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Abstract: This paper addresses the potential use of high-pressure cold spray (HP-CS) technology
to produce a film of friction material onto a low-carbon steel substrate to allow its use as potential
composite material for the stators and rotors of aircraft brake units. Namely, WC-Cr3C2-Ni, WC-Ni,
WC-Co-Cr, Cr3C2-NiCr and WC-Co coatings were deposited by using HP-CS, for the purpose of
creating high friction and wear resistance composite coatings onto a low-carbon steel substrate.
Tribological (friction coefficient and wear rate) and thermal properties as well as coating hardness and
adhesion to the low-carbon steel substrate were evaluated to assess the potential use of the coatings as
brake surface materials. The tribological and adhesion properties were evaluated by using a pin-on-
disk high-temperature tribometer at 450 ◦C and a scratch test, respectively, whereas coatings hardness
was evaluated with a Rockwell C hardness tester. Results obtained show that all coatings exhibit high
friction coefficients and low wear rates compared to the low-carbon steel substrate, good adhesion,
and elevated microhardness. Furthermore, the WC-Co coating shows better microhardness and
thermal properties, while the WC-Co-Cr coating exhibited a better friction coefficient. Unfortunately,
it was not possible to quantify the wear resistance due to the elevated roughness of the coatings, but
from the analysis carried out on the alumina counterpart of the tribometer, it can be concluded that
all the coatings exhibited a very low wear rate. In fact, after the tribological tests, it emerged that the
alumina counterpart was more abraded than the investigated coatings.

Keywords: cold spray; high-pressure cold spray; composite coatings; friction materials coatings;
wear resistance; aircraft brakes; tungsten carbide; nickel-based

1. Introduction

It is well known that aircraft brakes are a key component for both landing and taking
off safely under different and/or critical environmental conditions. The brake consists of a
series of discs; the steel stators (which are the stationary units) and the rotors that form the
rotating part.

The materials currently used to make aircraft brakes are steel, ceramic matrix, metal
matrix composite (MMC) and carbon composites [1,2]. This type of material represents a
real innovation in the technical-scientific field. Brakes made in carbon fibre materials are
used almost only in competitions, as they require high temperatures to generate braking
force. The choice of carbon fibres is due to the properties of these materials whose friction
coefficient increases with an increasing temperature which means it brakes better when it
is hot [3]. In the latter case, braking takes place by “fusion” of the pads to the disc whose
junction pieces are literally torn off during braking. Carbon brakes are made with carbon
in the form of fibres (not graphitized) and immersed in a graphite matrix. Furthermore,
this material is very light, obtaining excellent specific properties. On the other hand,
carbon brakes present very high production and design costs as well as a low static friction
coefficient that makes parking performance not optimal.
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To reduce the costs related to brake production without significantly altering the
braking performance the innovative solution proposed is to use rotor and stator discs made
in steel both equipped with a coating (e.g., 0.5 mm) of a suitable friction material. In this
way, the main brake material is steel covered with a noble coating.

Several coatings have been developed over time to prevent wear and corrosion issues,
and some of them have even been taken into consideration for automobile brake disc
applications [4].

The ideal coating material for the best braking action should exhibit high tribological
properties, specifically high friction coefficient and high wear resistance, high thermal
properties, in particular high thermal conductivity and diffusivity, good adhesion to the
substrate, compact microstructures and low porosity inside the coating. In addition to the
requirements reported above the coating should be very light to reduce the total weight of
the vehicle, and the design and production should be low cost.

HP-CS is a solid-state material deposition technique [5], where micron-sized particles
of a powder bond to a substrate because of the high-velocity impact and the associated
severe plastic deformation. Acceleration of particles to high velocities is obtained via the
expansion of a pressurised and hot gas through a diverging-converging nozzle. Despite
heating the process gas, which is to provide higher acceleration of the gas and to facilitate
particle deformation through thermal softening, the feedstock remains in the solid state
throughout the entire process; hence the name ‘cold’ spraying. This is to underline the
contrast to conventional thermal spraying where particles are completely or partially
molten upon impact onto the substrate. HP-CS is typically used for coating realization and
repair operation. It is also used for additive manufacturing at relatively high deposition
rates as compared to methods based on selective laser or electron beam melting. The main
advantage of HP-CS is that it alleviates the problems associated with the high-temperature
processing of materials, such as oxidation and unfavourable structural changes. It is
possibly the only continuous method to produce bulk components of metastable materials
that are available only in the powder form, e.g., as obtained from mechanical attrition or
gas atomisation.

The main technical objective in the HP-CS process is to ensure that the particles of the
feedstock powder impinge the substrate at or beyond a critical velocity [5]. This is achieved
by means of a pressurised and preheated process gas, typically compressed air or nitrogen
and in some cases, helium, that expands through a converging/diverging nozzle, reaching
supersonic velocities. In an HP-CS system, a compressed gas is divided into two streams
upon entering the cold spray system. One stream passes through a gas heater, where it is
heated at a high temperature. At the same time, the second stream passes through a powder
feeder, where it becomes laden with feedstock particles. Powder preheating is attained
through a powder heater installed between the powder feeder and the gun. These two
gas streams are then mixed, before entering the nozzle, where the gas expands to generate
a supersonic gas and powder stream. The particles of the powder are thus accelerated
reaching velocities up to 1200 m/s or more.

As with any other materials processing technique, the cold spray process has its own
advantages and disadvantages as reported in the literature [6]. The main advantage of the
cold spray process is that it is a solid-state process, which results in many unique coating
characteristics. In fact, since deposition occurs at a temperature lower than the feedstock
melting point, there is no phase changing and, therefore, a low oxide content. Coatings
produced with this technology exhibit high density and low porosity structure, high bond
strength and a compressive residual stress. Other advantages are the flexibility in substrate-
coating selection, high deposition efficiency and high control of coatings thickness. On the
other hand, the main disadvantage arises due to the plastic deformation process, which
leads to a loss of ductility of the coating.

Since the selection of the substrate-coating materials is flexible, very different types of
coating can be realized with this process. Therefore, the selection of the feedstock materials
mainly depends on the application field in which the coatings will be used. Cold spray
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technology uses the energy developed in the impact between the solid particle and the
substrate to create a plastic deformation and permanent adhesion onto the substrate. The
adhesion occurs through plastic deformation of the substrate and powder due to the impact
powder creating a mechanical interlocking. Several factors influence the coating adhesion.
The most important are the ductility of the substrate and raw material, but also the powder
particle size and impact velocity [7] as well as process parameters such as injection speed
rate and, therefore impact energy, the distance between nozzle and substrate, inlet gas
temperature and pressure, etc. [8].

The adhesion strength in HP-CS coating systems is mainly attributed to mechanical
interlocking and metallurgical bonding. The primary and most important aspect to under-
stand in HP-CS is the adhesion mechanism. Singh at al. [8] suggested that CS adhesion is
manifested in different steps, which encompass: (i) impact of particles onto the substrate,
(ii) breakage of any oxide layer, (iii) impingement of particle(s) into the substrate, (iv) adia-
batic shear instability and/or severe plastic deformation at the interfacial area triggering
localized melting at the interface, (v) viscous flow of the interfacial material, (vi) flushing of
the broken oxide layer instigating direct contact of the particle-substrate surfaces, (vii) for-
mation of metallurgical bonds at the direct contacts, (viii) jet formation, and (ix) mechanical
interlocking of the jetted material due to impact of forthcoming striking particles. Further-
more, Singh et al. [8] indicate that there are also other phenomena that influence adhesion
mechanisms. For instance, recrystallization and generation of compressive residual stresses
in the vicinity of the interface facilitate metallurgical bonding. However, the bow-shock
effect diminishes bonding by reducing the particle impact velocity. There are several factors
associated with spray conditions, feedstock properties and substrate state that influence
the adhesion mechanism. The critical nature of each factor with respect to its influence on
the bonding mechanism has not been assessed and needs further investigation.

Since the coating aims to improve the braking action in aircraft, it must exhibit suitable
tribological and mechanical properties. For this reason, nickel alloys, tungsten carbide
compounds, chromium carbide alloys and cermet coatings have been studied and analysed.
With this technology, it is possible to use a wide range of powders for the realization of
different coatings and the choice depends on the properties that the coating must exhibit.
Finally, the successful deposition of pure metals, alloys and composites by the HP-CS
process was reported in the literature [9–14]. The aim of the work was to determine the
adhesion, hardness, friction behaviour, wear resistance and thermal properties of coatings
deposited by high-pressure cold spray technology. In particular WC-Cr3C2-Ni, WC-Ni,
WC-Co-Cr, Cr3C2-NiCr and WC-Co deposited onto duplex steel, were studied as a potential
coating for aircraft brake applications.

2. Experimental Procedures
2.1. Materials

Duplex steel squared samples (4 mm in thickness and 19 mm × 19 mm in surface) were
used as the substrate. Coatings produced and investigated in this paper were WC-Cr3C2-Ni,
WC-Ni, WC-Co-Cr, Cr3C2-NiCr and WC-Co. These materials have been chosen for their
elevated hardness and tribological properties [15] (both friction and wear resistance). These
materials are typically used in thermal spray processes (specifically Atmosferic Plasma
Spraying, or APS and High-Velocity Oxygen Fuel, or HVOF) [16,17]. The feedstock powders
used for the realization of the coatings were spherical with a diameter range of 5–30 µm.
WC-Cr3C2-Ni is a nickel-based alloy designed for wear resistance and hardness [18]. Typi-
cally, the powder composition is tungsten carbide at 20%, chromium carbide 7% and nickel
balanced. WC-Ni is a nickel-based alloy also designed for wear resistance and hardness [19],
containing tungsten carbide at 12% to improve the hardness and tribological properties of
the coatings. WC-Co is a cermet material. It exhibits excellent wear resistance and hardness
as well as great thermal properties [19–21]. The feedstock powder is composed of tungsten
carbide at 88% and cobalt at 12%. WC-Co-Cr is a metal-bound carbide powder for wear-
resistant coatings [22]. The principal element is tungsten carbide at 86%. Alloying elements
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are cobalt at 10% and chromium at 4%. Cr3C2-NiCr coatings are widely used for wear
applications at room and high temperatures [23,24], respectively. It presents high corrosion
resistance owing to the NiCr binder [25]. Furthermore, this type of coating exhibits high
wear resistance and hardness [26]. The composition of this powder is chromium carbide at
75% and nichrome (name of nickel-chromium alloy) at 25%. The HP-CS parameters used
to produce the investigated coatings are reported in Table 1, while their thicknesses are
reported in Table 2. The inlet powder temperature was controlled by a thermocouple on the
low-flow vector gas. The deposition efficiency is about 20/25%, due to the high hardness
of the feedstock powders and, therefore, the choice of the parameters was a compromise
between the limits of the equipment used and the powder properties used to allow the
formation of the coatings.

Table 1. High-pressure cold spray process parameters.

Item Value

Gas used N2

Inlet gas temperature 1100 ◦C

Inlet gas pressure 35 bar

Spray distance 30 mm

Powder feed rate 40 g/min

Inlet powder temperature 150 ◦C

Gun travelling speed 80 mm/s

Table 2. Coatings thickness.

Coating Thickness (mm)

WC-Cr3C2-Ni 0.55

WC-Ni 0.54

WC-Co-Cr 0.52

Cr3C2-NiCr 0.60

WC-Co 0.80

2.2. Parameters Investigated and Analysis Method

Parameters investigated in this paper were: (i) Tribological Properties (Friction Coeffi-
cients and Wear Resistance), (ii) Mechanical Properties (Adhesion of Coatings on the Steel
Substrate and Coating Hardness), and (iii) Thermal Properties (Thermal Diffusivity).

2.2.1. Hardness and Adhesion Tests

Due to the elevated surface roughness (Ra: 4 µm for all the surface samples) the
coating hardness was evaluated by using a Rockwell C (Load—150 kg [27]) hardness
tester (Officine Galileo, Florence, Italy) using a spheroconical diamond indenter with a
120-degree cone.

Hardness imprints were analysed by scanning electron microscopy (SEM-ZEISS Evo
50 XVP microscope, Carl Zeiss AG, Oberkochen, Germany) using a backscattered detec-
tor (BSD).

The coating adhesion was tested with a Revetest® scratch tester (CSEM, Neuchâtel,
Switzerland) with a 200 µm radius Rockwell C diamond stylus. The tests used a scratching
speed of 10 mm/min, a loading rate of 10 N/mm, and a normal load range of 1 N to 10 N.
Critical loads were determined using an optical microscopy (Pulnix, Japan) inspection
of the damaged area after scratching. Acoustic emission signal (not reported for sake
of brevity), which is the measurement of sound that emits because of the fracture of the
material during the scratch test, was also used to confirm the measured values. Two critical
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loads (Lc) were evaluated, namely: (i) Lc1 at which the formation of cracks occurs, and
(ii) Lc2 at which a total detachment of the coating from the substrate is observed.

The scratch test is already well-established for thin coatings and can quantify the
adhesion between the coating and the substrate in terms of the critical stress at which the
coating delaminates. As far as thick coating, a scratch test can be used to determine the
critical stress for inter-splat debonding in the case of thick coatings [28,29].

2.2.2. Tribological Tests

The tribological tests were carried out with a high temperature (HT) tribometer (CSEM,
Neuchâtel, Switzerland) at 450 ◦C. The pin-on-disk tribometer consists of a flat, pin, or
sphere, attached to a stiff elastic arm that is weighted down onto a test sample with a
known weight. The sample is rotated at the speed of 10 cm/s for 25,000 laps (1099 m,
156.48 min) at a load of 10 N. The counterpart used to evaluate tribological properties is an
alumina ball (hardness: 19 GPa [30]) with a diameter of 6 mm.

The wear tracks were analysed by scanning electron microscopy (SEM), using a
ZEISS Evo 50 XVP microscope (Carl Zeiss AG, Oberkochen, Germany) with a maximum
acceleration voltage of 30 kV.

SEM investigations using a backscattered electron detector (BDS) were carried out to
determine different phases in the microstructure of the worn tracks.

A non-contact 3D Taylor-Hobson Profilometer (Talysurf CCI 3000,Taylor-Hobson Ltd.,
Leicester, UK) was used to measure the degree of wear.

It was very difficult to measure the wear volume at the end of the test due to the high
roughness and, perhaps, the high coating resistance. Thus, in order to differentiate between
the different coatings, ball wear was measured. Ball craters’ diameters were measured
using a telecamera (VTB206H, Taiwan) and through suitable software, scar diameters
were calculated.

2.2.3. Thermal Properties

Other properties useful to evaluate the brake performance are thermal diffusivity and
conductivity. This aspect does not fall within the aim of the project, but a preliminary
qualitative analysis of thermal diffusivity and conductivity was carried out in order to
summarily evaluate the thermal behaviour. In fact, these properties are important to
guarantee the correct heat dissipation, generated during the braking action, from the
coating to the substrate, avoiding the accumulation of heat that can damage the coatings as
well as the brake system itself. Therefore, it is required that the coatings exhibit high thermal
properties in order to conduct heat in the shortest time. Unfortunately, thermal properties
are quite difficult to evaluate because of the unknown structure and composition of the
coating layer. However, in this preliminary phase, an estimate of α of the best performing
coatings can be obtained on the basis of the powder composition and literature data. Finally,
these aspects will be the subject of future activities aimed at creating brake prototypes on
which the investigated coatings will be applied and analyzed in detail. Specific tests will be
carried out for the concrete and objective evaluation of the thermal properties.

3. Results
3.1. Hardness and Adhesion of High-Pressure Cold Spray Coatings

Figure 1 shows the BSD Rockwell C imprints of the tested samples performed with
the backscattered electron diffraction (BSD) technique of scanning electron microscopy
(SEM), while in Table 3 the Rockwell hardness HRC values were reported for all specimens
and base carbon steel investigated. These values represent the average values of the ten-
indentation test with the relative standard deviation. Among the investigated coatings,
WC-Co showed the highest hardness. As reported in the literature, the WC-Co coating
showed higher hardness principally due to the high hardness of the WC grains embedded
in the matrix whereas the other coatings are embedded in a weaker binder [31].
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Table 3. HRC values of carbon steel substrate and HP-CS coatings.

Materials HRC Hardness Value

Steel 21.5 ± 1.00

WC-Cr3C2-Ni 54.72 ± 0.71

WC-Ni 58.22 ± 1.93

WC-Co-Cr 55.16 ± 1.83

Cr3C2-NiCr 55.22 ± 2.39

WC-Co 61 ± 2.18

As reported in Table 3 all the coatings, except WC-Cr3C2-Ni exhibited high standard
deviations correspondent to a non-homogeneous coating structure.

Table 3 shows the HRC of the HP-CS compared with the base steel used
in this investigation.

All scratched tracks are reported in Figures 2–6.

Metals 2022, 12, 1558 6 of 21 
 

 

Figure 1 shows the BSD Rockwell C imprints of the tested samples performed with 
the backscattered electron diffraction (BSD) technique of scanning electron microscopy 
(SEM), while in Table 3 the Rockwell hardness HRC values were reported for all 
specimens and base carbon steel investigated. These values represent the average values 
of the ten-indentation test with the relative standard deviation. Among the investigated 
coatings, WC-Co showed the highest hardness. As reported in the literature, the WC-Co 
coating showed higher hardness principally due to the high hardness of the WC grains 
embedded in the matrix whereas the other coatings are embedded in a weaker binder [31]. 

 
(a) 

 
(b) 

Figure 1. Cont.



Metals 2022, 12, 1558 7 of 21
Metals 2022, 12, 1558 7 of 21 
 

 

 
(c) 

 
(d) 

 
(e) 

Figure 1. HRC imprints of (a) WC-Cr3C2-Ni; (b) WC-Ni; (c) WC-Co-Cr; (d) Cr3C2-NiCr and (e) WC-
Co. 

Figure 1. HRC imprints of (a) WC-Cr3C2-Ni; (b) WC-Ni; (c) WC-Co-Cr; (d) Cr3C2-NiCr and
(e) WC-Co.



Metals 2022, 12, 1558 8 of 21

Metals 2022, 12, 1558 8 of 21 
 

 

Table 3. HRC values of carbon steel substrate and HP-CS coatings. 

Materials HRC Hardness Value 
Steel 21.5 ± 1.00 

WC-Cr3C2-Ni 54.72 ± 0.71 
WC-Ni 58.22 ± 1.93 

WC-Co-Cr 55.16 ± 1.83 
Cr3C2-NiCr 55.22 ± 2.39 

WC-Co 61 ± 2.18 

As reported in Table 3 all the coatings, except WC-Cr3C2-Ni exhibited high standard 
deviations correspondent to a non-homogeneous coating structure. 

Table 3 shows the HRC of the HP-CS compared with the base steel used in this 
investigation. 

All scratched tracks are reported in Figures 2–6. 

 
Figure 2. Scratch track of WC-Cr3C2-Ni coatings. 

 
Figure 3. Scratch track of WC-Ni coatings. 

 
Figure 4. Scratch track of WC-Co-Cr coatings. 

 
Figure 5. Scratch track of Cr3C2-NiCr coatings. 

 
Figure 6. Scratch track of WC-Co coatings. 

Figure 7 shows the adhesion test results of HP-CS coatings. As can be seen from this 
figure all the coatings exhibited similar values of Lc1, whereas the WC-Co-Cr coating 
exhibits the best adhesion, as suggested by the highest value of Lc2. Furthermore, high 
surface roughness was observed for all the coating samples. For this reason, the 
observation of the scratch cracks typologies was impossible. From the whole scratch track, 
it was observed that the coatings are non-homogeneous. 

Figure 2. Scratch track of WC-Cr3C2-Ni coatings.

Metals 2022, 12, 1558 8 of 21 
 

 

Table 3. HRC values of carbon steel substrate and HP-CS coatings. 

Materials HRC Hardness Value 
Steel 21.5 ± 1.00 

WC-Cr3C2-Ni 54.72 ± 0.71 
WC-Ni 58.22 ± 1.93 

WC-Co-Cr 55.16 ± 1.83 
Cr3C2-NiCr 55.22 ± 2.39 

WC-Co 61 ± 2.18 

As reported in Table 3 all the coatings, except WC-Cr3C2-Ni exhibited high standard 
deviations correspondent to a non-homogeneous coating structure. 

Table 3 shows the HRC of the HP-CS compared with the base steel used in this 
investigation. 

All scratched tracks are reported in Figures 2–6. 

 
Figure 2. Scratch track of WC-Cr3C2-Ni coatings. 

 
Figure 3. Scratch track of WC-Ni coatings. 

 
Figure 4. Scratch track of WC-Co-Cr coatings. 

 
Figure 5. Scratch track of Cr3C2-NiCr coatings. 

 
Figure 6. Scratch track of WC-Co coatings. 

Figure 7 shows the adhesion test results of HP-CS coatings. As can be seen from this 
figure all the coatings exhibited similar values of Lc1, whereas the WC-Co-Cr coating 
exhibits the best adhesion, as suggested by the highest value of Lc2. Furthermore, high 
surface roughness was observed for all the coating samples. For this reason, the 
observation of the scratch cracks typologies was impossible. From the whole scratch track, 
it was observed that the coatings are non-homogeneous. 

Figure 3. Scratch track of WC-Ni coatings.

Metals 2022, 12, 1558 8 of 21 
 

 

Table 3. HRC values of carbon steel substrate and HP-CS coatings. 

Materials HRC Hardness Value 
Steel 21.5 ± 1.00 

WC-Cr3C2-Ni 54.72 ± 0.71 
WC-Ni 58.22 ± 1.93 

WC-Co-Cr 55.16 ± 1.83 
Cr3C2-NiCr 55.22 ± 2.39 

WC-Co 61 ± 2.18 

As reported in Table 3 all the coatings, except WC-Cr3C2-Ni exhibited high standard 
deviations correspondent to a non-homogeneous coating structure. 

Table 3 shows the HRC of the HP-CS compared with the base steel used in this 
investigation. 

All scratched tracks are reported in Figures 2–6. 

 
Figure 2. Scratch track of WC-Cr3C2-Ni coatings. 

 
Figure 3. Scratch track of WC-Ni coatings. 

 
Figure 4. Scratch track of WC-Co-Cr coatings. 

 
Figure 5. Scratch track of Cr3C2-NiCr coatings. 

 
Figure 6. Scratch track of WC-Co coatings. 

Figure 7 shows the adhesion test results of HP-CS coatings. As can be seen from this 
figure all the coatings exhibited similar values of Lc1, whereas the WC-Co-Cr coating 
exhibits the best adhesion, as suggested by the highest value of Lc2. Furthermore, high 
surface roughness was observed for all the coating samples. For this reason, the 
observation of the scratch cracks typologies was impossible. From the whole scratch track, 
it was observed that the coatings are non-homogeneous. 

Figure 4. Scratch track of WC-Co-Cr coatings.

Metals 2022, 12, 1558 8 of 21 
 

 

Table 3. HRC values of carbon steel substrate and HP-CS coatings. 

Materials HRC Hardness Value 
Steel 21.5 ± 1.00 

WC-Cr3C2-Ni 54.72 ± 0.71 
WC-Ni 58.22 ± 1.93 

WC-Co-Cr 55.16 ± 1.83 
Cr3C2-NiCr 55.22 ± 2.39 

WC-Co 61 ± 2.18 

As reported in Table 3 all the coatings, except WC-Cr3C2-Ni exhibited high standard 
deviations correspondent to a non-homogeneous coating structure. 

Table 3 shows the HRC of the HP-CS compared with the base steel used in this 
investigation. 

All scratched tracks are reported in Figures 2–6. 

 
Figure 2. Scratch track of WC-Cr3C2-Ni coatings. 

 
Figure 3. Scratch track of WC-Ni coatings. 

 
Figure 4. Scratch track of WC-Co-Cr coatings. 

 
Figure 5. Scratch track of Cr3C2-NiCr coatings. 

 
Figure 6. Scratch track of WC-Co coatings. 

Figure 7 shows the adhesion test results of HP-CS coatings. As can be seen from this 
figure all the coatings exhibited similar values of Lc1, whereas the WC-Co-Cr coating 
exhibits the best adhesion, as suggested by the highest value of Lc2. Furthermore, high 
surface roughness was observed for all the coating samples. For this reason, the 
observation of the scratch cracks typologies was impossible. From the whole scratch track, 
it was observed that the coatings are non-homogeneous. 

Figure 5. Scratch track of Cr3C2-NiCr coatings.

Metals 2022, 12, 1558 8 of 21 
 

 

Table 3. HRC values of carbon steel substrate and HP-CS coatings. 

Materials HRC Hardness Value 
Steel 21.5 ± 1.00 

WC-Cr3C2-Ni 54.72 ± 0.71 
WC-Ni 58.22 ± 1.93 

WC-Co-Cr 55.16 ± 1.83 
Cr3C2-NiCr 55.22 ± 2.39 

WC-Co 61 ± 2.18 

As reported in Table 3 all the coatings, except WC-Cr3C2-Ni exhibited high standard 
deviations correspondent to a non-homogeneous coating structure. 

Table 3 shows the HRC of the HP-CS compared with the base steel used in this 
investigation. 

All scratched tracks are reported in Figures 2–6. 

 
Figure 2. Scratch track of WC-Cr3C2-Ni coatings. 

 
Figure 3. Scratch track of WC-Ni coatings. 

 
Figure 4. Scratch track of WC-Co-Cr coatings. 

 
Figure 5. Scratch track of Cr3C2-NiCr coatings. 

 
Figure 6. Scratch track of WC-Co coatings. 

Figure 7 shows the adhesion test results of HP-CS coatings. As can be seen from this 
figure all the coatings exhibited similar values of Lc1, whereas the WC-Co-Cr coating 
exhibits the best adhesion, as suggested by the highest value of Lc2. Furthermore, high 
surface roughness was observed for all the coating samples. For this reason, the 
observation of the scratch cracks typologies was impossible. From the whole scratch track, 
it was observed that the coatings are non-homogeneous. 

Figure 6. Scratch track of WC-Co coatings.

Figure 7 shows the adhesion test results of HP-CS coatings. As can be seen from
this figure all the coatings exhibited similar values of Lc1, whereas the WC-Co-Cr coating
exhibits the best adhesion, as suggested by the highest value of Lc2. Furthermore, high
surface roughness was observed for all the coating samples. For this reason, the observation
of the scratch cracks typologies was impossible. From the whole scratch track, it was
observed that the coatings are non-homogeneous.
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These results can be explained on the basis of the following arguments. HP-CS is a
solid-state deposition process since the feedstock is not melted; however, the kinetic energy
of the high-velocity particles leads to interfacial deformation as well as localized heat at the
location of impact. The conversion of kinetic energy into deformation and heat results in
mechanical interlocking as well as metallurgical bonding at the interface [8]. If on the one
hand, the material chosen leads to the creation of suitable coatings due to their elevated
hardness and low ductility on the other side, it is difficult to realize a stable coating. In
fact, the powder having high hardness and low tendency to plastic deformation is able to
deform the substrate creating a suitable site for a mechanical joint, but not to adhere to
the substrate.

3.2. Tribological Properties

Figure 8 shows friction coefficient evolution during tests, while Table 4 represents
the average values and friction fluctuation (standard deviation). The average friction
coefficient was calculated after 5000 laps (219 m). Comparing friction coefficient evolution,
the following conclusion can be drawn.
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Table 4. Friction coefficient values and their standard deviation.

Materials Average Coefficient

Steel 0.58 ± 0.02

WC-Cr3C2-Ni 0.71 ± 0.03

WC-Ni 0.61 ± 0.02

WC-Co-Cr 0.84 ± 0.02

Cr3C2-NiCr 0.49 ± 0.03

WC-Co 0.79 ± 0.01

An increase in friction coefficient was observed over an initial sliding distance of about
0–1000 laps for all the coatings. After this period, WC-Co coating showed a stable friction
coefficient compared with the other tested coatings.

Comparing all the coatings, WC-Co and WC-Co-Cr friction coefficient evolution were
the highest among all coatings, but WC-Co was also more stable during the whole test.
As shown in Table 4 the fluctuation of friction coefficient for WC-Co coating is much less
than the other coating. The high fluctuations of the other coatings can be due to the plastic
deformation mechanism.
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At the beginning of the tribological test, few asperities of the coating surface are in
contact with the alumina ball, which caused high contact stresses on the surface. The
asperities wear away as the sliding progresses, and the initial surface roughness lowers,
with a consequent decrease in friction coefficient.

Due to the higher hardness of WC-Co, lower asperity and consequently lower defor-
mation of the surface were observed, leading to a more stable friction coefficient.

Furthermore, the increase in temperature, caused by the rolling motion, can make the
material softer, resulting in desegregation of the matrix with a consequent higher degree
of fluctuation. This fact is evident for Cr3C2-NiCr coating which can be due to the easy
detachment of Cr3C2 particles from the matrix.

The maximum values of friction coefficient and their standard deviation of HP-CS
coatings were compared to the value of the carbon steel substrate, as reported in Table 4.
As can be noted, even if WC-Co does not exhibit the maximum friction coefficient value, it
appears more suitable for brake application due to its stable behaviour observed during
the friction coefficient tests, as shown in Figure 8.

The friction coefficient of WC-Co obtained in this investigation was compared with
the base carbon steel and literature data [14,32]. As can be seen from the values reported in
Table 5, all coatings exhibit higher friction coefficient values compared to the base carbon
steel suggesting the advantage of using a noble coating to increase the properties of the
base steel without altering the weight of the brake due to the low thickness of the coating.

Table 5. Friction coefficients of carbon steel, WC produced by HVOF, Inconel 625 and WC-Co coatings
obtained with HP-CS technology.

Materials Average Coefficient

Steel 0.58 ± 0.02

Inconel 625 [14] 0.76 ± 0.03

Tungsten Carbide (HVOF process) [32] 0.87 ± 0.02

WC-Co 0.79 ± 0.01

In Figure 9a–e the three-dimensional wear tracks of the HP-CS coating obtained in
this investigation were reported.

As shown in Figure 9 the profile of the wear track is not evident for all the samples
except Cr3C2-NiCr, one, for which a well-defined groove can be observed (Figure 9d).
Cr3C2-NiCr is the only coating tungsten carbide-free, then it can be assumed the positive
effect of WC presence on the wear resistance. With the purpose to get more insights into
the whole tribosystem, the wear scar diameter of the alumina ball counterbody was also
investigated. Wear scar diameter measurements were performed using an average diameter
formed on two tests for each sample.

Comparing the ball wear scar diameter (Table 6), the two coatings containing WC-Co
induce higher wear on alumina with respect to other samples. No significant difference was
observed between WC-Ni and Cr3C2-NiCr samples. During the rolling motion between
coating and counterpart, the load is applied onto the irregularities which can lead to high
contact stress. At the beginning of sliding, this was the major wear mechanism. Moreover,
wear debris formed during the tribological test can be entrapped between the two parts
playing as three-body abradants. The higher ball wear scar revealed for WC-Co may be
due to the high hardness of the coating which abrades the sphere to a greater extent by
increasing the third body phenomena.
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These results underline that the coatings realized with HP-CS technology exhibit a
very high wear resistance, but with this test equipment, it is not possible to evaluate the
wear rate values.
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Table 6. Ball diameter measurements at the end of the tribological test.

Materials Ball Diameter (mm)

WC-Cr3C2-Ni 2.42 ± 0.03

WC-Ni 1.02 ± 0.02

WC-Co-Cr 2.98 ± 0.03

Cr3C2-NiCr 0.91 ± 0.18

WC-Co 3.17 ± 0.02

Figures 10–14 show SEM micrographs and magnification of the investigated coatings
wear tracks, while Figures 15–19 represent the SEM images and the correspondent EDS
performed inside the wear tracks.
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An uneven wear track was observed for WC-Cr3C2-Ni coating. Z contrast images
highlight the different compositions inside and outside the wear track (see Figure 10 relative
to WC-Cr3C2-Cr sample). Indeed, evidence of a higher content of elements with higher
atomic numbers inside the track is proved by the higher brightness. Details reported
in micrographs at higher magnification indicate the presence of well-defined particles
parallelepiped shaped, attributable to WC, according to Z contrast images supported by
EDS analysis (see Figure 15). Comparing the two spectra, reported in Figure 15b, can be
noticed, a small intense oxygen peak in spectrum 1, suggesting oxidation phenomena.
In the area where tungsten is present to large extent, neither chromium nor nickel can
be observed, suggesting a preferential binder removal as a consequence of the sliding
contact with the alumina ball. Moreover, the simultaneous application of high temperature
and pressure to the coating can cause local sintering of Al2O3 leading to some amount of
transferred counterbody material on the coating surface. The transfer from the ball can be
seen by the high peak present in spectrum 2. The presence of aluminium oxide is also well
evidenced by EDS (grey areas in Figure 15), indicating the adhesion of material coming
from the counterface. The adhesive mechanism, derived from the transfer from the ball,
may be responsible for the oscillation trend of the friction coefficient.
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The spectrum acquired in the grey areas also shows the presence of nickel, chromium
and tungsten, derived from the investigated coating.

As for WC-Cr3C2-Ni coating also WC-Ni showed a non-uniform wear track and
different composition inside and outside the wear track, as proved by the significant
different contrast. In this case, the binder removal occurred in less extent with respect to
sample WC-Cr3C2-Ni. Indeed, carbide grains are less well shaped than in the previous
case because they are still well surrounded by the nickel matrix. EDS spectra confirm
the morphological evidence. Comparing the two spectra reported in Figure 16 a peak of
alumina, due to a transfer from the ball, is present in some part of the wear track as is
evident from spectrum 2 of Figure 16. Again, oxidation phenomena can be observed, in
both the analyzed point (spectra 1 and 2). In addition, some cracks are present inside the
wear track.

The wear mechanisms of WC-Co-Cr can be considered similar to those observed in the
previous cases. Elemental analysis of the wear track revealed the presence of a high peak
(spectrum 1) of ‘Al’ indicating alumina adhesion from the ball. The presence of ‘O’ inside
the wear track, detected in spectrum 1, suggests in-situ formed tribo-oxides phenomena.

Moreover, as for the previous coatings, preferential binder removal was observed.
As for Cr3C2-NiCr, a more defined wear track is observed. Some cracks were detected

inside the wear track, which can be observed at low and high magnifications. Furthermore,
in the present case, the preferential removal of binder can be supposed by observing the
intensity ratio between nickel and chromium in different areas. This difference was also
confirmed by EDS analysis where, by comparing the two analyzed areas, the variation in
Ni and Cr are confirmed. In the case of the Cr3C2-NiCr coating, alumina was not found.
Oxidation phenomena cannot be excluded, although they are not evident from the spectra.
As for WC-Co, the EDS analysis made on the wear track reveals the presence of W, Co,
Al and O elements. As can be noticed in spectrum 1 ‘O’ and ‘Al’ are the predominant
elements followed by ‘Co’ indicating that the resulting tribolayer is basically a combination
of oxidized elements from the coating as well as alumina from the ball counterpart.

From EDS analysis and backscattered images of the wear tracks, some conclusions
about the principal wear mechanisms can be made. The wear mechanism was the combi-
nation of abrasive, adhesive and oxidative wear mechanisms. In particular, adhesion of
alumina ball, with consequent formation of local junctions was observed. Moreover, during
tribological tests, unsupported grains, such as those of carbide, can be easily physically
removed or pulled out thanks to enhanced grooving and the removal of the binder phase.
Wear debris particles are produced during wear when the coated surface deforms plasti-
cally, which occurs during repeated wear cycles, resulting in wear debris fragmentation
and the production of fine particles. While some of these particles are carried away, many
could be trapped in the wear tracks. Further wear causes these small wear debris particles
to oxidize, become compacted by normal and shear pressures, and form a tribo-oxide layer.
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This tribo-oxide layer can be beneficial as it can reduce wear rate. Such a process could
account for the not significant differences in terms of wear resistance observed between
WC-Cr3C2-Ni, WC-Ni, WC-Co-Cr and WC-Co. The visible track and higher wear observed
for Cr3C2-NiCr is supposed to principally be the result of the weaker Cr bond of the coat-
ing [31], which resulted in excessive particles pulling out and consequently acting as a third
abrasive body detaching much material from the coating itself.

3.3. Thermal Properties

As reported in the introduction of this manuscript a further property useful to evaluate
the brake performance is thermal diffusivity which is quite difficult to evaluate owing to
the unknown structure and composition of the coating layer. However, an estimate of α
of the best-performing coatings can be obtained on the basis of the powder composition
and literature data [33–35]. Data reported in Table 7 show an excellent value of α for the
WC-Co coating.

Table 7. Thermal diffusivity of: (i) low carbon steel, (ii) WC-Co and WC-Co-Cr HP-CS investigated coatings.

Thermal Diffusivity (m2/s)

Low Carbon Steel 1.404 × 10−5

WC-Co [34] 1.674 × 10−5

WC-Co-Cr [35] 1.121 × 10−5

4. Conclusions

In this paper, coatings for aircraft brake applications produced with HP-CS technology
were investigated as a potential alternative to the sintered-sintered steel currently used [36].
It is useful to mention that the ideal coating material for the best braking action should
exhibit: (i) high friction coefficient and wear resistance, respectively; (ii) high thermal
diffusivity; (iii) good adhesion to the substrate; (iv) a compact microstructure; (v) very light
in order to reduce the total weight of the vehicle and (vi) design and production should
be low cost. Results obtained in this investigation using the HP-CS technology in only a
set of spray parameters suggest that the WC-Co coating can be considered as a potential
coating layer on carbon steel for brake application. In fact, WC-Co exhibits high friction
coefficient value and, especially, high stability during tribological tests. Comparing the
alumina ball abrasion, WC-Co coatings manifest the higher wear resistance compared to
the other coatings investigated and, therefore, the best wear behaviour. Furthermore, the
elevated thermal properties guarantee the best heat transfer useful to dissipate the heat
generated during the braking action. On the other hand, among all the coatings it showed
lower adhesion due to its high hardness value [37]. In fact, increasing the coating hardness
implies a decrease in plastic deformation and, therefore, a lower adhesion capacity.

Another fundamental aspect is related to the fact that in the case of configurations of
the sintered-sintered steel type, a double sintering process must be carried out.

In this case, however, a single additive process must be performed. Furthermore,
it is possible to use a common carbon steel coated with an adequate layer of a more
noble material.

In the light of these results, future work will be addressed to investigate the variation
and stability of friction coefficient (dynamic and/or static), wear rate of the coating material
as a function of temperature and corrosion resistance issues to further support the use of
HP-CS technology for brake applications. Furthermore, future activities will regard the
pre-industrialization phase, in which brake prototypes will be realized with the application
of the different coatings investigated. On these prototypes’ friction, mechanical and thermal
properties will be deeply studied. Specifically, fretting wear tests and specific thermal tests
will be carried out.
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