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Abstract: In this work, the cold spray technique was used to deposit nickel and titanium coated
diamond powder on cast iron and aluminum substrates. To analyze the deposition mechanism, the
diamond powders were observed before and after the process using a microscope and scanning
electron microscope (SEM). The adhesion response of the Ni and Ti coatings was investigated during
the study. Pin-on-disk tests were then performed to identify the abrasion mechanism of the coated
samples and the wear resistance of the Si3N4 ceramic balls. Experimental tests were adopted to
determine the significant operating variables, i.e., the local linear speed and the applied load. The
modification of the diamond particles in shape, distribution, and the residual debris of Si3N4 on disk
were compared before and after the tribological test to analyze the abrasion and wear resistance of
the ceramic balls.

Keywords: cold spray; coated diamond powder; wear test; ceramic balls production; abrasion
power; tribology

1. Introduction

Hybrid bearings represent an interesting engineering solution for mechanical applica-
tions in the automotive and aerospace industries or when electrical and thermal isolation,
mechanical wear resistance, durability, and reliability are required [1]. These components
are designed with a consolidated geometry and well-known materials and still present
challenging issues related to applications and manufacturing. Recently, dedicated inves-
tigations were developed with the aim of extending life models to these components, as
different materials, i.e., ceramic for the rolling elements and metals for the races, are in-
volved [2–4]. These damage models include the surface microgeometry aspects as factors
affecting fatigue resistance and lubrication behavior in the computation of expected life.
Microgeometry and density are related to the manufacturing process especially with regard
to ceramic rolling bodies, as the rolling bodies are generally obtained by sintering and
subsequent surface finish. This process is performed by a couple of cast iron fixed and
rotating plates, where grooves are obtained. While the disk rotates, the balls in the grooves
are processed by diamond paste. The manufacturing time for a batch of ceramic balls is
roughly 10 times longer than for steel balls and is also polluting and expensive. A possible
alternative process consists of preprocessing the ceramic balls by means of grooves coated
by abrasive coatings to obtain the diameter, roundness, and geometrical requirements,
leaving only the final lapping phase to the diamond paste processing, according to similar
processes performed on metallic balls. According to this procedure, when processed in
rotating grooves, the balls rotate and displace in different positions, thus being subjected
to different abrasion speeds. The necessity of finding new abrasive coatings, with specific

Metals 2022, 12, 1197. https://doi.org/10.3390/met12071197 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12071197
https://doi.org/10.3390/met12071197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-2810-6291
https://doi.org/10.3390/met12071197
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12071197?type=check_update&version=1


Metals 2022, 12, 1197 2 of 12

requirements related both to ball abrasive performance and to abrasive coating adhesion to
grooves, is growing stronger in the ceramic ball production industry.

The cold spray (CS) technique is a potential method for coating deposition due to the
complex shape of the grooves on the disk. Metals, polymers, ceramics, composite materials,
and nanocrystalline powders can be deposited using cold spraying. The kinetic energy
of the particles, supplied by the expansion of the gas, is converted to plastic deformation
energy during bonding. Unlike other thermal spraying techniques, e.g., plasma spraying,
arc spraying, flame spraying, or high velocity Oxygen fuel (HVOF), in CS the powders
are not melted during the spraying process [5], but a plastic deformation process occurs
generating the adhesion of the particles to the substrate. Several factors affect the coating
deposition in the coating process and in particular in the cold spray process. Ref. [6]
investigates the relationship between the particle flow and its acceleration in the nozzle.
All the input parameters play a fundamental role in the adhesion of the coating on the
substrate. The deposition on the metallic surface requires low solubility of carbon, and
the process is affected by substrate temperature, carbon concentration, and the carbon
diffusion coefficient. The chemical reaction is also influential, in fact the iron can absorb the
carbon postponing the coating adhesion. Moreover, iron and other metals have an elevated
vapor pressure that can contaminate the diamond formation in the surrounding area [7].
Diamond-like carbon coating adhesion on 316L stainless steel has been investigated in [8].
Carburizing pre-treatment and superficial etching seem to increase the adhesion properties;
moreover, a cleaning and deoxidation procedure of the surface has been considered. Few
literature papers were found to the authors’ knowledge, on the abrasion performance
of coatings and in particular in cold sprayed coatings, quantifying the performance and
the effectiveness of the procedure. Most of them are focused on the adhesion properties
of the diamond particles to the coating [7,9], or to the adhesion of the coating to the
substrate [8,10], or on the influence of the interlayer in the adhesion mechanisms [8,11]. The
abrasion of ceramic components by means of diamond coating is investigated in [12], but
the analysis is focused not on the abrasion process but on the effectiveness of the process
on different ceramics, measured only by means of the Ra roughness parameter.

In this framework, the aim of the research is to evaluate the applicability of the
cold spray technique for obtaining a performant abrasive coating to be used in ball
ceramic processing.

The cold spray technique adapts well to this application due to the ability to orient
the spray to coat complex geometries such as the grooves in the disks. Furthermore, in
cold spray no oxidation of the powder takes place during the process, and the material
properties are preserved [13].

The aim of this paper is to investigate the deposition mechanism on cast iron and on
aluminum alloy of diamond particles by means of cold spray. To this aim, two batches of
diamond particles, with different deposition parameters, were deposited on two substrates,
cast iron, which is the commercial material of which the processing disks are made, and
aluminum, to preliminarily investigate the possibility of obtaining lighter disks. A further
aim of the paper is the analysis of the abrasive behavior of the diamond coating deposited
on the ceramic balls. To this aim, pin-on-disk tests were performed for different abrasion
speeds on a batch of 6 mm ceramic balls. Profile, roughness, and wear parameter measure-
ments were then performed on the sample to quantify and qualify the process for different
rotating speeds.

2. Materials and Methods

The problem of setting up a new manufacturing process involves different issues
related to component design, materials, process parameters setup, and performance evalu-
ation. In this paper, a preliminary investigation is performed on the abrasion of the ceramic
balls by means of abrasive coatings.
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The experimental investigation described in this paper involved the use of two differ-
ent commercial diamond powders, with different coatings (Ni and Ti), and cast iron and
aluminum alloy substrates.

Sample preparation was carried out as described in Section 2.1 in collaboration be-
tween the Politecnico di Torino (Torino, Italy), the Tsubaki Nakashima Internal Application
Laboratory (Pinerolo, Torino, Italy), and the STAM Research Center of the Department of
Mechanical, Manufacturing and Biomedical Engineering at Trinity College Dublin (Dublin,
Ireland). In particular, the CS deposition system used is described in [5,6]. The tribological
experimental campaign described in Section 2.2 was carried out in the Department of
Mechanical and Aerospace Engineering Laboratory (DIMEAS) of the Politecnico di Torino
(Italy) employing Si3N4 ceramic bearing balls (nominal diameter 6 mm).

2.1. Materials

Cast iron and the aluminum alloy were selected as substrates. The cast iron samples
were obtained from a cast iron disk used in ceramic ball manufacturing lines. The aluminum
alloy sample was preliminarily selected to examine the possibility of preparing lighter
abrasive disks. The chemical composition of the substrates was analyzed using the scanning
electron microscope and the weight of elements in % is reported in Table 1.

Table 1. Substrates chemical composition.

Cast Iron 1 C (%) Si (%) P (%) Fe (%) Ni (%)
12.68 0.66 0.02 86.63 0.01

Cast Iron 2 C (%) Si (%) P (%) Fe (%) Ni (%)
9.8 1.64 0.81 83.63 4.12

Al Alloy C (%) O (%) Al (%) P (%) Ni (%)
36.03 5.23 56.41 0.54 1.79

The diamond powders selected are the Ti-RVD titanium-coated powder (Ti-Dia) and
the Ni-RVD nickel-coated powder (Ni-Dia). In this paper gives an overview of the behavior
of the two different coatings in the abrasion of ceramic balls. The 304L and 316L stainless
steel powders for interlayer preparation were provided by LPW Technology, while the
titanium diamond powder was supplied by HNHONGXIANG (Zhengzhou, China) and
the nickel diamond powder by Shilidiamond (Changsha, China).

The dimension D50 of the 304L and 316L interlayer powders was 28 µm (D10 19 µm
and D90 42 µm) and 33 µm (D10 21 µm and D90 45 µm), respectively (Figure 1).
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Before the CS deposition, the two diamond powders were analyzed under a digi-
tal microscope (Figure 2). The diamond particles appeared sharp and edgy. The pow-
der samples dimensions were measured. The Ni-Dia powder’s dimension D50 was
125.4 µm (D10 75.8 µm and D90 141.1 µm), while Ti-Dia was 111.1 µm (D10 84.0 µm and
D90 125.9 µm). These large powder dimensions were selected according to the require-
ments of the abrasion production process of the ceramic balls for hybrid bearings.
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Figure 2. Diamond powders particles, Ni-Dia (left) and Ti-Dia (right) (optical microscope).

Furthermore, before coating the specimens by means of CS, customized flow tests
of the diamond powders were run. The flow test is an indicator for material and flow
powder disposition to cold spraying, as the correct flow through the nozzle is essential for
a uniform coating deposition. In the test, the powder flow is tested through a funnel with a
50 mm diameter exit. The funnel during the test is steady. The powder should flow very
rapidly and easily through the funnel. As a result of the flow test, the Ni-coated diamond
particles had a better performance than Ti-coated diamond particles.

Several coated samples were prepared by varying the process parameters, keeping the
hatch distance set to 4 mm. In Table 2 the sample preparation settings are reported.

Table 2. Coating specimen preparation: deposition parameters.

Test Substrate TS *
(mm/s)

p
(bar)

Carrier
Gas

Gas T
(◦C)

PFR **
(%)

SoD ***
(mm) Powder

305 Cast iron 2400 30 N2 800 11 40 316L
307 Cast iron 2400 30 N2 850 11 40 304L
309 Cast iron 1200 30 N2 850 11 40 304 + Ti-Dia
310 Cast iron 1200 30 N2 850 11 40 304 + Ni-Dia
315 Aluminum 1200 30 N2 850 11 40 304 + Ni-Dia
314 Aluminum 1200 30 N2 850 11 40 304 + Ti-Dia

* Transverse Speed (TS) of the nozzle; ** PFR Power Feed Rate, percent of the maximum wheel rotation; *** SoD
Distance between the nozzle and the substrate.

Before the coating process, the samples were ground with a P320 abrasive paper to
improve the adhesion of the coating to the substrate [3]. The processing powders were
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dried in the furnace at 200 ◦C for about 2 h before the experiments began. Following the
procedure reported in [9,14–20], the cold spray deposition process was performed.

Tests 306 and 307 were dedicated to investigating the adhesion of a steel interlayer to
cast iron. The test provided a useful sample: adhesion between 316L (interlayer) and cast
iron (substrate) was efficient. In test 307 the layers adhered well to only one sample, while
on two other samples the adhesion was moderate and in one sample the layer detached.

In Test 309 the Ti-Dia powder was cold sprayed on a sample without interlayer and on
a sample with 304 steel interlayer and only the sample without interlayer was successful;
the diamond coating adhesion on cast iron was effective. The mixture for abrasive coating
deposition was 50% weight diamond powder and 50% weight 304 steel.

Test 310 replicated test 309 but with Ni-coated diamond powder instead of the Ti-
coated one. The coating did not stick on the sample without interlayer.

Test 314 performed Ti diamond powder coating on an aluminum substrate, without in-
terlayer. The experiment was successful, and the diamond coating adhered to the substrate.

Test 315 replicated test 314 but with Ni diamond powder coating. The sample
was successful.

Two samples were then selected and used for the subsequent pin-on-disk testing,
which is the aluminum one due to the better adhesion results. As the abrasion performance
was the indicator for the test, the cast iron samples were excluded due to the non-optimized
adhesion process. In Figure 3, some samples are reported: Figure 3 left, Test 310 sample
shows inadequate adhesion of coating to the cast iron sample, while excellent sticking has
been achieved with the aluminum substrates (Figure 3 center and right). In Figure 4, the
SEM of coating surfaces is reported. Coating thickness was approximatively 1 mm.
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Before running the wear tests, the roughness measurements were performed on the
pin (Si3N4 balls) (Table 3). Roughness was also measured for the disks considering three
different measurement points (Figure 5). Measuring length was 5 mm and three measure-
ments were run in each position. The measuring length and the cutoff (sampling length)
were selected considering surface roughness values, according to ISO 4288 (Tables 1 and 2).
It has to be noted that, for left and right measurements, the measuring direction is radial,
while for the top measurement the measuring direction is perpendicular to the radius,
which is along the wear race. The average roughness values measured on the disks in each
position are reported in Table 4. It can be observed that the roughness is homogeneously
distributed, thus indicating that the deposition process was not affected by inhomogeneity
of particle distribution. A further observation can be made: before cold spraying, the
Ti-coated diamond particles are generally smaller than the Ni-coated diamond particles.
Conversely, after cold spraying, the Ni-coated specimen presents surface roughness values
which are lower than the Ti-coated specimen. This difference may be partially due to the
different behavior in flow through the nozzle of the two powders, where the Ni powders
showed a better flow behavior than the Ti powders.

Table 3. Surface roughness of balls (pin) before wear tests (average values).

Ra (µm) Rq (µm) Rp (µm) Rv (µm) Rz (µm)

Si3N4 ball Before test 0.0067 0.0096 0.0189 0.0796 0.0922

Table 4. Surface roughness of coated disks before wear tests in three different points.

Ra (µm) Rq (µm) Rp (µm) Rv (µm) Rz (µm)

Al alloy-Ti coated

Right 129 147 269 215 484

Left 100 123 196 271 467

Top 135 159 298 299 597

Average 121 143 254 261 516

Al alloy-Ni coated

Right 63 72 125 132 257

Left 33 40 86 73 159

Top 50 65 114 150 264

Average 48 59 108 118 226
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2.2. Test Methods

After the CS deposition, the aluminum alloy substrates were selected to carry out the
pin-on-disk wear test in dry conditions. Tests were performed by means of an Anton Paar
TRB tribometer compliant with the ASTM G99 and ASTM G133 standards [21,22]. Testing
conditions adopted for the experimental campaign are reported in Table 5 according to
previous studies and scientific literature [23–25]. In particular, local linear speed was varied,
while the length run L was the same for all specimens (150 m). The normal preload FN was
the same for all tests, 5N, and the radius of contact between the pin and the rotation axis Rt
was varied (7, 11, and 14 mm), while the rotational speed n was the same for all specimens
at 20 rpm. A similar procedure was set up and then applied in [26], where a diamond-
reinforced metal matrix composite was cold-sprayed on an aluminum substrate and a
synthetic diamond coating with a maximum particle size of 30 µm was electrodeposited on
a cast iron substrate.

Table 5. Testing parameters configuration for pin-on-disk tests.

Test Number Coating Type Rt (mm) FN (N) n (rpm) Local Linear
Speed (mm/s) L (m)

Test 1 Ni Dia 7 5 20 14.66 150
Test 2 Ni Dia 11 5 20 23.04 150
Test 3 Ni Dia 14 5 20 29.32 150
Test 4 Ti Dia 7 5 20 14.66 150
Test 5 Ti Dia 11 5 20 23.04 150
Test 6 Ti Dia 14 5 20 29.32 150

The experimental campaign was carried out and the data were processed according
to Archard’s equations and following the procedure reported in [26]. In particular, the
roughness was measured on the abrasive disks, and on the abraded pins (the balls) the
abraded volume of the ball (volume loss) Vb (mm3) was measured. The wear rate u (µm/h)
and the wear coefficient k were also obtained.

3. Results and Discussion

The different abrasive behavior of the two considered coatings (Ti and Ni diamond-
coated powders) employed in the manufacturing processes of ceramic ball bearings were
analyzed, and the results processed.

In the following Figure 6, the worn surfaces after pin-on-disk test are reported.
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The results obtained after pin-on-disk testing are graphically reported in Figure 7. In
particular, the values of roughness are compared considering for both the balls and the
substrates the values between after and before the wear tests.
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for different measuring points: left (top), right (center) and top (bottom) measurements.

The difference in µm has been calculated considering the initial minus the final rough-
ness when varying the sliding radius (7, 11, 14 mm) that is the linear speed. The plots
report the roughness variation for the three measured points (left, top, right).

For each pin-on-disk test, the wear of the pin vs. disk in contact was calculated using
the procedure described in [21].

The results of abrasion on the processed balls are reported in Figures 8 and 9. In
Figure 8, the ball volume loss Vb (mm3), the wear rate u (µm/h), and the wear coefficient
k are calculated as described in [26] and then reported, while in Figure 9, the roughness
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parameters measured on the abrasion surface of the balls are reported. It can be observed
that, with increasing linear speed, the quality of abraded balls worsens when processed
with Ni-Dia surfaces, while in the case of Ti-Dia surfaces, the effect of linear speed seems to
improve the quality of the abraded surfaces.
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The analysis of Figure 7 shows that along the wear race the inhomogeneities of the
surface tend to be larger.

The roughness parameters show a different behavior both with the linear speed and
with the measuring direction. For the Ti-Dia coating, the surface roughness parameters
show an increment of all roughness parameters with increasing abrasion; furthermore,
the lowest increment is obtained for the lowest linear speed, while for higher speed the
behavior of the parameters seems to change with speed. If we consider the measurements
obtained in the radial direction Ra and Rq increase with linear speed (R11 and R14), that
is the arithmetic average and the root mean square roughness in the measuring length,
two parameters related to average amplitude. Rz, Rp, Rc, and Rt either remain constant or
decrease when changing from condition R11 to R14. Rp and Rv represent the maximum
peak and the minimum valley measure, respectively, while Rz and Rt the maximum distance
between maximum peak and minimum valley measured over the sampling length and
the evaluation length, respectively. All these parameters are related to an increment of
irregularities in the profile. It seems there is an intermediate linear speed between the
maximum and minimum tested in the experiments, for which the abrasive coating is much
more affected by the interaction with the ceramic pin. If we consider the measurements
run parallel to linear speed the trend is the same for Ra, Rv, Rc, and Rt, that is for the
lowest values for R9 then increasing for R11 and decreasing for R14 while Rz increases with
linear speed.

In the Ni-Dia coating these increments are less evident and range one order of magni-
tude less than the Ti-Dia coating. It has to be noted that all the parameters related to R11
configuration measured in parallel direction can be compared to Ti-Dia values.

The Ti diamond coating is less resistant to abrasion, and the effect of the abrasion is to
remove the highest peak.
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The Ti-Dia coating shows the largest difference in roughness parameters, comparing
before and after the pin-on-disk test. This means that the Ti-Dia coating at the end of the
test shows a lower roughness than the Ni-Dia coating. Ti-Dia coatings tends to wear more
than Ni diamond coatings. Unlike [26], the final roughness measurements were run after
air cleaning of the disks, that is, after removal of powder debris. The final roughness can be
attributed to displacing the metal coating from the diamond particles to the surrounding
roughness valleys by means of a plastic deformation process. This phenomenon reduces
the asperities of the abrasive coating and, therefore, its abrasion effectiveness, as shown in
Figure 8 left, where the ball abraded volume Vb is reported. This deformation also affects
the wear coefficient, as witnessed in Figure 8 right. This plastic behavior of cold sprayed
pure Ni in tribological tests is also described in [13].

In [26], the test preload was lower (1 N vs. 5 N) and this wear effect on the disks
was less evident. In [26], the average dimension of the particles was less than the half of
the present ones. These differences can justify the large differences obtained both in the
abraded volumes of the ball and the final roughness of the ball.

As for abrasive surfaces, the Ni-Dia abrasive coatings are more effective in terms of
abraded volume on the balls, but the disk tends to wear faster; the opposite occurs for the
Ti-Dia abrasive disk. The quality of abraded balls does not change strongly in the two cases
(Figure 9). According to [26] the abraded volume on disks can be neglected.

4. Conclusions

The present research was developed with the aim of evaluating the applicability of the
cold spray technique for obtaining performant abrasive coating to be used in ball ceramic
processing. To this aim, the activity was focused on investigating how two commercial
powders are deposited, and how they are modified by the deposition process and by the
abrasion process.

Therefore, the present paper aimed at qualifying and quantifying the abrasion perfor-
mance of abrasive diamond coatings obtained by means of cold spray technique with two
commercial diamond-coated powders, with the aim of setting up the basis for an innovative
manufacturing process for ceramic balls in hybrid bearings. The analysis was performed
by means of inspecting the deposition process and pin-on-disk tests.

Coating adhesion, particle distribution, and the effect of the process on the roughness
of the coating were analyzed. Pin-on-disk testing aimed at quantifying the quality of the
abrasion measured as final roughness of the abraded balls, abraded volume, wear rate, and
wear coefficient. To investigate the applicability of the process, the effect of abrasion on
abrasive disks was further measured by means of roughness and profile measurements on
the disks.

The pin-on-disk tests show a different abrasion performance for the different abrasive
coatings and the different linear speed. The surface roughness variation is larger for
Ti-Dia coatings than for the Ni-Dia coating, for all acquired roughness parameters. The
abrasion rate increases with increasing speed when changing from R7 configuration to
R11 configuration and then decreases slightly changing to R14 configuration, given the
same testing length. The quality of the manufacturing process, in terms of roughness of the
abraded balls, does not seem to be strongly affected by linear speed.

The Ti-Dia coating is more sensitive to abrasion than the Ni-Dia coating. Furthermore,
the coatings are more damaged by higher local speed than by slower speed.

With increasing linear speed, the ball abraded volume increases and then slightly
decreases for the same abrasion length; the same occurs for wear rate and wear coefficient,
while for wear rate in the Ni-Dia coating it shows a maximum for R11 testing configuration,
while for the Ti-Dia coating it increases with linear speed.

The Ti-Dia coating is more effective in abrasion than the Ni-Dia coating; furthermore,
the Ni-Dia coating is less damaged and, therefore, it is more resistant to abrasion than the
Ti-Dia coating.
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