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Abstract: Considering the significant health risks posed by hard chrome plating during its applica-
tion, thermally sprayed Cr3C,-NiCr cermet coatings represent a suitable alternative. Incorporating
hexagonal boron nitride (hBN) as a dry lubricant into the feedstock powder can further enhance wear
resistance and thermal conductivity, crucial for preventing premature failure caused by inadequate
lubrication. In this study, the mass fraction of hBN was varied between 0 and 15 wt.% to assess its in-
fluence on the tribological performance of the coatings using pin-on-disk tests. The coating’s hardness
was measured via the Vickers method, and its cracking tendency at the coating/substrate interface
was evaluated. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were employed to
analyze the microstructure and phase composition, while thermal diffusivity was determined using
the laser flash method. The findings revealed that the inclusion of hBN, at concentrations of up to
10 wt.%, leads to an improvement in thermal diffusivity and a reduction in the coefficient of friction.
However, exceeding this threshold leads to a decrease in hardness and increased crack formation
tendency, highlighting the trade-off between frictional and mechanical properties.
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1. Introduction

Hard chrome coatings have been used in industry for numerous applications, for
components that have been damaged by increased wear, severe corrosion or high tempera-
tures. However, given the adverse impacts of these coatings on health and the environment
throughout their manufacturing process, it has become essential to seek an alternative
solution [1,2]. Carbide-based cermet coatings, which contain a relatively soft metallic
matrix (Co, Cr or Ni) and a hard material component (carbides), are often used as an alter-
native [2-5]. These coatings exhibit similar or even better physico-chemical and mechanical
properties relative to hard chromium coatings and are mainly utilized to extend the service
life of various components [6,7]. The hardness of HVOF (high-velocity oxy-fuel)-sprayed
Cr3C,-NiCr coatings is higher than 900 HV [3,8]. HVOF spraying is often used as a coating
process as it offers high particle velocities and lower process temperatures compared to
other thermal spraying techniques (e.g., APS) [9,10].

Owing to its two-dimensional structure, hBN (hexagonal boron nitride) exhibits out-
standing properties that make it highly suitable as a dry lubricant. Since hBN only de-
composes at temperatures above 2700 °C, composite coatings with a certain amount of
such dry lubricant demonstrate significantly improved sliding performance even at tem-
peratures between 400 °C and 1000 °C [11-16]. Last but not least, this dry lubricant is
characterized by excellent thermal conductivity and low density compared to conventional
ceramic coatings [17-19]. A variety of research findings illustrate that the addition of
hBN can markedly improve wear characteristics, applicable at both room temperature and
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high-temperature conditions (400-800 °C). However, the effect on thermal conductivity
is not often addressed [15,20,21]. Some publications deal with the corrosion resistance
of hBN-containing coatings, especially in the presence of aggressive chemicals, harmful
microorganisms and at high temperatures [22,23].

In the field of suspension flame spraying of yttrium-stabilized zirconium oxide, it has
been demonstrated that the volume of particles introduced and the particle size are the
most important factors influencing sliding behavior and mechanical properties. As the
hBN content increases, the hardness of the coating decreases, but the lubricating particles
can more easily enter existing cavities and be incorporated into the matrix. This means that
hBN particles can be continuously released [24,25].

Nevertheless, if the particle size or the hBN content is significantly large, the coatings
are likely to exhibit increased susceptibility to cracking due to the inhomogeneous stress
present within the coating. In the field of YSZ coatings (yttria-stabilized zirconia), particle
sizes from 0.3 pm to 4 pm and an hBN mass fraction of 1-5% have been investigated [24].
The hBN particle size utilized can differ significantly according to the intended application.
Some tests involved the selection of particle sizes measuring a few micrometers, whereas
other tests employed hBN particles with sizes between 20 and 90 um for the coating
process. [11,15,24]. In the area of cold spraying, it was found that the adhesive strength of
the coating decreases with a higher proportion of hBN lubricant incorporated, which is
presumably due to the poor adhesion between the constituents. In this case, a maximum
admixture level of 6% by weight was regarded as technically appropriate, since exceeding
this threshold led to the ineffective incorporation of hBN into the coating [21]. With regard
to the already mentioned adhesion problems, it was found that the deposition rate decreases
with increasing the hBN content [21,26,27]. Various publications demonstrate that the hBN
mass fraction should be kept <10% [12,13,21,24]. One of the primary issues encountered in
the application of coatings is the poor wettability of hBN with numerous coating materials.
As a result, the application of an hBN composite coating via thermal spraying is often
a difficult task. However, supersonic plasma spraying has been found to improve the
cohesive forces of the hBN composite coating compared to other methods [11,28].

A further outcome of the stated issue is that a substantial portion of the hBN par-
ticles present in the coatings demonstrates weak adherence or is located on the surface,
independent of the coating process used. This situation additionally reflects a lack of
cohesion [15,26].

Particular attention is currently directed towards HVOF-sprayed coatings that are
based on Cr3C,; and WC, into which hBN has been incorporated. It was found that
the addition of hBN to HVOF-sprayed Cr3C; coatings also reduces the coefficient of
friction. The investigation further revealed that the embedded hBN was likely released
due to the shear forces generated during the wear test, which subsequently caused it to
be displaced and pushed outward [15], similar to what was observed in the previously
mentioned publications.

To overcome the problem of segregation in the powder mixture, preliminary actions
are undertaken in the preparation and feeding of the powder, or alternatively, adjustments
are made to the process selection and settings. Grinding with a mill has been shown to be
beneficial for mixing the feedstock material that is suitable for safe coating in the process.
The investigation results revealed that the integration of hBN particles into the composite
coating was accomplished successfully [21].

Ball mills are not only used to comminute raw materials, but also to improve the
mechanical properties of fine-grained materials. Classically, ball milling is used to produce
a powder mixture of a solid lubricant and a ceramic for thermal spraying [29]. Another
approach for the production of the above-mentioned composite coatings is to apply the
high-velocity air fuel technique (HVAF) and feed the solid lubricant directly from an
hBN suspension, which significantly increases the complexity of the process due to the
suspension [20]. In the studies where HVOF was used, it was demonstrated that the
cohesive forces can be improved due to the high kinetic energy [30].
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The primary objective is to design a multifunctional coating that fulfills the criteria
of wear resistance and low friction, in addition to improving thermal performance. This
integrated approach will yield a competitive benefit in a range of applications, partic-
ularly within the automotive, aerospace and industrial machinery sectors, where these
attributes are vital. This study aims to examine the impact of incorporating hBN material
on the performance of HVOEF-sprayed Cr3C,-NiCr coatings, specifically in relation to the
microstructure, to sliding wear and thermal diffusivity. This offers both theoretical and
technical assistance for the utilization of hBN in the domain of thermal spray coatings
designed to be wear-resistant and self-lubricating across a broad temperature spectrum.
Focusing on these aims, the newly developed coating intends to provide a reliable and
efficient alternative to the currently available solutions, effectively addressing the specific
demands of industries in need of durable, high-performance materials.

2. Materials and Methods
2.1. Feedstock Powder and Coating Deposition

A cermet powder from GTV Verschleifischutz GmbH (Luckenbach, Germany) was
used for the present investigation (Cr3C,-NiCr: 80/20) with an average particle size
distribution of +45/—15. The hexagonal boron nitride was produced by the company Henze
Boron Nitride Products AG, with an average particle size of 10 & 2 pm. The powders were
deposited by means of the HVOF coating technique (K2 coating gun, GTV Verschleifischutz
GmbH) at a particle speed of 400 m /s on high-alloy stainless steel (& 25 mm, made of 1.4571
with a roughness of Ra 1.6). The powders were mixed directly in the process by varying the
feed rate of hBN and Cr3C,-NiCr. Thus, a composition of 0% up to 15% hBN content was
added to the Cr3C,-NiCr powder in 5% steps. The coating parameters are listed in Table 1.
A significant focus of the composition is its performance under dry conditions, where
traditional lubricants may fail. The coating thickness of the samples was 220 + 26 pm
after coating and 150 £ 10 um after grinding the surface (with 80 grit sandpaper). Layer
thickness measurements were performed with a micrometer, evaluating the samples in
both their uncoated and coated conditions.

Table 1. Spraying parameters for the coating deposition.

Parameter Value
Oxygen flow rate [L/min] 695
Spraying distance [mm] 285
Kerosene flow rate [L/min] 0.36
Carrier gas N [L/min] 11.2
Powder feed rate [g/min] 80

The samples were labeled depending on their hBN content. Therefore, the conven-
tional reference coating was labeled 0 hBN, for example. The other designations and the
resulting coating composition can be found in Table 2.

Table 2. Name and composition of the coatings.

Sample hBN Feed Rate Cr3C,-NiCr Feed hBN Feed Rate Cr3C,-NiCr Feed

Name [g/min] Rate [g/min] [%/min] Rate [%/min]
0 hBN 0 80 0 100
5hBN 4 76 5 95
10 hBN 8 72 10 90
15 hBN 12 68 15 85

The objective of choosing this composition is to develop an alternative coating that
provides substantial wear resistance and effective sliding properties, even under dry oper-
ating conditions. By incorporating materials known for their hardness and durability, the
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coating aims to minimize degradation over time, prolonging the lifespan of the components
it protects. By achieving low friction coefficients, the coating will not only enhance the
efficiency of moving parts but also mitigate heat generation due to friction, thereby further
preserving the integrity of the substrate. Efficient heat dissipation is crucial for avoiding
overheating, which can compromise the performance and lifespan of mechanical systems.
The selected material composition is designed to improve heat transfer, thus optimizing
the thermal management of the components. The powder was extracted from the coating
system to allow for an assessment of its structure and the distribution of hBN particles
using scanning electron microscopy (SEM).

2.2. Microscopical Investigation of the Coating Microstructure

The microstructure of the powder mixture and the deposited coatings were examined
through scanning electron microscopy (Sigma 300 VP from Carl Zeiss Microscopy Deutsch-
land GmbH, Oberkochen, Germany) in combination with EDX analysis (energy dispersive
X-ray, Oxford Instruments, Abingdon, UK). This investigation specifically aimed to detect
the presence of hBN particles within the deposited coating. The metallographic preparation
for analyzing the microstructure in the cross-section was conducted as follows:

- Grinding at 320 grit, 500 grit, 800 grit and 1200 grit;
- Polishing with 9 um and 3 pm diamond suspension.

The phase composition of the coating containing 15% hBN was determined through
X-ray diffraction analysis conducted with a Philips X'Pert Diffractometer (Panalytical,
Almelo, The Netherlands) utilizing Cu K« radiation.

The Keyence VK-X3000 from Keyence Deutschland GmbH (Neu-Isenburg, Germany)
confocal laser scanning microscope (CLSM) was used for microscopic investigation of the
region subjected to Brinell indentation to qualify the coating adhesion and tendency to
crack formation.

2.3. Hardness and Tribological Tests

The hardness measurements were carried out using a KB 250 universal hardness tester
from KB Priiftechnik GmbH (Hochdorf-Assenheim, Germany) in accordance with the Vick-
ers method (HV1). The measurements were repeated twelve times to determine the average
value. To investigate the tendency to crack formation, Brinell hardness measurements were
carried out using the same device. The Brinell indenter had a diameter of 2.5 mm, and the
test force was 62.5 kp. For both measuring methods, the time until the maximum force was
applied was 5 s, and the exposure time was 15 s. The indentation of the body was made at
the interface between the coating and the substrate. The assessment criteria established are
as follows: Cracks found within the indentation zone are regarded as harmless, while those
that extend outside this area are considered critical. The separation of the coating from the
substrate and the formation of a crack network are also classified as critical or deficient.
The dry-sliding environmental wear tests were carried out using a pin-on-disk tribometer
from CSM Instruments. The parameters for the test were established as follows: a load of
10 N, a linear velocity of 15 cm/s, a wear track radius of 3 mm, and a stopping condition
set at 10,000 laps. The wear ball made of 100 Cr6 had a diameter measuring 6 mm.

2.4. Thermal Diffusivity

To determine the thermal diffusivity, 1.5 mm thick 1.4571 disks of 12.6 mm diameter
were coated (using the same procedure as described in 2.1). Both the front and back surfaces
were ground with 80 grit SiC grit. After preparation, the samples had a total height of
1.15 mm (approx. 0.15 mm coating and 1.0 mm substrate).

The LFA 467 HyperFlash from Netsch Gerdtebau GmbH (Selb, Germany) was used to
measure the thermal diffusivity at room temperature. The test parameters were selected
with a voltage of 200 V and a pulse width of 400 ps. Before testing, the samples were
sprayed with graphite. Each set of samples was measured five times to determine the
average value.
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3. Results and Discussion
3.1. Powder Characterization

The directly mixed hBN-Cr3C,-NiCr powder was taken at the mixing point and
investigated by SEM. Figure 1 reveals the way the hBN particles are distributed among the
Cr3Cy-NiCr powder mass. The plate-like structure of hBN can be clearly seen here (see the
area marked in blue as an example). The size of the particles corresponds approximately to
the mentioned batch average value of the hBN powder. The Cr;C,-NiCr powder shows
a spherical shape and is also in the range of the particle size distribution specified by
the supplier.

15.00 kV WD =16.0mm 1.00K X

Figure 1. SEM micrograph of the powder mixture containing 10 wt.% hBN.

3.2. Microstructure

In order to obtain some information concerning the layer quality and at the same time
to be able to prove that hBN is embedded in the layer, the samples were investigated in
cross-section by means of SEM (Figure 2). Adding hBN into the feedstock powder has not
led to any significant change in the coating microstructure. One further remark is worth
mentioning, namely, the decrease in the deposition rate for the 15 hBN coating. The data
indicates that the coating thickness achieved for 15 hBN is significantly inferior to that of the
other samples (see Figure 2a—d). All samples underwent the same number of coating cycles.
Therefore, it can be concluded that the deposition rate for this sample was substantially
lower (the difference between the density of the two materials is noticeable), and a nearly
constant deposition rate can only be expected for hBN concentrations of 10% or less. The
results indicate that the deposition rate for this sample was substantially lower compared
to other materials, highlighting a significant correlation between the concentration of
hexagonal boron nitride (hBN) and the resulting deposition dynamics. The significant
variation in density among the materials indicates that an increase in hBN concentration
beyond 10% could influence the overall density of the deposited material, potentially
impacting the flowability and dispersion of the particles throughout the deposition process.
This threshold indicates that exceeding this concentration may lead to variability in the
deposition process, potentially resulting in inconsistent coating thickness and performance.

Higher porosity was detected at various points, as demonstrated by the red markings
(see the example markings in Figure 2a,c). The particles identified at the interface originate
from the blasting process (blue markings) and are identified as Al,O3 (blasting residues).

A detailed examination of the coating at higher magnification has provided significant
insights into its microstructural properties, especially in differentiating between regions that
contain hexagonal boron nitride (hBN) particles and those that display increased porosity.
This examination is essential for comprehending the impact of these characteristics on the
coating’s overall performance (Figure 3). The presence of hBN particles within the coating
is significant, as these particles contribute to essential properties such as wear resistance
and thermal conductivity. Porous regions may compromise the mechanical strength of the
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coating and also alter the thermal conductivity by hindering the effective heat dissipation,
leading to localized overheating during operation.

15.00 kV WD = 16.0 mm 300 X 15.00 kV WD =16.3 mm 300 X

15.00 KV =16.
15.00 kV WD =16.3 mm 300 X WD = 16.2 mm_ 300 X

Figure 2. SEM micrographs of the sprayed coatings in cross-section: (a) 0 hBN, (b) 5 hBN, (c) 10 hBN,
and (d) 15 hBN.

15.00 kV WD=161mm 500K X

Figure 3. SEM micrograph of the 15 hBN coating in cross-section.
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Figure 3 also illustrates the structure and appearance of Cr3C; and NiCr. The lighter
components of Cr3C, are noticeably darker in the BSE mode compared to NiCr.

The hBN particles are clearly darker in comparison with the other components of the
composite coating. The green outlined area is an example of a possible pull-out of hBN
particles during the metallographic sample preparation; otherwise, a larger amount of hBN
might have been observed. The size of the break-out site matches the average size of the
hBN particles used. The yellow marking in Figure 3 suggests the presence of potential
hBN particles, and consequently, EDX measurements were conducted at these specific
locations. Figure 4 illustrates the EDX analysis conducted at the point marked by the yellow
arrow in that figure. The resulting EDX spectrum confirms the detection of boron (B) and
nitrogen (N). The disintegration of hBN particles during the preparation phase serves as
evidence of a limited cohesion level. This aspect is also examined in more detail in the
tribological investigation.

3]

2

cps/eV

Figure 4. EDX spectrum of an exemplary measuring point marked on sample 15 hBN.

Figure 5 depicts the XRD pattern, which reveals the phase analysis of the composite
coating with 15% hBN. The identified phases correlate very well with the results provided
by EDX analysis.
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Figure 5. XRD pattern of the composite coating with 15% hBN.

3.3. Hardness and Tendency to Crack Formation

The results of the Vickers hardness measurement presented in Figure 6 demonstrate
that the hardness of the coating decreases with increasing hBN content. This could be
justified by the fact that hBN is softer and less stable in comparison with the cermet
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particles. This means that the resistance to penetration by a body is mainly determined
by the properties of the Cr3C,-NiCr material. Since less cermet material is present with
increasing hBN content, the hardness consequently decreases. The explanation for hBN’s
limited contribution to hardness lies in the lack of chemical bonding between hBN and
Cr3Cy-NiCr. Effective bonding is crucial for the mechanical reinforcement of composite
materials. Without adequate interfacial bonding, hBN particles fail to effectively transmit
loads or contribute to the reinforcement of the cermet structure. A more in-depth discussion
of this matter will be presented in Section 3.4.

900.00

} 798.56
777.0
‘ 695.5

800.00

700.00

-
> 600.00
B =

} 499.0
500.00

400.00

300.00

@O0hBN m5hBN m10hBN m15hBN

Sample

Figure 6. Hardness values of the investigated composite coatings.

In addition to the hardness measurement, the tendency to crack formation was also
tested using the Brinell method. The results from the Brinell hardness test indicate that the
presence of hBN influences crack morphology and propagation, revealing important impli-
cations for the durability of the coating. The findings demonstrate that with the addition
of 10% hBN, less pronounced and shorter cracks that go beyond the indentation area of
the sphere (marked by the dashed lines) appeared, see Figure 7a,b. The cracks start at the
interface between the coating and the substrate, then take an elliptical course towards the
surface and end at the points marked by arrows within the layer. This observation suggests
that this boundary plays a critical role in the distribution of stress during indentation.
The fact that cracks follow this path highlights the interaction between the mechanical
properties of the coating and its adhesion to the substrate.

There are even finer cracks around the indentation areas, but these are also more
pronounced in the case of the reference sample (0 hBN) than that identified for sample
10 hBN. The 15 hBN coating exhibited the worst behavior, showing the larges crack progress
in the coating. In this case, many cracks developed beyond the indentation limits and even
reached the surface. The obtained results correlated very well with the measured hardness,
giving an indication for the coating stability against crack initiation and propagation. Up
to a concentration of 10% hBN, the hardness decreases moderately, allowing the layer to
maintain sufficient resistance against the penetrating body, resulting in relatively small
displacements. The introduced hBN, which is loosely encapsulated within the layer,
contributes to elasticity. However, once the hBN content reaches 15%, Cr3C,-NiCr becomes
a coating system with a significantly diminished ability to withstand loads. The lack of
bonding with hBN results in the formation of cracks, which approach delamination, due to
the nearly unrestricted penetration of the Brinell body under the selected testing conditions.

The observed reduction in crack formation due to the presence of hBN suggests that the
coating may offer superior durability and enhanced resistance to mechanical stress-related
failures. The incorporation of hBN improves the elasticity of the Cr3C,-NiCr coating at
lower concentrations; however, when the concentration surpasses 15%, there is a significant
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decline in load-bearing capacity attributed to inadequate bonding and increase in crack
development. It is crucial to carefully evaluate hBN concentrations to optimize the coating’s
performance in challenging applications. This characteristic is particularly pertinent for
applications where coatings are exposed to impact or friction, as a decrease in both the
length and severity of cracks can lead to improved service life and overall performance.

Figure 7. CLSM images of the Brinell indentation area: (a) 0 hBN; (b) 10 hBN; and (c) 15 hBN.

3.4. Friction and Wear Test

The selection of 100 Cr6 as a counterpart material for the tested coatings is based on
several technical applications of such coated surfaces. The results demonstrate that the
values for the friction coefficient decrease with increasing the hBN content, as can be seen
by comparing the determined steady state values. The coating containing 15 hBN has the
longest running-in phase, which is also marked as an example in Figure 8.
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Figure 8. Evolution of the coefficient of friction until it stabilizes at a steady state.

The lowest value was registered for the sample 10 hBN, representing an improvement
of at least 25% in comparison with the behavior of the reference coating (0 hBN). The
different degrees of fluctuations visible in Figure 8, especially for the composite coatings,
are in direct correlation with the nature of the tribological film formed on the wear track.

Typically, wear protection layers are designed to have a minimal running-in period
and to provide a stable performance with few fluctuations. Variations may occur due to
minor spalling, such as those less than 15 um. The initial phase can be influenced by surface
preparation, including cleaning or roughness. Additionally, an effect is anticipated due to
the lamellar structure of hBN, which is also reflected in the research findings. The structure
of hBN facilitates the sliding of the counterpart over the surface, up to a mass fraction of
10% hBN.

Figure 9a illustrates a representative 3D scan of a segment of the wear track. The
overall scan initially does not display any significant wear volume, as no semicircular shape
is evident in the profile line. Consequently, it was not possible to calculate a wear volume
for the tested layer. Only in the counterpart (refer to Figure 9b) is a noticeable material
removal observed.

943,64um

e

Figure 9. CLSM representation of the wear track profile for the tested 10 hBN coating (a) and of the
generated contact area on the counter part (b).

A closer examination of the wear track (refer to Figure 10) reveals that smaller particles
have broken away from the upper layer surface. It is well established that during the
running-in phase, loosely adhering components of the coating are removed. In the case
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of cermet coatings, primarily the matrix components, which are significantly softer than
the carbides, are deformed or worn away until the carbides are exposed. The wear body
then slides over the carbides. Additionally, this particular coating system includes a certain
proportion of hBN. Since the hBN particles just physically bond with the Cr3C,-NiCr layer
but are merely surrounded by the cermet material, depending on the amount of hBN
introduced, two effects may occur.

% :
®

AN 5 7 ) s - »
% '# spallation CrsCo-NiCr e

WA G

Figure 10. CLSM image illustrating the wear track created on the surface of the 10 hBN coating.

When the content of hBN is less than 10%, there exists an adequate cermet layer that
ensures the hBN particles remain firmly positioned. The hBN particles that are partially
exposed on the surface can gradually release hBN particles, which can then be distributed or
lubricated across the surface. The lamellar structure of hBN facilitates the sliding behavior
between the wear ball and the coating.

Should the hBN content rise further, similar to the 15 hBN layer, the balance between
hBN and Cr3C,-NiCr becomes detrimental. This situation leads to an inadequate cermet
coating, which fails to hold the hBN particles securely. As a result, the hBN particles are
dislodged and ejected from the surface, providing no assistance in the development of
a lubricating film. The resulting cavities on the surface modify its topography, thereby
increasing the frictional resistance.

A maximum hBN content of 10% reveals an improvement in the sliding performance.
This suggests that the Cr3C,-NiCr material adequately maintains the hBN particles in their
designated positions, which in turn enhances the sliding properties, as corroborated by the
friction coefficient data.

The following Figure 10 illustrates the previously described morphology of the formed
tribological film, predominantly consisting of hBN, and is indicated by the red arrow. The
area marked in blue highlights the partial detachment of particles, which is caused by lower
adhesion forces or an insufficient contact area (envelopment by Cr3C,-NiCr).

In Figure 10, the proportion of hBN appears significantly larger than that of Cr3C,-
NiCr. This observation can be attributed to the fine distribution of hBN particles (tribofilm
formation), which have spread extensively across the surface due to their plate-like hexago-
nal structure. As a result, this effect may create a false impression that the hBN proportion
exceeds the 10% indicated for the sample in Figure 10.

3.5. Thermal Diffusivity

The thermal diffusivity values (Figure 11) measured for the hBN-containing composite
coatings in comparison with the reference one, indicate a certain correlation with the
above-mentioned wear behavior. Up to 10 wt.% hBN, an increase in thermal diffusivity
correlates very well with a decrease of the values for the friction coefficient. The values of
the 10 hBN and 15 hBN samples are comparable, which can be attributed to the excessive
proportion of hBN that does not sufficiently interact with the CrzC, NiCr material. Since
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the hBN particles are just enveloped, there may also be localized voids that diminish the
beneficial effect of hBN on the thermal diffusivity of the layered system. Consequently, only
a slight increase in thermal diffusivity is observed from 10 hBN to 15 hBN. Furthermore, it
is noteworthy that the standard deviation among the hBN-containing coatings is relatively
similar, yet significantly larger when compared to the reference sample 0 hBN. This is due
to the direct mixing method employed in the fabrication of the layered system, which can
lead to minor local variations in the hBN content. Additionally, there is a dependence on
the orientation of the lamellar hBN particles, which may vary from sample to sample.

3.66
3.6196

3.62 §

3.6

3.64 3.631 i
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3.54

3.516
3.52

Thermal diffusivity [mm?/s]

— 3.485

3.48 T

3.46
OhBN == 5hBN === 10hBN == 15hBN
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Figure 11. Thermal diffusivity of the samples investigated.

4. Conclusions

Thermally sprayed Cr3C,-NiCr coatings with different hBN contents (up to wt. 15%)
were successfully deposited by means of the HVOF technique. The influence of adding
hBN was investigated with regard to some mechanical properties and correlated with the
thermal diffusivity.

The investigation results demonstrated the following:

e  An hBN content exceeding 10 wt.% results in a notable reduction in coating hardness
and an increased tendency for crack formation. This phenomenon is primarily due to
inadequate cohesion between the Cr3C,-NiCr material and the hBN particles. There-
fore, this threshold can be considered optimal for achieving desirable properties in
such coatings.

o  Comparable observations have been made regarding sliding wear behavior in relation
to the measured thermal diffusivity. The friction coefficient values decreased as the
hBN content increased, achieving optimal performance at 10 wt.%. However, surpass-
ing this threshold resulted in a deterioration of wear performance, characterized by
partial spallation and an increase in the friction coefficient, attributed to weak cohesive
strength and inadequate hBN distribution.

e An improvement in thermal diffusivity of up to 10% was observed. However,
increasing the hBN content did not lead to any additional enhancement of this
physical characteristic.

e An overall assessment of the results obtained indicates a significant potential for the
effective application of these composite coatings (up to 10% hBN), which demonstrate
enhanced sliding wear resistance and thermal diffusivity.



Materials 2024, 17, 5470 13 of 14

Author Contributions: Conceptualization, J.E. and D.W.; methodology, J.E., D.W. and G.M.; val-
idation, J.E.,, D.W.,, .-D.U. and G.M.; formal analysis, J.E., D.W., I.-D.U. and G.M.; investigation,
J.E.; resources, J.E., G.M. and 1.-D.U.; data curation, J.E.; writing—original draft preparation, J.E.;
writing—review and editing, J.E., D.W.,, L.-D.U. and G.M.; visualization, ].E.; supervision, I.-D.U. and
G.M,; project administration, J.E.; funding acquisition, G.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data in this study are available on request from the authors. The
data are not publicly available because they are part of ongoing studies.

Acknowledgments: The studies were conducted during the Ph.D. program of the Doctoral School
of the University Politehnica Timisoara in cooperation with the Westphalian University of Applied
Sciences Gelsenkirchen Recklinghausen Bocholt. We acknowledge the support of Deniz Kurumlu in
providing access to the Laboratory for Materials Science and Testing from Westfalische Hochschule
Gelsenkirchen, Germany.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Tay, S.L.; Jadhav, P.; Goode, C. Hard Chrome Replacement with Cirrus Doped Electroless Nickel Coatings. Key Eng. Mater 2021,
893, 105-110. [CrossRef]

Lakshmi, D.V,; Babu, P.S.; Alroy, R.J.; Kumar, G.S.; Prasad, M.J.N.V. Performance Evaluation of Thin Cermet Coatings Produced
by HVAF Spray: A New Approach for Hard Chrome Replacement. J. Therm. Spray Technol. 2023, 32, 904-917. [CrossRef]
Ozkan, D. Structural characteristics and wear, oxidation, hot corrosion behaviors of HVOF sprayed Cr3C;-NiCr hardmetal
coatings. Surf. Coat. Technol. 2023, 457, 129319. [CrossRef]

Zhang, Y.; Chong, K.; Liu, Q.; Bai, Y.; Zhang, Z.; Wu, D.; Zou, Y. High-temperature tribological behavior of thermally-treated
supersonic plasma sprayed Cr3Cp-NiCr coatings. Int. |. Refract. Met. Hard Mater. 2021, 95, 105456. [CrossRef]

Straffelini, G.; Federici, M. HVOF Cermet Coatings to Improve Sliding Wear Resistance in Engineering Systems. Coatings 2020,
10, 886. [CrossRef]

Szymkiewicz, K.; Goéral, M.; Kubaszek, T.; Gancarczyk, K. Effect of plasma spraying parameters on microstructure and thickness
and porosity of WC-CrC-Ni coatings deposited on titanium. Kov. Mater.-Met. Mater. 2023, 61, 223-231. [CrossRef]

Gupta, N.; Singh, S.K.; Pandey, S.M. Tribological characterisation of thermal sprayed CrC alloyed coating—A review. Adv. Mater.
Process. Technol. 2020, 7, 660-683. [CrossRef]

Zamani, P.; Ghasemi, R.; Torabi, S.; Mirjani, B.; Memari, M.; Alizadeh, M.; Khaledi, H. Characterization and High-Temperature
Fretting Wear Resistance of HVOF-Sprayed Cr3C,-NiCr, CoCrWC and CoCrWNIiC Hardfacing Coatings. J. Therm. Spray Technol.
2022, 31, 2157-2171. [CrossRef]

Zhang, X.; Li, F; Li, Y;; Lu, Q.; Li, Z.; Lu, H.; Ran, X; Qi, X. Comparison on multi-angle erosion behavior and mechanism of
Cr3C,-NiCr coatings sprayed by SPS and HVOE. Surf. Coatings Technol. 2020, 403, 126366. [CrossRef]

Zhang, Z.; Li, W,; Yang, R.; Zhao, X.; Zhang, H. Microstructure and Tribo-Behavior of WC—Cr3C,-Ni Coatings by Laser Cladding
and HVAF Sprayed: A Comparative Assessment. Materials 2023, 16, 2269. [CrossRef]

Mou, H,; Zhao, H.; Tian, H.; Ma, G.; Liu, M.; Wang, H.; Xie, F.; Cai, Z. Effects of hBN content and particle size on microstructure,
mechanical and tribological properties of NiCr-Cr3Cp-hBN coatings. Surf. Coat. Technol. 2024, 478, 130330.

Mahto, N.K; Shafali, K.; Tyagi, R.; Sharma, O.P,; Khatri, O.P; Sinha, S.K. Friction and wear of Ni3Al-based composites containing
Ag and Cu modified hBN at elevated temperatures. Wear 2023, 530, 205065. [CrossRef]

Singh, A K.; Atheaya, D.; Tyagi, R.; Ranjan, V. Friction and wear behavior of atmospheric plasma sprayed NiMoAl-Ag-hBN
coatings at elevated temperatures. Surf. Coat. Technol. 2023, 466, 129650. [CrossRef]

Gautam RK, S,; Tripathi, V.M.; Gautam, ].K,; Jha, P.; Sahab, S.; Tyagi, R.; Nautiyal, H. Investigations of high temperature synergetic
tribological behavior of HVOF deposited Ni-based metallic coating with self-lubricating ceramic phase (h-BN). Surf. Coat. Technol.
2023, 473,130041. [CrossRef]

Bobzin, K.; Wietheger, W.; Heinemann, H.; Schulz, M.; Oechsner, M.; Engler, T.; Scheerer, H.; Joung, Y. Thermally sprayed coatings
for the valve industry. Mater. Werkst. 2021, 52, 997-1011. [CrossRef]

Gautam, RK.S,; Rao, U.S.; Mishra, S.; Tyagi, R. Tribological Behavior of Atmospheric Plasma-Spray-Deposited Ni-Based
Composite Coatings at Different Speeds and Temperatures. J. Therm. Spray Technol. 2020, 29, 756-772. [CrossRef]

Bilag, O.; Duran, C. Al;O3/glass/hBN composites with high thermal conductivity and low dielectric constant for low temperature
cofired ceramic applications. J. Asian Ceram. Soc. 2021, 9, 283-290. [CrossRef]


https://doi.org/10.4028/www.scientific.net/KEM.893.105
https://doi.org/10.1007/s11666-023-01563-9
https://doi.org/10.1016/j.surfcoat.2023.129319
https://doi.org/10.1016/j.ijrmhm.2020.105456
https://doi.org/10.3390/coatings10090886
https://doi.org/10.31577/km.2023.4.223
https://doi.org/10.1080/2374068X.2020.1793262
https://doi.org/10.1007/s11666-022-01431-y
https://doi.org/10.1016/j.surfcoat.2020.126366
https://doi.org/10.3390/ma16062269
https://doi.org/10.1016/j.wear.2023.205065
https://doi.org/10.1016/j.surfcoat.2023.129650
https://doi.org/10.1016/j.surfcoat.2023.130041
https://doi.org/10.1002/mawe.202100032
https://doi.org/10.1007/s11666-020-01016-7
https://doi.org/10.1080/21870764.2020.1864897

Materials 2024, 17, 5470 14 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wu, E; Tian, H.; Shen, Y.; Zhu, Z.Q.; Liu, Y,; Hirtz, T.; Wu, R.; Gou, G.; Qiao, Y; Yang, Y.; et al. High Thermal Conductivity 2D
Materials: From Theory and Engineering to Applications. Adv. Mater. Interfaces 2022, 9, 2200409. [CrossRef]

Do, N.B.D.; Imenes, K.; Aasmundtveit, K.E.; Nguyen, H.-V.; Andreassen, E. Thermal Conductivity and Mechanical Properties of
Polymer Composites with Hexagonal Boron Nitride—A Comparison of Three Processing Methods: Injection Moulding, Powder
Bed Fusion and Casting. Polymers 2023, 15, 1552. [CrossRef]

Ganvir, A.; Jahagirdar, A.R.; Mulone, A.; Ornfeldt, L.; Bjorklund, S.; Klement, U.; Joshi, S. Novel utilization of liquid feedstock in
high velocity air fuel (HVAF) spraying to deposit solid lubricant reinforced wear resistant coatings. J. Mater. Process. Technol. 2021,
295,117203. [CrossRef]

Smid, I; Segall, A.E.; Walia, P.; Aggarwal, G.; Eden, T.].; Potter, ] K. Cold-Sprayed Ni-hBN Self-Lubricating Coatings. Tribol. Trans.
2012, 55, 599-605. [CrossRef]

Kandadai, V.A.; Petersen, ].B.; Gadhamshetty, V.; Jasthi, B.K. Jasthi Synthesis of hexagonal boron nitride nanocoatings for
corrosion prevention of iron substrates. Surf. Coat. Technol. 2023, 468, 129736. [CrossRef]

Joseph, A.; Gautham, V.; Akshay, K.S.; Sajith, V. 2D MoS,-hBN hybrid coatings for enhanced corrosion resistance of solid lubricant
coatings. Surf. Coat. Technol. 2022, 443, 128612. [CrossRef]

Zhao, Y.; Wang, Y.; Yu, Z.; Planche, M.-P; Peyraut, F,; Liao, H.; Lasalle, A.; Allimant, A.; Montavon, G. Microstructural, mechanical
and tribological properties of suspension plasma sprayed YSZ/h-BN composite coating. J. Eur. Ceram. Soc. 2018, 38, 4512-4522.
[CrossRef]

Bai, M.; Maher, H.; Pala, Z.; Hussain, T. Microstructure and phase stability of suspension high velocity oxy-fuel sprayed yttria
stabilised zirconia coatings from aqueous and ethanol based suspensions. J. Eur. Ceram. Soc. 2018, 38, 1878-1887. [CrossRef]
Nikbakht, R.; Jodoin, B. Thick Cu-hBN Coatings Using Pulsed Gas Dynamic Spray Process: Coating Formation Analysis and
Characterization. J. Therm. Spray Technol. 2022, 31, 609-622. [CrossRef]

Derelizade, K. Thermal Spraying of Novel Composite Coating Compositions for Wear Resistance Applications. Ph.D. Thesis, The
University of Nottingham, Nottingham, UK, 2022.

Mou, H.; Cai, Z.; Ma, G.; Zhou, L.; Zhu, X,; Liu, M.; Wang, H.; Xie, F.; Wang, X. Effects of modification of hBN by nickel plating on
coating structure and properties of supersonic plasma spraying NiCr-Cr3Cy-hBN@Ni coatings. Ceram. Int. 2023, 49, 31802-31814.
[CrossRef]

Ellart, M.; Azeggagh, N.; Ablitzer, C.; Ndiaye, A.; Robisson, A.-C. Influence of ball milling on the characteristics of uranium
powders and on the resistance of pressed green pellets. Ceram. Int. 2020, 46, 21402-21409. [CrossRef]

Oechsner, M.; Engler, T.; Scheerer, H.; Joung, Y.; Bobzin, K.; Wietheger, W.; Knoch, M.; Schulz, M. Tribological and Corrosion
Behavior of HVOF Sprayed Cr3C,-NiCr with Nickel Cladded Graphite and Hexagonal Boron Nitride. In Proceedings of the
International Thermal Spray Conference, Online, 24-28 May 2021. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/admi.202200409
https://doi.org/10.3390/polym15061552
https://doi.org/10.1016/j.jmatprotec.2021.117203
https://doi.org/10.1080/10402004.2012.686085
https://doi.org/10.1016/j.surfcoat.2023.129736
https://doi.org/10.1016/j.surfcoat.2022.128612
https://doi.org/10.1016/j.jeurceramsoc.2018.06.007
https://doi.org/10.1016/j.jeurceramsoc.2017.10.026
https://doi.org/10.1007/s11666-022-01318-y
https://doi.org/10.1016/j.ceramint.2023.07.135
https://doi.org/10.1016/j.ceramint.2020.05.238
https://doi.org/10.31399/asm.cp.itsc2021p0732

	Introduction 
	Materials and Methods 
	Feedstock Powder and Coating Deposition 
	Microscopical Investigation of the Coating Microstructure 
	Hardness and Tribological Tests 
	Thermal Diffusivity 

	Results and Discussion 
	Powder Characterization 
	Microstructure 
	Hardness and Tendency to Crack Formation 
	Friction and Wear Test 
	Thermal Diffusivity 

	Conclusions 
	References

