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Abstract: Nowadays, due to the carcinogenic effects of chrome, replacing the hard chromium used for
hydraulic components like rods and cylinders is becoming increasingly requested. Thermally sprayed
coatings are a solution to the problem; however, proper understanding and characterisation of their
tribological behaviour are essential for the successful exploitation of surface engineering. Thus, the
main aim of this study is to evaluate the abrasive wear characteristics of two metal sprayed layers,
tungsten carbide (WC) deposited through the high-velocity oxygen fuel coating (HVOF) method and
Fe alloy coating deposited through thermal spraying with an electric arc with a wire-electrode G3Si1,
and compare the results with those of an electrochemically deposited hard chromium layer. Their
wear resistance is then related to their hardness. The results highlight the tribological performances of
the thermally sprayed coatings. The HVOF WC10Co4Cr coating has a wear coefficient and a material
wear volume that are hundreds of times lower than those of the other two coatings.

Keywords: thermal spraying; hard chromium coating; friction and wear; micro-abrasion test; hardness

1. Introduction

Under the current conditions of modern industrial production, based on optimisa-
tion, efficiency, and cost-effectiveness, machines, equipment, and installations must be
operated at optimum levels without accidental failure or disruptions. By default, all of
these contribute, in essence, to the superior quality of the finished products. Machines,
equipment, and installations are subjected to wear during operation, which may also cause
part processing errors, increased consumption, and even work accidents. Extending the
service life can be achieved by slowing down the physical wear of the component parts.
According to the manufacturer’s prescriptions, this is ensured by operation of the machines
at normal load (by avoiding overloads), continuous observation of their condition and
functionality, proper maintenance, lubrication of moving parts, good quality repairs, and
their timely intervention [1–5].

Reconditioning is recognised as a technology to treat worn parts, ensuring reliabil-
ity. This is an unlimited subject in terms of the technology, installations, and materials
used [2–4,6,7]. Wear is any loss of material on solid friction surfaces resulting in a change in
dimensions, geometric shape, and clearances. This is a complex phenomenon, determined
by many factors and conditions (mechanical properties, geometric features of the surfaces,
operating parameters, lubrication quality, lubricants used) [8,9]. After a certain number
of hours of operation of an assembly, some parts have an advanced wear condition. This
makes it impossible to continue the operation of the assembly in question. In addition
to wear, after a long period of running time, a machine or machine parts may be out of
service due to accidental causes impacts such as overloads, misfitting, material defects,
etc. [2,10,11].

Reconditioning by thermal spraying can be one of the most effective means of protect-
ing surfaces from wear or corrosion. Restoring the dimensions of the parts, maintaining

Lubricants 2023, 11, 350. https://doi.org/10.3390/lubricants11080350 https://www.mdpi.com/journal/lubricants

https://doi.org/10.3390/lubricants11080350
https://doi.org/10.3390/lubricants11080350
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0000-0002-5283-1733
https://orcid.org/0000-0001-7033-6528
https://doi.org/10.3390/lubricants11080350
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com/article/10.3390/lubricants11080350?type=check_update&version=1


Lubricants 2023, 11, 350 2 of 13

the precise clearances, and improving the physico-chemical, mechanical, and technological
characteristics of the surface layer increase the service life and reduce costs [10,12–14]. The
flame spraying metallisation consists of melting the filler material (powders, wire, and
bars) into a gas-oxy flame that burns in the free atmosphere and spraying melted metal
droplets onto the surface of the metallised piece [2].

In the case of high-velocity oxygen fuel (HVOF) spraying, combustion takes place
in a confined space. The flame comes out of the combustion chamber through a laval
profile nozzle, which ensures the spray jet convergence, and a jet speed of 1500–2000 m/s is
reached. The powder is inserted perpendicular to the spray stream, and the metallizer body
is intensely cooled with water. HVOF (high-velocity oxygen) is the most used technology
for obtaining coatings [10,15–17].

Electric arc spraying metallisation technology consists of the melting of an electrode
wire (adding material) by the electric arc forming between them and spraying melted drops
with a jet of compressed air on the base material [2].

The factors influencing the hardness of the coating are the nature of the deposited
material, the structure of the layer of deposited material, the porosity of the layer of
deposited material, the thickness of the layer of deposited material, and the final processing
of the layer of deposited material [2,10]. The hardness of the thermally sprayed material
layer increases with the increase in the impact velocity of the particles sprayed on the
material surface, the decrease in granulation, the decrease in the proportion of oxides
contained in the deposited layer, and the increase in the thickness of the deposited layer.
This hardness decreases with the decrease in the spraying pressure, the increase in the
spray distance, the increase in the layer temperature after metallisation, and the increase in
the feed speed or flow of the build-up material [2,3,10,18–20].

Wear resistance generally increases with metallisation and is even better than the
wear resistance of the original part. This is due both to the fact that the structure of the
sprayed layers is a characteristic of heat treatment, the layers have a high hardness, and the
structure of the sprayed layers is characterised by the existence of pores. Consequently, all
surfaces subjected to friction wear should be treated by thermal spraying even before their
first use, not just when they are reconditioned after the first cycle of operation. This would
extend the work life of the parts [2,10,16,21–23].

Wear is a tribological process that is manifested by the destruction of the surface layer
of a solid body in contact with another solid body or a fluid medium with suspended solid
particles. If there is relative movement between the two bodies, then friction occurs, and
wear is called frictional wear. Degradation of surfaces is manifested by the loss of material
and changes in size and geometric shape [8,24–26].

Many surface engineering applications require increased wear resistance, as is the
case with hydraulic rods or cylinders. Adequate understanding and characterisation of
tribological behaviour are essential for the successful exploitation of surface engineering.

Hydraulic rods and cylinders are commonly coated with electrodeposited hard chromium.
An alternative to this coating technique is thermal spraying. For the research presented
in this paper, in the case of a hydraulic cylinder, electrical arc-spraying metallisation with
two electrode wires was selected as the coating process. The two electrode wires advance
through a drive system using a small air rotor. The electrode wires are elastically deformed
and directed toward each other to short-circuit and form an electric arc by two copper
pads at a temperature of approximately 4000 ◦C. The electrical contacts shall be made at
the same time, both directly on the electrode wires and on copper pads. Compressed air
or inert gas coming out of the nozzle sprays material from the tip of the electrode wires,
which melts in the electric arc and forms, together with the sprayed droplets, the spray jet
normally oriented on the surface of the workpiece.

Tribological tests regarding abrasive wear are usually carried out in the presence of
an abrasive suspension, like silicon carbide (SiC). Abrasive wear manifests in the form of
traces of microchipping (scratches) on both surfaces in contact. It is specific to the active
components of the machines that work in abrasive environments and to friction couplings
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that are poorly protected (piston-cylinder). Abrasion resistance is usually assessed using
wear tests, in which mass losses or dimensional changes are monitored. The most known
tribological application is a micro-scale ball abrasion test, and tribometers based on this
method are available on the market. Based on the ball micro-abrasion method, a practical
and simple tool has been developed to quickly measure the wear properties of thin coatings
in a single test [9,24].

Taking all these factors into consideration, in recent years researchers have studied
HVOF WC coatings to determine their mechanical properties and wear behaviour. Similar
to our study, Castro et al. [17] compared the microstructure, roughness, hardness, and
wear resistance of a WC-10Co4Cr-HVOF coating with those of hard chrome, which are
used in hydraulic cylinders. To determine the wear characteristics of the coatings, they
employed two different methods: the rubber and sand wheel wear test and the pin-on-disc
wear test. Their results indicated superior properties for the WC-CoCr HVOF-coated
steel. Bolelli et al. [23] studied the abrasive wear behaviour of WC–10Co4Cr hardmetal
coatings sprayed onto carbon steel substrates using two HVOF and two HVAF spray
processes. They performed rotating ball-on-disk tests and a modified version of the dry
sand–rubber-wheel abrasion wear test, showing that coatings deposited from coarse feed-
stock powders suffer higher wear losses than those obtained from fine powders. In another
study, Samodurova et al. [27] analysed the properties of a WC–10%Co–4%Cr detonation
spray coating deposited on the Al–4%Cu–1%Mg Alloy. The micro-hardness values they
obtained for the carbide coating (1300–1350 HV0.3) are significantly higher in comparison
with tungsten carbide coatings sprayed by various methods on aluminium alloy substrates.
Ksiazek et al. [28] studied the wear properties of HVOF-sprayed composite coatings (WC–
Co + Cr) on ductile cast iron using abrasion resistance testing in an abrasive suspension
and demonstrated that the composite coating has better (by almost 22%) resistance to
abrasion than the cast iron. Wu et al. [29] performed wear tests with abrasive particles
on three HVOF coatings (Ni60, WC10Co4Cr, and 316L) on a self-made NM-200 rubber
wheel testing machine, and their results indicated that the WC10Co4Cr coating has the best
wear resistance.

In view of the above, the main aim of the experimental work presented in this paper is
to determine the abrasive wear resistance of some samples coated by thermal spraying and
compare the results with those of a hard chromium coating. This is done by employing
tests on a CSEM Calowear abrasion tester in the presence of a suspension of distilled water
and SiC. Compared to the testing methods in other studies, this method not only allows the
analysis of the wear resistance of the coatings, but also the determination of their thickness.
Afterwards, the results are related to the hardness of the layers.

2. Materials and Methods

To determine the abrasive wear resistance of thermally sprayed samples, experimental
determinations were performed on a CSEM Calowear abrasion tester.

Figure 1 shows the diagram used to obtain the abrasion imprints that resulted after
the micro-abrasion test.

For the comparative research, two test specimens with layers deposited by thermal
spraying and, respectively, a specimen with a layer of hard chromium deposited electro-
chemically were used, as follows:

- Specimen 1 (P1)—hard chromium layer deposited electrochemically;
- Specimen 2 (P2)—alloy layer deposited by thermal spraying with an electric arc with

electrode wire G3Si1;
- Specimen 3 (P3)—tungsten carbide (WC10Co4Cr) layer deposited through HVOF

(high-velocity oxygen fuel) thermal spraying.
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Figure 1. Diagram with the micro-abrasion test wear imprints.

The experimental samples were cut at 20 × 30 × 10 mm dimensions, and the thickness
of the layers was between 0.15 and 0.2 mm. The average roughness for the 3 samples was
between 0.22 and 0.31 µm. The materials tested for micro-abrasion were hard chromium,
G3Si1, and WC. Table 1 summarizes the information on the 3 samples.

Table 1. Characteristics of the samples.

Sample Procedure For Obtaining Hard Coatings Layer Thickness [µm] Support Material Deposited Material

P1 Hard chromium ~20 Steel alloy with
approx. 2% Cr Gadolinium chromium

P2 Thermal spraying with electric arc with
electrode wire G3Si1

100—hard layer
75—adhesion surface

Structural Steel
S235

G3Si1 wear layer wire
and Ni layer of

adhesion
(intermediate)

P3 HVOF thermal spraying ~200 Structural Steel
S275

WC10Co4Cr powder
(Participation 10—4)

The surface of the samples has been honed to obtain the smallest roughness possible,
and the values of the roughness are given in Table 2. The device used to measure the
roughness of the surfaces was the SJ301 (Mitutoyo, Japan) profilometer.

Table 2. Test surface roughness values.

Roughness [µm]

Sample Determination 1 Determination 2 Determination 3 MEAN

P1 0.31 0.27 0.23 0.27
P2 0.33 0.25 0.37 0.31
P3 0.23 0.19 0.25 0.22

The micro-abrasion tests were performed on the CSEM Calowear abrasion tester, using
a metal ball with a diameter of 25.4 mm (Figure 2). The ball rolled on the surface of the
coated sample, under its own weight, at a constant speed in the presence of a suspension of
distilled water and SiC, which is fed at about 1 drop per second, with an average grain size
of 3.5 µm and a concentration of 0.75 g/cm3. The ball rolled on the surface of the samples
with a speed of 0.2 m/s.
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Figure 2. CSEM Calowear tribometer.

For each sample, 3 tests were performed, each lasting 900 s. The normal force FN
on the test sample has an average value of 0.48–0.6 N. The friction length (214,982 mm)
that generated the wear was determined based on the diameter of the ball, the number of
rotations made by it, and the characteristics of the contact between the ball and the drive
shaft [26]. The recorded data is presented in Table 3.

Table 3. Values recorded for the three samples.

Sample Experiment Number FN
[N]

Time
t [s]

P1
1 0.480 900
2 0.482 900
3 0.483 900

P2
1 0.602 900
2 0.605 900
3 0.600 900

P3
1 0.553 900
2 0.538 900
3 0.543 900

The sliding length of the sphere that generates the wear is influenced by the diameter
of the sphere and by the values of the elements from the contact between the sphere and
the drive shaft (Figure 3) [26].

The sliding length can be calculated using Equation [8]:

L =
π·R·n·d√(

d2

4 − p2

4

) = 44.44·n = 214, 982 mm, (1)

where d is the sphere diameter (24.5 mm), L is the sliding length, n is the drive shaft number
of revolutions (4842 rot), R is the drive shaft radius (6.5 mm), and p is the length of the
contact between the sphere and the drive shaft (10 mm).
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The wear volume of the material is calculated with the relation [8]:

V =
πb4

32d
, if b << d (2)

The wear coefficient can be calculated with the relation:

k =
π·b4

32·L·FN ·d
, (3)

The thickness of the deposited layer is

h =
x·y
d

, (4)

where x and y are measured by means of an optical microscope.
The wear imprints that resulted on samples P1, P2, and P3, respectively, after a 900 s

cycle are shown in Figure 4.
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P2, (c) sample P3.

The worn surface inspections of the surfaces of the test samples were carried out by
optical microscopy according to SR EN 1321:2000, STAS 7626-79, CR 12361:1996 + AC:
1997 standards, with an Olympus GX51 optical microscope, with magnification powers
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ranging from 50× to 1000×. This optical microscope is equipped with specialised image
processing software, AnalySis.

3. Results
3.1. Optical Analysis of the Wear Imprints

Figures 5–7 present the images of the imprints obtained on the surface of the samples
taken under the optical microscope. The measured values of the diameters of the imprints
on the sample surface are found in Tables 4–6. In the case of the hard chromium-coated
sample (P1), after the 900 s wear test, the substrate is reached. This is visible from the
wear imprint, which has two diameters. The steel substrate can be seen inside the internal
diameter, while between the two diameters is the wear track for the hard chromium coating.
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Table 4. Measured values of the imprint diameters on the P1 sample.

Imprint No. External Diameter [µm] Internal Diameter [µm]

1 2003.29 1282.50
2 2061.78 1324.66
3 2083.72 1259.68

Average 2049.60 1288.95

Table 5. Measured values of the imprint diameters on the P2 sample.

Imprint No.
External Diameter [µm]

Mean [µm]
Determination 1 Determination 2

1 1768.00 - 1768.00
2 1724.49 1675.52 1700.01
3 1761.20 1781.61 1771.41

Average 1751.23 1728.57 1746.47

Table 6. Measured values of the imprint diameters on the P3 sample.

Imprint No.
External Diameter [µm]

Mean [µm]
Determination 1 Determination 2

1 394.40 - 394.40
2 394.40 335.92 365.16
3 379.44 - 379.44

Average 389.41 389.41 379.67

In the case of the other two samples, P2 and P3, the substrate was not reached at the
end of the abrasive wear tests due to the thickness of the coating. Sample P2, which has
a coating deposited by thermal spraying with an electric arc with electrode wire G3Si1,
has a smaller wear imprint than sample P1. Sample P3, which has a tungsten carbide
(WC) coating deposited through HVOF thermal spraying, has the smallest wear imprint,
indicating that it has better wear performance than the other two coatings.

3.2. Wear Coefficient and Wear Volume

Tables 7–9 show the results obtained based on the determination of the mean diameter
of the wear imprint and the application of the algorithm described in Section 2 of the paper.
The results presented in Tables 7–9 are the calculated sliding length (L), mean diameter of
the wear imprint (b) measured with the optical microscope, load force (FN) registered by
the CSEM Calowear abrasion tester, calculated wear coefficient (k), and wear volume (V),
as well as the average value of these parameters. Our results are in good agreement with
those obtained by other researchers [17,23,29,30].

Table 7. Wear coefficient (k) and wear volume (V) from the abrasive wear test results for sample P1.

Imprint
No.

Time
[s]

Sliding Length
L [mm]

Mean Diameter of the Imprint
b [mm]

Load Force
FN [N]

Wear Coefficient
k [mm3/Nm]

Wear Volume
V [mm3]

1 900
214,982

2.003 0.480 5.99 × 10−7 6184 × 10−5

2 900 2.061 0.482 6.73 × 10−7 6974 × 10−5

3 900 2.083 0.483 7.01 × 10−7 7277 × 10−5

Average 2.049 0.482 6.58 × 10−7 6811 × 10−5
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Table 8. Wear coefficient (k) and wear volume (V) from the abrasive wear test results for sample P2.

Imprint
No.

Time
[s]

Sliding Length
L [mm]

Mean Diameter of the Imprint
b [mm]

Load Force
FN [N]

Wear Coefficient
k [mm3/Nm]

Wear Volume
V [mm3]

1 900
214,982

1768 0.602 2.92 × 10−7 3777 × 10−5

2 900 1700.005 0.605 2.48 × 10−7 3228 × 10−5

3 900 1771.405 0.6 2.95 × 10−7 3802 × 10−5

Average 1746.47 0.602 2.78 × 10−7 3602 × 10−5

Table 9. Wear coefficient (k) and wear volume (V) from the abrasive wear test results for sample P3.

Imprint
No.

Time
[s]

Sliding Length
L [mm]

Mean Diameter of the Imprint
b [mm]

Load Force
FN [N]

Wear Coefficient
k [mm3/Nm]

Wear Volume
V [mm3]

1 900
214,982

0.394 0.553 7.83 × 10−10 9.31 × 10−5

2 900 0.365 0.538 5.93 × 10−10 6.86 × 10−5

3 900 0.379 0.543 6.83·× 10−10 7.97 × 10−5

Average 0.379 0.545 6.83 × 10−10 8.05 × 10−5

Compared to hard chromium, thermal spraying with an electric arc with electrode
wire G3Si1 has improved wear performance (wear coefficient and wear volume are reduced
by half). However, by far the best results were obtained for the tungsten carbide HVOF
thermally sprayed coating. Its wear coefficient and wear volume are hundreds of times
lower than those of the other two coatings. An in-depth analysis is presented in the
Discussion section.

3.3. Micro-Hardness

To determine the micro-hardness of the layers of the three samples, five determinations
were made for each deposited layer with a test force of 0.98 N (HV0.1) and a 5 s loading
time. In-line measurements were performed, with distances between indentations of at
least 500 µm. The results of these determinations are presented in Table 10, where the
average value was calculated for each sample. The values are similar to those obtained by
other researchers [17,23,27,29–31].

Table 10. Micro-hardness results.

Determination
P1 P2 P3

HV0.1 HV0.1 HV0.1

1 643 586 1415
2 662 630 1179
3 660 789 1106
4 648 811 1183
5 641 658 1373

Average 650.8 694.8 1251.2

The hardness values measured on the surfaces of the samples coated with tungsten
carbide are clearly superior to the values measured on the surfaces of the samples coated
with hard chromium.

4. Discussion
4.1. Optical Analysis of the Wear Imprints

The external diameters of the wear imprints obtained on the surface of the samples
after the abrasive wear tests were measured with the help of the AnalySis processing
software of the optical microscope. Three wear tests were performed on each sample,
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and based on the measured external diameters, an average value of the diameter was
calculated. For the P1 hard chromium sample, the calculated average external diameter
was 2049.60 µm. For the P2 sample, which has a coating deposited by thermal spraying
with an electric arc with electrode wire G3Si1, the average external diameter was lower
than that of P1, with a value of 1746.47 µm. Sample P3, which has a tungsten carbide (WC)
coating deposited through HVOF thermal spraying, had the smallest wear imprint, having
an average external diameter of 379.67 µm. This is 5.4 times smaller than that of sample P1
and 4.6 times smaller than that of sample P2. This is the first obvious indication that the
tungsten carbide (WC) layer deposited through HVOF thermal spraying has better wear
performance than the other two coatings.

4.2. Wear Coefficient and Wear Volume

Figure 8 presents a comparative analysis of the resulting material wear volume, while
Figure 9 compares the values of the wear coefficient of the three coatings, calculated based
on the diameters of the three wear imprints for each of the three samples.
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The hard chromium layer deposited electrochemically (sample P1) has an average
wear coefficient of 6.58 × 10−7 mm3/Nm and a wear volume of 6811 × 10−5 mm3. On the
other hand, the alloy layer deposited by thermal spraying with an electric arc with electrode
wire G3Si1 (sample P2) has an average wear coefficient of 2.78 × 10−7 mm3/Nm, which is
2.37 times lower than that of the hard chromium layer. The average wear volume of sample
P2 is 3602 × 10−5 mm3, 1.89 times lower than that of sample P1. This indicates that thermal
spraying with an electric arc with electrode wire G3Si1 has improved wear performance
compared to electrochemically deposited hard chromium. The highlighted results are
those of the tungsten carbide layer deposited through HVOF thermal spraying. This type
of coating outperforms the other two by hundreds of times in terms of wear resistance.
Sample P3 has an average wear coefficient of 6.83 × 10−10 mm3/Nm (958 times lower than
P1 and 405 times lower than P2) and a wear volume of 8.05 × 10−5 mm3 (846 times lower
than P1 and 448 times lower than P2).

Analysing the charts shown in Figures 8 and 9, it can be clearly seen that the thermally
sprayed layers have a better wear resistance compared to hard chromium, but the wear
volume and wear coefficient results for the tungsten carbide HVOF thermally sprayed
coating (P3) stand out.

4.3. Micro-Hardness

The micro-hardness (HV0.1) of the layers of the three samples was determined at five
separate points on their surface, and afterwards, the average value was calculated. To
correlate the wear resistance of the coatings with their hardness, these values are presented
in Figure 10, showing the interrelationship between the two characteristics.
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For the hard chromium coating, the determined hardness is uniform and has an
average determined value of 650.8 HV0.1. Slightly better results were obtained for the
thermally sprayed G3Si1 layer, which has an average hardness of 694.8 HV0.1. As can be
seen from the graph in Figure 10, the micro-hardness values measured on the surface of the
tungsten carbide HVOF thermally sprayed layer are clearly higher than those determined
on the hard chromium layer, with the average value being 1251.2 HV0.1.

An observation can be made regarding tungsten carbide: it is very hard, but when
melted, it reacts with O2; oxides can form in this way, and the hardness can decrease.

Overlapping the results obtained for the wear volume and the values of the micro-
hardness obtained in [25], it can be concluded that the wear resistance is directly related
to the hardness of the coating. A higher hardness leads to a lower wear volume, which is
obvious for the tungsten carbide HVOF thermally sprayed coating. Its hardness is almost
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twice as high as that of the other two coatings, leading to a wear volume that is hundreds
of times smaller.

5. Conclusions

In this paper, the abrasive wear resistance of some samples coated by thermal spraying
and hard chromium was compared. Also, correlations between the hardness of the coating
and the abrasion resistance were established.

The coatings were investigated for their abrasion resistance and hardness. The results
obtained show a correlation between the hardness of the coating and its abrasion resistance.

Regarding the wear coefficient and the wear volume, the following can be concluded:

- P1—The hard chromium layer wears much faster than the layers deposited by thermal
spraying, with the substrate of the sample being visible after the 900 s cycle.

- P2—The Fe-based alloy layer deposited by electric arc thermal spraying has a much
lower wear resistance than tungsten carbide, which can be explained by the lower
hardness, the stresses accumulated on the worn surface, and the surface quality after
mechanical processing.

- P3—The tungsten carbide layer deposited by the HVOF process has the best wear
resistance due to the surface hardness of over 1200 HV0.1.

From the point of view of the correspondence between the technological process and
the properties of the layers, it results that:

- To obtain layers with very high hardness, as required by applications such as hydraulic
cylinders, it is recommended to use powdered materials in the HVOF process.

- The advantage of higher porosity, however, is that it contributes decisively to increas-
ing wear resistance. This is explained by the fact that pores form in the accumulators
of the lubricant and contribute to the increase in resistance to crushing of the film of lu-
bricant between the two surfaces in contact. Thus, remarkable anti-friction properties
are obtained.

- On the other hand, as in the case of sample P2, the wear resistance is affected by the
porosity of the layers (approx. 10%). This can affect the coating. In addition, the
pores can form microcracks, which lead to the detachment of micro-particles from the
thermally sprayed layer.
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