was again aluminium (0.4%). Based on the structural analysis, it can be stated that
the lighter areas of the coating consisted of tungsten carbide, while the darker areas also contained
tungsten carbide, as well as the FeCrAl alloy, which formed the coating matrix.

Figure 8 shows the fracture surfaces of the WC-WB-Co coating at magnifications of 2000×, 5000×,
and 10,000×. Figure 9 shows the chemical analysis of the coating.

Figure 8. Microstructure of the WC-WB-Co coating at different magnifications.

Figure 9. Chemical analysis of the WC-WB-Co coating.

For the WC-WB-Co coating in the as-sprayed state, a spongy structure and a lack of compactness
of the coating can be observed. Harder tungsten particles can be seen in the softer metal matrix,
which were mostly non-melted.

Spectrum 14 shows the detail of the light area of the WC-WB-Co coating. Tungsten had the highest
content (92.5%). The lowest content was aluminium (0.6%). Spectrum 15 shows a detail of the darker
area of the coating. In this spectrum, chromium had the lowest content (0.3%), while tungsten showed
the highest content (88.5%). Based on the analysis, it can be stated that both the lighter and darker
areas had a high content of tungsten.

Figure 10 shows the fracture surfaces of the WC-NiMoCrFeCo coating at different magnifications.
Figure 11 shows chemical analysis of the WC-NiMoCrFeCo coating.
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Figure 10. Microstructure of the WC-NiMoCrFeCo coating at different magnifications.

Figure 11. Chemical analysis of the WC-NiMoCrFeCo coating.

A spongy structure can be observed on fracture surface of the WC-NiMoCrFeCo coating.
Non-melted tungsten particles are present.

In spectrum 21, tungsten exhibited the highest content (85.3%), while the lowest content was
aluminium (0.7%). This spectrum shows a detail of the light part of the coating. Spectrum 24 shows the
detail of the darker region of the coating. In this spectrum, cobalt showed the lowest content (0.6%),
while tungsten had the highest content (62.5%). Based on the analysis, we can state that the lighter
areas of the coating contained tungsten and the darker areas corresponded to the coating matrix,
composed of the NiMoCrFeCo alloy.

Figure 12 shows the fracture surfaces of the Co-MoCrSi alloy coating at various magnifications.
Figure 13 shows the chemical analysis of the Co-MoCrSi coating.

Figure 12. Microstructure of the Co-MoCrSi coating at different magnifications.
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Figure 13. Chemical analysis of the Co-MoCrSi coating.

The most pronounced inhomogeneity was observed on the Co-MoCrSi alloy coating, where a
pronounced drawing of the molten particles that made up the coating itself was visible. It is possible
to observe a significant sandwich structure and the formation of splats with the presence of pores.

Spectrum 43 shows the detail of the light part of the Co-MoCrSi coating. Cobalt had the largest
share in this spectrum (60.4%), while the lowest content was exhibited by oxygen (1.4%). In spectrum 39,
cobalt also had the largest share (45.8%), while aluminium had the lowest content (0.1%). This spectrum
shows the detail of the darker region of the Co-MoCrSi coating. Based on the analysis, we can
state that, in the darker and lighter areas, cobalt—which is the main component of this coating—had the
largest share.

Figure 14 shows the fracture surfaces of the WC-CoCr coating at different magnifications. Figure 15
shows chemical analysis of the WC-CoCr coating.

The finest structure was observed on the WC-CoCr coating; nevertheless, pores and non-melted
tungsten particles were still visible on this coating.

In spectrum 31, tungsten had the highest content (74.0%), while the lowest content was that of
iron (1.0%). This spectrum shows the detail of the light part of the WC-CoCr coating. Spectrum 34
shows the detail of the darker area of the coating. Again, tungsten had the highest content in this
spectrum (82.4%), while aluminium had the lowest content (0.4%).

Figure 14. Microstructure of the WC-CoCr coating at different magnifications.
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Figure 15. Chemical analysis of the WC-CoCr coating.

The porosity of the coatings was evaluated in the metallographic cross-sections, as a percentage of
the pore area to the total evaluated coating area; see Figures 16 and 17. The porosity and hardness
of HVOF-sprayed coatings depend on the oxygen flow rate (O), kerosene flow rate (L), powder
feed rate (F), and spray distance (S); so, can be expressed as: Responses = f (O;L;F;S).

The highest occurrence of porosity was measured in the WC-FeCrAl coating, which had the lowest
hardness value of the evaluated coatings containing WC particles; see Figure 17. The lowest porosity
of all evaluated coatings was shown by the Co-MoCrSi coating. This is a different type of coating:
an alloy coating without the presence of hard carbide particles. This coating also exhibited the lowest
hardness value. The WC-CoCr nanocoat showed the highest hardness value of the evaluated coatings,
while its porosity was the lowest of the group of coatings containing WC particles.

Figure 16. Occurrence of pores in evaluated coatings (marked red).



Metals 2020, 10, 1675 15 of 21

Figure 17. Porosity found in coatings.

These measurements clearly show that the porosity of metallic–ceramic coatings, in addition to
the technological parameters of coating spraying, depends on their hardness. However, this does not
apply to alloy coatings, for which the mechanism of coating formation is different. It has been stated
that the porosity values of the coatings applied by HVOF technology do not exceed 1%, which was
confirmed for the evaluated coatings. The different porosity of the evaluated coatings was due to the
different matrices, the type and distribution of hard carbide particles in the matrix, and the volume
fraction of particles in the matrix. Our experiment demonstrated the high quality of coatings applied
by HVOF technology.

3.2. Hardness of the Coating

The microhardness values of the base material ranged from 278 to 304 HV 0.1. Between the
evaluated coatings, the highest hardness value was obtained with the WC-CoCr nanoparticle coating.
The lowest hardness was exhibited by the Co-MoCrSi alloy coating, as shown in Figure 18.

Figure 18. The results of HV 0.1 measurements.

3.3. Dry-Pot Erosive Wear Test

The resistance of the coatings under erosive wear conditions was evaluated by the dry-pot erosive
wear test at the two impact angles of 45◦ and 90◦; see Figure 19. Based on the measured values of
mass loss of WC-containing coatings, a larger weight loss was recorded in samples with an impact
angle of 90◦, in agreement with the literature, concerning the wear of hard materials [53,54]; however,
the Co-MoCrSi coating showed greater wear at an impact angle of 45◦, compared to that at 90◦.
This is another type of coating, without hard WC particles, and its hardness reached the lowest value
(767 HV 0.1). At lower abrasive impact angles, the grooving effect of the particles predominates
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in relatively softer materials; thus, the mechanism of wear is microcutting. The lowest value of
wear within all evaluated coatings was achieved by the coating with WC-CoCr nanoparticles at both
impact angles.

Figure 19. Mass loss of coatings in dry pot wear test at two impact angles.

3.4. Abrasive Test with Abrasive Cloth

In the abrasive wear test using abrasive cloth, the coatings were subjected to dry friction with two
abrasive cloths of different grit sizes, # 120 and # 80; see Figure 20. In the test, hard SiC particles acted
against another body, that is, the coating. In practice, the damage is investigated in relation to the
real functional surfaces of machine parts. As can be seen from previous research, the worn volume is
directly proportional to the load and the length of the track, and indirectly proportional to the hardness
of the worn surface. During the test, abrasive particles fixed on the cloth come into contact with the
surface of the coating and (firstly elastic, later plastic) contact occurs at the contact point. Gradually,
the number of contact points that transmit external forces increases. Obviously, the abrasive cloth
cannot be considered as a perfectly rigid body and, so, it is relatively difficult to analyse the exact
conditions in the contact area. Higher wear in all evaluated coatings was achieved with abrasive cloth
with a larger number of grains per unit area and smaller grain size, that is, with the # 120 grit size.
Although the abrasives were smaller in size, the wear was caused by a larger number of abrasive grains.
Of the evaluated coatings, the lowest wear was obtained by the WC-CoCr nanocoating. The reason for
this lies in the general fact that the mechanical properties and wear resistance of WC-based coatings
generally increase with the decrease in WC particle size [55].

Figure 20. Mass loss of coatings in abrasive wear test with abrasive cloth.



Metals 2020, 10, 1675 17 of 21

3.5. Indentation Fracture Toughness of Coatings

The evaluation of the fracture toughness of thermally sprayed coatings is especially important in
the case of wear-resistant materials. Together with the hardness, modulus of elasticity, and Poisson’s
constant, it characterizes the ability of the material to withstand the stresses caused by wear. Due to their
structure, the fracture toughness of thermally sprayed coatings differs from that of bulk materials of the
same composition. Its value depends on the degree of porosity, the presence of oxides, and the shape,
size, and distribution of the reinforcing particles. The lamellar structure of the coating causes significant
anisotropy in the resistance to crack propagation in the coating [55,56].

Based on the calculated values of the indentation fracture toughness of the coatings, it was found
that the highest resistance to crack propagation was achieved by the WC-CoCr nanocoating; see Figure 21.
Lower values were achieved by the cermet coatings containing WC particles, while a significantly lower
value was achieved by the Co-MoCrSi alloy coating. In the case of cermet coatings, the resistance to crack
propagation is determined primarily by the proportion and material of the matrix. The homogeneity
of the structure and porosity also play significant roles. In this respect, the more porous coatings,
such as WC-FeCrAl and WC-WB-Co, are more prone to crack propagation. Thus, cermet coatings
cannot be considered a suitable material for applications requiring resistance to crack propagation,
such as erosion at high angles.

Figure 21. Indentation fracture toughness, KIc, of coatings.

4. Conclusions

This research focused on the characterization of cermet coatings based on WC applied by HVOF
technology. The properties of the coatings were compared with a commercially used Co-MoCrSi
alloy coating. The quality of the environmentally friendly WC-FeCrAl coating without cobalt and
nickel was determined. The WC-CoCr coating was based on nanopowders. The aim of this work was
to determine the possibility of replacing coatings containing carcinogenic elements, such as cobalt
and nickel, with new types of green carbides, as well as to determine the quality of the coating
using nanopowders.

The experimental work led to the following conclusions:

- The microstructures of the coatings, as determined by their cross-sections, were dense, with no visible
presence of pores and defects. The coatings were well-bonded to the substrate, being mechanically
anchored in its micro-irregularities. In the case of cermet coatings, hard WC, as well as WB particles,
were homogeneously dispersed in the matrix. In the alloy (hard carbide-free) coating, a typical
sandwich structure was visible, with a significant deformation of splats forming at the moment
of incidence on the surface, indicating a sufficient remelting of the powder. From a microscopic
point of view, the structures of the evaluated coatings were not compact but, nevertheless,
their properties were excellent and they can act as compact coatings under load.
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- The highest hardness value was obtained by the WC-CoCr coating based on nanoparticles;
while its porosity was the lowest within the group of coatings with WC particles. The lowest
hardness value was achieved by the Co-MoCrSi alloy coating, which did not contain hard carbide
particles. The highest occurrence of porosity was found in the WC-FeCrAl coating, which also
had the lowest hardness value among the evaluated coatings containing WC particles. The lowest
porosity of all evaluated coatings was obtained by the Co-MoCrSi alloy coating.

- The resistance of coatings under erosive wear conditions was evaluated by the dry-pot wear test
at two impact angles, 45◦ and 90◦. Greater weight loss of the coatings was recorded at an impact
angle of 90◦. The lowest value of wear of all evaluated coatings was achieved by the coating with
WC-CoCr nanoparticles for both impact angles. The Co-MoCrSi alloy coating achieved greater
wear at an impact angle of 45◦ than at an impact angle of 90◦, which could be caused by the
grooving effect predominating at lower abrasive impact angles in relatively softer materials.

- Higher wear was achieved among the evaluated coatings when using abrasive cloth with a larger
number of grains per unit area and smaller dimensions, that is, with grit size # 120. Within the
evaluated coatings, the lowest wear was achieved by the WC-CoCr nanocoat.

- Based on the calculation of the indentation fracture toughness of the coatings, it was shown that
the highest resistance to crack propagation was achieved by the WC-CoCr nanocoat.

The expanding family of HVOF-sprayed protective coatings has presented high potential for the
transport industry, in order to meet the unique specifications from the viewpoint of the production
of components (increased resistance to sliding wear, abrasion, adhesion, corrosion, erosion, galling,
and thermal insulation), as well as with respect to their environmental impact (environmentally
friendly coatings).
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