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Abstract: Technological progress in hybrid bearings developed high wear and abrasion resistant
materials for rolling elements. The manufacturing process of bearing balls presents new challenges, as
nowadays, it requires time-consuming and costly processes. In this frame, the bearing manufacturing
industry is demanding improvements in materials, geometry, and processes. This work aims to
investigate new abrasive coatings for grinding wheels for Si3N4 ball manufacturing. Tribological
pin on disk tests are performed on samples of grinding materials (disk) versus a Si3N4 ball (pin).
Two samples of specimens coated with an electrodeposited diamond and diamond-reinforced metal
matrix composite are examined to measure the abrasion rate and the wear resistance of Silicon
Nitride Si3N4 balls, considering the influence of sliding speed and the effect of coating deposition
on diamond particle density and granulometry. The measurements estimated the specific wear
coefficient k, the height wear surface h, and the wear rate u of the Si3N4 balls. The results pointed
out that by increasing the sliding speed, the abraded volume increases for both the coatings. The
parameters affecting the abrasion effectiveness of both the coatings are the surface roughness, the
abrasive particle dimension, and the sliding speed.

Keywords: abrasive coating; ceramic rolling bodies; abrasion

1. Introduction

Technological progress has led to the development of hybrid bearings that entail the
use of ceramic rolling elements characterized by a high bearing stiffness, low weight, non-
negligible self-lubricating properties, high corrosion resistance, and electric insulation [1–4].
Because of their peculiar physical, thermal, and mechanical properties, these bearings
have been considered for several applications, including those related to the production of
electric motors, medical equipment, machine tool spindles, and turbine generators [5–7].
In [8], a wide review of applications of hybrid bearings is presented.

Since ceramic bearings are highly resistant to wear and abrasion, their manufacturing,
which is traditionally based on the use of diamond paste and grinding wheels, which
operate by abrasion, presents several challenges. Wheels are generally made of Cast
Iron, while the abrasive coating is composed of electrodeposited Diamond particles. The
manufacturing process is time-consuming and complex, as it involves the removal of
material both from the ball surface and from the grinding wheel. This action generates heat,
and it evolves in time as a function of both the ball surface parameters (roughness) and
the grinding wheel surface condition (abrasive particles removal). Given the complexity
of these phenomena, the bearing manufacturing industry is demanding improvements in
materials, geometry, and process parameters calibration.

With respect to the coating of grinding wheels, many technological solutions adopted
by the industry stem from experience cumulated in the use of Diamond paste or Diamond
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based coatings in machinery tools for grinding [9], lapping [10], and polishing opera-
tions [11,12]. The literature indicates that there are many different methods available to
cover a substrate with a hard-protective layer, [13] provide a useful review in which the
main coating techniques are listed and compared to one another, with the identification of
the main advantages and disadvantages.

The most widely used techniques to produce thin coatings are physical vapor deposi-
tion (PVD) [14], chemical vapor deposition (CVD), electrodeposition and cold spraying.
PVD and CVD fall within the category of vapor-phase plasma-based deposition methods
and allow high-quality coatings with no limitation on the coating or substrate material.
The layers obtained usually have a thickness ranging from 2 to 10 µm and are particularly
suited to improve sliding wear and low-stress abrasive wear. For what concerns electrode-
position, a deep review is presented in [15]. The principles of the electrodeposition process
are based on the electrochemical phenomena associated with the reduction or deposition of
electroactive species on the cathode surface. The empirical factors affecting the electrodepo-
sition process are many; however, it can be precisely controlled [16]. In recent years, a new
deposition technique is gaining momentum: Cold-Spray deposition. More details about
the surface coating technique can be found in [17]. Gas dynamic cold spraying or Cold
Spraying is a coating deposition method in which solid powders (1 to 50 µm in diameter)
are accelerated in a supersonic gas jet to velocities up to 1200 m/s. During the impact
with the substrate, particles undergo plastic deformation and adhere to the surface. To
achieve a uniform thickness, the spraying nozzle is scanned along the substrate. 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 thermal spraying
techniques, e.g., plasma spraying, arc spraying, flame spraying, or high-velocity Oxygen
fuel (HVOF), the powders are not melted during the spraying process [18].

In industrial applications for surface processing and finishing manufacturing pro-
cesses of components, coatings are applied to abrasive wheels with the above-mentioned
techniques. The use of metal matrix diamond composite for abrasive application of wear-
resistant material was already investigated in [19], and since then, following the develop-
ment of coating techniques, the implementation of diamond metal composites had spread
in machining applications. Recently, diamond-reinforced metal matrix composites (DMMC)
have been investigated for alternative abrasive coatings [18] and tools [20]. Numerous
investigations have focused on the tribological wear and behavior of diamond reinforced
composites coating, for example, in [21], where microstructure and the distribution of
diamond and tungsten carbide are investigated, and in [14] and in [15], where the influence
of the processing parameters on wear of coating of respectively PVD and electrodepositio-
nis investigated, and the different techniques used to depose it [22]. Moreover, there are
several aspects that affect the reinforced composites coatings, such as diamond size [23],
coating thickness [24], or thermal conductivity [25,26]. DMMC durability in aggressive
abrasive conditions has been studied [20]. This technique also applies well to multilayer
coatings [27].

For what concerns bearing balls manufacturing when abrasion is required, the tradi-
tional abrasive approach is required, even if other approaches are presented in the literature
as in [28] where an apparatus based on a completely different approach, that is, magnetic
floating, is presented for polishing of Si3N4 balls.

Investigating the abrasive process of bearing balls involves quantifying the abrasion
properties of the different coating and coating processes, that is, on one side investigating
the wear resistance and adhesion properties of the coating and on the other side investigat-
ing the capability of the coating to abrade the balls. The first topic is widely investigated in
the literature, and a dedicated Standard is available; for example, the two and three-body
abrasion testers are described in [29,30] to test the adhesion and wear resistance of coatings.
For example, in [21], wear tests are performed by means of a two-body abrasion tester.
The wear rate is measured from the weight loss and expressed as the volume loss per



J. Manuf. Mater. Process. 2021, 5, 81 3 of 20

unit distance run in wear testing. In [20], the volume loss rate and the mass loss rate,
the particle distribution, and homogeneities are investigated for metal matrix composites
(MMC) obtained with diamond particles charges for different diamond grits deposited on
a stainless-steel substrate. Abrasion tests were performed according to the ASTM G65 Stan-
dard, which is a dry sand/rubber wheel apparatus. The results confirmed the beneficial
effect of the nickel coating on the diamond in producing an improved abrasion resistance.
In [31], a large investigation on the grinding performance of electrodeposited diamond
wheels for hard metals against ceramic is reported. Eighteen kinds of synthetic diamond
abrasive grains are compared. The peripheral speed of a wheel at tests was (1000 m/min)
and thrust constant pressure of grinding was (490 kPa). Grinding time, stock removal,
tangential and normal grinding force were measured. In particular, the parameters grind-
ing work and cumulative grinding work are defined as the sum of the integrals of the
grinding normal and tangential forces over grinding length for a given path and for all the
paths, respectively. The removed volume (stock removal) is in the paper plotted vs. the
grinding work. No standard procedure or equipment is described and applied in this work.
In [23], pin on disk tests are run with a 4 mm Si3N4 ceramic ball (pin), with a 550 g (5.4 N)
load, 500 rpm, and 5 mm diameter wear track. In this paper, an analysis of the effects
of the diamond size and Ni matrix on the deposition characteristics are presented. The
friction coefficient (COF) of some tests is reported, but no other tribological parameters are
mentioned. In [32], both pin on disk and wear tests in dry conditions are performed but on
specimens with coatings obtained with cermet powders. In this paper, the COF between
the different coatings and the pin is investigated, and the wear track is reconstructed after
the pin on disk tests by means of 3D microscopy, allowing measurement of the coating
removed volume and wear track diameter. Roughness measurements of the substrate
were performed to integrate the investigation on adhesion coating behavior. A similar
experimental approach is reported in [21], where the scar trace is investigated to quantify
the removed volume and the abrasion performance of different coatings. The friction coef-
ficient and the wear rate are simultaneously investigated by means of two-body abrasion
tests. In the quantitative and qualitative investigation of wear and friction problems, a
specific thought can be given to a piece of new equipment able to reconstruct in real-time
the wear scar thanks to a pin-on-disc tribometer equipped with a Digital Holographic
Microscope (DHM) [33].

For the second topic, which is investigating the capability of the coating to abrade
the balls, the problem of wear testing and wear volume loss measurement are faced
in international standards as per [34–36]. In these documents, the testing equipment,
procedure, and the abraded volume measurements are described. Pin on disk testing is
widely used both for investigating tribological and wear behaviors of mating materials.
Special dedicated equipment is used to test in critical conditions like cryogenic testing, as
described in [37]. The same test can cover two different problems and different approaches.
If the focus is on the force required to rotate the disk pushed by the pin, then friction
parameters are obtained; however, if the focus is volume abraded by friction phenomena,
then wear parameters are obtained. In [38], two testing procedures for the diagnosis of
commercial pin-on-disc tribometers are described and proposed as reference procedures.
In the above-mentioned Standards, the abraded volume is quantified by means of profile,
microscope and dimensional measurements of the samples before and after testing. For
example, in [6], pin on disk tests results are reported and related to the friction of alumina
balls against diamond ceramic coating for prosthetic application. In this research, the wear
volume and wear rate are measured according to [36], and the worn ball radius is measured
by an optical microscope.

The purpose of this paper is to assess the effects of two different diamond coatings
(electrodeposited diamond paste and cold sprayed DMMC) on the wear resistance and
final surface characteristics of Silicon Nitride (Si3N4) bearings. In such a context, laboratory
tests were carried out by means of the pin-on-disk approach while considering the impact
on test results of several operational variables (e.g., rotating speed and test geometry).
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Results were interpreted by referring to meaningful wear and tribological parameters and
by considering the different composition and surface morphology of the two coatings. As
illustrated in the final section of the paper, it is envisioned that obtained results can be of
practical use for the optimization of the manufacturing process of ceramic ball bearings.

2. Materials and Methods

The experimental investigation described in this paper involved the use of Si3N4
ceramic bearing balls (nominal diameter 6 mm) and two different diamond coatings em-
ployed in pin-on-disk tests: a diamond-reinforced metal matrix composite cold-sprayed on
an Aluminium substrate (indicated as DMMC), and a synthetic diamond coating with a
maximum particle size of 30 µm electrodeposited on a Cast Iron substrate (indicated as
D30). 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, Italy), and the STAM Research Center of the Department of Mechani-
cal, Manufacturing and Biomedical Engineering at Trinity College Dublin (Dublin, Ireland).
The experimental campaign, based on the use of the tribometer equipment described in
Section 2.2, was carried out in the Department of Mechanical and Aerospace Engineering
Laboratory (DIMEAS) of the Politecnico di Torino (Torino, Italy).

2.1. Test samples

A total of three coated disks were prepared and subsequently used for testing. By
following the procedure reported in [18], two disks (DMMC Specimen 1 and DMMC
Specimen 2) were coated with DMMC (Figure 1a) by using a feedstock material constituted
by copper and diamond in equal volume ratio. The copper powder was provided by Safina,
while the diamond powder was supplied by Element Six. The single disk coated with D30
(Figure 1b) was prepared by LITD by means of CVD electrodeposition according to the
standard method established by [13].
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Figure 1. Samples for testing: (a) DMMC, (b) D30, and (c) Si3N4 ball.

The set of six nominally identical Si3N4 bearing balls employed for the investigation
(Figure 1c) were retrieved from the production line of Tsubaki Nakashima. Their quality
and uniformity were preliminarily assessed by visual inspection with the purpose of
avoiding elements characterized by surface imperfections or defects.

Mechanical properties of the materials constituting the substrate disks (Aluminium
alloy and Grey Cast Iron) and Si3N4 bearing balls are reported in Table 1 in terms of their
average Young Modulus (Ec) and Poisson ratio (νc) as recorded from three independent
measurements. Table 1 also contains information on the geometrical dimension of the
samples (Rd, radius of the disk; Rb, radius of the balls) (mm) and on the thickness of
the coatings (dc) (µm). Coated disks were subjected to preliminary evaluation by means
of a SEM, the outcomes of which are displayed in Figure 2 (front view) and Figure 3
(cross-section). Subsequent image analysis showed that in the case of the DMMC, the
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employed deposition process led to a partial crushing of diamond particles, with their
final dimensions being comprised in the 50–75 µm range. By comparison, the D30 coating
was found to be slightly coarser, with particle dimensions comprised between 50 µm and
120 µm. The quantitative investigation on diamond particles dimension and distribution
was obtained by means of image processing with ImageJ software. In Table 2, the results
are reported.

Table 1. Sample dimensions and material physical properties of substrates and balls.

Material Quantity Rd, Rb (mm) Ec (Gpa) νc dc (mm)

DMMC Coating 2 15 526 0.28 3
D30 Coating 1 20 1000 0.20 0.1
Si3N4 Sphere 6 3 310 0.27 -
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Area (mm2)

Average
Diameter

(mm)

Maximum
Diameter

(mm)

Minimum
Diameter

(mm)

Diameter
Std. Dev

DMMC (sp. 1) 25.4 2.8 22.4 0.6 2.2
DMMC (sp. 2) 58.1 4.3 50.8 0.6 3.7

D30 1453.8 2.5 3.72 110 20.3
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2.2. Test Methods

Abrasion and friction measurements were carried out in the pin-on-disk configuration
by making use of the disks and bearing balls prepared as outlined in Section 2.1. Tests
were performed by means of an Anton Paar TRB tribometer, the technical specifications of
which are given in Table 3. The functional scheme of the equipment that is compliant with
the ASTM G99 and ASTM G133 standards [34,35] is shown in Figure 4.

Table 3. Tribometer technical specifications.

Material Quantity

Normal load (dead weight/s) Up to 60 N
Friction force Up to 10 N, optional 20 N

Rotation speed (Pin on Disk) 0.3–500 rpm, optional 1500 rpm
Linear speed 100 mm/s
Linear stroke 60 mm

Sample diameter up to Ø 60 mm
Weight 0.25 N, 0.5 N, 1 N, 2 N, 5 N, 10 N, 20 N, 30 N, 60 N

Mass tolerance ±1%
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The first phase of the investigation was dedicated to the identification of the optimal
setup parameters [39]. Given the operational characteristics of the available equipment,
it was deemed necessary to explore the possibility of making use of lighter loads and
lower speeds than those proposed by the original ILS (part of the actual release of the
ASTM G99 standard). As a result of this preliminary work, it was concluded that for each
combination of bearing ball (pin) and coated substrate (plate), two wear measurements
were to be performed by imposing the pin-plate contact at 7 mm and 11 mm from the
disk center and by adopting different values of the relative rotating speed (comprised
between 20 rpm and 40 rpm). Normal load and sliding distance were fixed at 1 N and
150 m, respectively. Testing conditions adopted for the performed tests are synthesized in
Table 4. These conditions are different from those adopted in other investigations reported
in the literature. As an example, in [39–45], the normal force ranged between 10 and 20 N,
the rotational speed was comprised between 200 rpm and 400 rpm, and the sliding distance
varied in the 180–380 m interval. In [46], tests entailed the application of a 5 N normal load
with an imposed sliding distance of 150 m.
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Table 4. Test conditions.

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

Test 1 DMMC (Specimen 1) 7 1 40 29.3 150
Test 2 DMMC (Specimen 1) 11 1 20 23.0 150
Test 3 DMMC (Specimen 2) 7 1 20 14.7 150
Test 4 DMMC (Specimen 2) 11 1 30 34.5 150
Test 5 D30 7 1 20 14.7 150
Test 6 D30 11 1 30 34.5 150

2.3. Data Processing

For each pin-on-disk test, wear of the contact bodies was calculated by measuring
appropriate linear dimensions: length or shape change of the pin and depth or shape
change of the disk track. Subsequently, wear linear measures (in mm) were converted
to wear volume (in mm3) through appropriate geometric relations reported in ASTM
G99-95a [34] and ISO 18535:2016 [47] Standards.

According to ASTM G99-95a, assuming that the pin has an initial spherical surface of
radius Rb and the disk is initially flat, the height from wear surface h (mm) can be calculated
by means of the following expression, in which it is hypothesized that only one of the two
components wears significantly [34]:

h = Rb −

√(
Rb

2 − d2

4

)
(1)

where d is the scar diameter (mm) (Figure 5, above).
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In the case that the ball is wearing, then the volume ball loss VbASTM according to [34]
is calculated as:

VbASTM =
π·h
6

[
3·d2

4
+ h2

]
(2)

Assuming that ball wear is negligible with respect to disk wear, then the disk volume
loss VdASTM can be calculated as:

VdASTM = 2·π·Rt·
[

Rb
2·arcsin

(
d

2·Rb

)
− d

4

√
4Rb

2 − dw2
]

(3)

where Rt is the track radius and dw is the width of the wear track (as in the case of [32]).
The volume losses Vb and Vd in cubic millimeters can also be calculated according to

the International Standard ISO 18535:2016 [47]. According to the Standard, after the pin
on disk test, it is observed that both the surfaces undergo volume losses during the test.
It is then assumed that the pin presents a flat surface, and a roughly circular scar can be
observed on the disk. The minimum diameter A and the perpendicular one B are measured,
and the cross-sectional areas of the wear track are estimated at four positions (S1–S4) at
intervals of 90◦ (Figure 5, below).

The wear volume VbISO and the specific wear rate Ws of the balls are then calculated:

VbISO =
π·A3·B
32·D (4)

Wsb =
Vb

FN ·L
(5)

where D is the diameter of the ball specimen (mm), FN is the applied load (normal force)
(N), and L is the sliding distance (mm). For what concerns the disk:

VdISO =
π·Rt·(S1 + S2 + S3 + S4)

2
(6)

Wsd =
Vd

FN ·L
(7)

where Rt is the radius of wear track (mm), and S1 to S4 represent cross-sectional areas
at four places on the wear track circle (mm2). This approach is, for example, adopted
in [16]. In this research, a further parameter is defined, the percent volume loss difference
∆volume, that is, the percent difference between the volumes calculated according to the
two Standards:

∆volume =

∣∣∣∣ Vb ISO
Vb ASTM

− 1
∣∣∣∣ (8)

In [48], another approach is proposed to quantify the wear rate in coating obtained by
spraying processes. The mass loss ratio is defined as the ratio between the difference of
the mass before and after the run-in wear period and the mass before the test. The mass
loss is measured during the test too. On the other hand, the advantage of using linear wear
measures compared to mass loss was that a more precise evaluation could be obtained
since mass loss is often too small for a reliable measurement.

A further parameter quantifying wear is introduced by the Archard equations [35,36].
This approach is adopted to model the friction phenomena for the purpose of determining
the wear coefficient k (adimensional) and the wear rate u (µm/h) [49–53]. Once the volume
of the wear products Vb (mm3), the sliding length L (mm), the normal force between the
surfaces FN (N), and the surface hardness HV (MPa) of the softer adherent are known, the
wear coefficient k is defined as [54,55]:

k =
Vb·HV
L·FN

(9)
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The coefficient of friction varies between an assigned pair of materials depending on
load, speed, and temperature. Therefore, the coefficient of friction is measured experimen-
tally, using the tribometer, under conditions as close as possible to the actual operating
conditions. The wear equation can also be expressed as wear rate:

u =
δ

t
=

k·P·v
HV

(10)

where δ is the thickness of the worn layer (mm), t is time (s), HV is the hardness of the
softer material (MPa), P is the interface pressure (MPa), k is the wear coefficient, and v is
the sliding speed (mm/s). In the present research, the parameter u was calculated as d/t. In
fact, the interface pressure cannot be calculated with a reliable formula as the contact does
not occur between uniform surfaces. The last parameter used for analyzing the behavior of
the two coatings is the coefficient of friction, COF, defined as the ratio between the friction
resisting force and the normal force FN applied during tribological tests. In the present
research, the parameter is an output of the tribometer equipment.

2.4. Evaluation of Surface Roughness and Profile

As a supplement to wear and friction measurements, before and after the tests carried
out with the tribometer, the surface roughness of pins (balls) and disks (plates) was assessed
according to [29], with the consequent analysis of the recorded profiles. The Roughness
Tester Mitutoyo S-3000 was employed for measuring and evaluating micro-irregularities of
the surfaces. Cut off was set to 0.08 mm, measuring length was 0.4 mm, and a Gaussian
filter was applied. In the case of the disk surfaces, accurate measurements were obtained
by performing measurements along the X and Y axis (Figure 6) by means of a Coordinate
Measuring Machine EXAGON Tigo SF (measured volume in mm is 500 × 580 × 500
in X/Y/Z directions) with an accuracy of 2.2 + l/300 (l (mm) measured length) and a
profilometer model PGS 2000. The manufacturer’s technical specifications of the instrument
roughness tester and profilometer are presented in Tables 5 and 6, respectively.
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Table 5. Roughness tester technical specifications.

Measuring range 100 × 300 mm (X/Z)
Detector measuring force 0.75 mN
Drive speed X: 0 ÷ 80 mm/s; Z: 0 ÷ 40 mm/s
Cut-off 800 µm, 80 µm or 8 µm
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Table 6. Profilometer technical specifications.

Measurement range in X 220 mm
Measurement range in Z 50 mm
Resolution on the X axis 0.5 µm
Resolution on the Z axis 0.1 µm
Positioning speed 0–10 mm/s
Measurement speed 0.2–0.5–1–2 mm/s
Measurement tip Tip radius 20 µm and front roundness
Software: Profile Studio

3. Results and Discussion

Processed results of all tests were analyzed to assess the different abrasive behavior of
the two considered coatings (DMMC and D30) employed to produce ceramic ball bearings.
Table 7 displays the results derived from surface roughness measurements carried out
on bearing balls before and after pin-on-disk tests. For ease of interpretation, the results
obtained after pin-on-disk testing are also reported graphically in Figure 7.

Table 7. Surface roughness values of balls before and after testing.

Ra (µm) Rq (µm) Rpmax (µm) Rvmax (µm) Rzmax (µm)

Si3N4 ball Test 1 Before test 0.0067 0.0096 0.0189 0.0796 0.0922
After test 1.7312 2.0680 4.7614 4.1509 8.9271

Si3N4 ball Test 2 Before test 0.0069 0.0100 0.0185 0.0786 0.0892
After test 1.8992 2.0313 2.7933 3.6621 6.4508

Si3N4 ball Test 3 Before test 0.0071 0.0082 0.0169 0.0801 0.0905
After test 1.9415 2.3245 5.2471 1.5729 6.8116

Si3N4 ball Test 4 Before test 0.0059 0.0089 0.0201 0.0813 0.0958
After test 1.6638 2.3526 6.3644 1.1390 7.5013

Si3N4 ball Test 5 Before test 0.0068 0.0091 0.0193 0.0904 0.0976
After test 2.1775 3.3038 9.2970 1.1361 10.4239

Si3N4 ball Test 6 Before test 0.0091 0.0121 0.0204 0.0853 0.0799
After test 2.9861 3.8180 11.6801 1.5413 13.2281
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Figure 7. Surface roughness of balls after testing.

Surface roughness measurements were performed on coated disks only before pin-
on-disk testing since roughness variations occurred exclusively in the wear tracks because
of Si3N4 debris deposition. Roughness data recorded before pin-on-disk tests are listed
in Table 8. Roughness parameters obtained for the disk coated with D30 are comparable
to those reported in the literature [12] for polishing disks used in an industry setting to
produce Si3N4 bearing balls. Furthermore, the data displayed in Figure 7 indicate that
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in most cases (except for Rvmax), the roughness parameters of bearing balls subjected to
abrasion with the D30 coated plate are higher than those of the balls processed in contact
with DMMC. Such an outcome is consistent with the coarser surface morphology of the
D30 coating, which leads to the creation of a rougher final surface.

Table 8. Surface roughness values of disks before testing.

Ra (µm) Rq (µm) Rpmax (µm) Rvmax (µm) Rzmax (µm)

Test 1 and 2 Before test 0.0708 0.0851 0.2393 0.3341 0.5735
Test 3 and 4 Before test 0.0754 0.0991 0.2958 0.6530 0.8179
Test 5 and 6 Before test 3.6200 4.2186 5.2052 9.1345 14.1862

For each pin-on-disk test, the wear of the bodies in contact was calculated using
both methods described in Section 2.2, thereby obtaining the results listed in Table 9 and
in Table 10 for tests carried out at a distance of 7 mm and 11 mm from the disk center,
respectively. Volume losses are also represented in graphical form in Figure 8.

Table 9. Results for tests carried out at Rt = 7 mm.

Vb ASTM (mm3) V b ISO (mm3) ∆volume h (mm) Wbs (mm3/(N × m)) V d ISO (mm3)

Test 1 4.39 × 10−4 4.30 × 10−4 1.92% 6.83 × 10−3 3.05 × 10−6 3.26 × 10−2 *
Test 3 2.05 × 10−3 2.01 × 10−3 1.87% 1.48 × 10−2 1.37 × 10−5 3.89 × 10−2 *
Test 5 5.48 × 10−2 5.08 × 10−2 7.81% 7.66 × 10−2 3.65 × 10−4 7.96 *

* The positive value is due to the deposition of debris.

Table 10. Results for tests carried out at Rt = 11 mm.

Vb ASTM (mm3) V b ISO (mm3) ∆volume h (mm) Wbs (mm3/(N×m)) V d ISO (mm3)

Test 2 1.63 × 10−3 1.52 × 10−3 6.76% 1.31 × 10−2 1.08 × 10−5 6.53 × 10−2 *
Test 4 5.36 × 10−3 5.14 × 10−3 4.26% 2.39 × 10−2 3.57 × 10−5 6.38 × 10−2 *
Test 6 1.08 × 10−1 1.02 × 10−1 6.46% 1.08 × 10−1 7.23 × 10−4 1.68 *

* The positive value is due to the deposition of debris.
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Figure 8. Comparison for ball volume loss calculation methods.

As expected, values of the sphere volume loss Vb calculated with both standards
(G99 and ISO18535) were very similar. However, values of the disk volume loss VdISO
calculated according to ISO 18535 were found to be positive, thereby indicating a disk
volume increment rather than a decrement [33,56,57]. Such an outcome can be explained by
referring to the significant roughness of the disks and the deposition of debris in the surface
irregularities, with the resulting conclusion that the formula proposed for the calculation
of Vd may not be reliable for disks in this kind of experiment where the abraded part is
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the ball (pin). This result is confirmed by profile measurements and by visual and optical
microscope observation of wear track on disks (Figure 9). The measurements obtained by
means of the profilometer along a diameter (Y direction) are reported in Figure 10 as an
example before and after testing. It is evident that the wear of the disks can be neglected if
compared with the wear of balls.
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When considering the entire set of experimental data obtained from tests carried out
with the DMMC, it can be observed that volume losses were found to increase while values
of the local linear speed decreased. In particular, this can be assessed by progressively
considering the results of Test 1 and Test 2, carried out by using the same DMMC Specimen 1
(with linear speeds of 29.3 and 23.0 mm/s, respectively), and Test 3, run with the second
coated disk DMMC Specimen 2 and with a linear speed of 14.7 mm/s. Results obtained for
Test 4 (with the highest linear speed, equal to 34.5 mm) seem to deviate from the identified
trend, with a volume loss that was found to be higher than expected. However, this can
be explained by considering the higher surface roughness of the DMMC Specimen 2 (see
Table 8), which, as proven by experimental observation, can counterbalance the effects of
increasing contact speeds.

Results obtained from tests carried out with the D30 coating (Tests 5 and 6) suggest
that when using a coarser material characterized by a rougher surface (see Table 8), higher
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levels of abrasion are produced by making use of higher local linear speeds. It can also be
observed that the use of the D30 coating leads to higher levels of wear (i.e., higher volume
loss values) in comparison to those of DMMC coatings, with the consequent creation of a
rougher final surface (see Table 7).

For D30 and DMMC Specimen 2, higher linear local speed results seem to be related
to a higher abraded volume for both coatings. The same result can be found in the coating
abrasion testing in [54], where this trend is justified by different abrasion phenomena
occurring with increasing speed. Another piece of evidence is that the surface roughness
of the disk is more influenced by abrasion than linear local speed. This piece of evidence
will be better investigated when discussing the wear coefficient k and wear rate u.

Lastly, the effect of disk abrasion on ball average roughness values (Ra, Rq, Table 7)
seems to not be affected by processing speed (Test 1 vs. Test 2; Test 3 vs. Test 4; Test 5 vs.
Test 6) while it seems to be affected by abrading disk roughness (Test 1–4 vs. Test 5–6). On
the other hand, the maximum roughness values (Rvmax, Rpmax, Rzmax, Table 7) seem to be
affected by both abrasion speed (Test 1 vs. Test2; Test 3 vs. Test 4; Test 5 vs. Test 6) and by
abrading disk roughness (Test 1–4 vs. Test 5–6).

In [21], the relationship between grain size and wear rate is discussed for diamond
reinforced coatings against mild steel. In particular, it is reported that the wear rate
increases with abrasive size. The increment changes from marginal to significant when the
abrasive size is increased from 90 mm to 120 mm. The observation of the groove width and
depth confirms this result. In the present research, the hardness of the surface subjected
to abrasive wear, that is, Si3N4, is higher than mild steel, and the abrasion mechanism is
different from [21] as a less ductile and more brittle material is interacting with diamond
particles. Moreover, the influence of grain size is supposed to be less effective, as it can be
observed in Figure 11, where the wear scars on the balls appear to be similar. Nevertheless,
the ball roughness measurements reported in Table 7 show an agreement with [21]: a larger
abrasive grain size (D30) generates a higher roughness and a larger wear rate. This effect is
much more evident when comparing the trend of wear rate with grain size: it is evident
that D30’s higher abrasive grains are related to the higher wear rate of smaller grains size
of DMMC.
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The investigation of the abrasion mechanism of Si3N4 is widely reported in [58], where
different Si3N4 microstructures were investigated. In the paper, a model of volume wear
loss for brittle materials is discussed. For Si3N4, wear involves plastic deformation, which
can be observed in the form of scars and wear sheet formation. The debris are compact,
and they are mainly generated as wear sheet formed where the surface of silicon nitride is
heavily deformed, that is at the edges of grooves. The same kind of abrasion of wear scars
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is observed using a microscope in the Si3N4 balls tested in the present research (Figure 12).
In [58], it is also reported that the principal mechanism of material abrasion for brittle
materials is a subsurface fracture, which occurs mainly at microstructural heterogeneities,
and generally is limited. The wear is mainly related to many factors such as contact surface,
stress, speed, temperature, lubrication, and environment. In the discussed model, the prop-
erties of the abrading surface are not described. The abrasive behavior is related primarily
to the hardness of the surface subjected to abrasive wear, the presence of protruded hard
particles, and the capability of the hard particles to bear applied load so that it remained
intact on the surface. In [58], the authors conclude that the low wear rate resulting from
the investigated Si3N4 specimens does not assume that the wear model is reliable for Si3N4
brittle material.
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From the analysis of ∆volume, that is column 4 in Tables 9 and 10, the two different vol-
ume loss estimations, proposed in the two Standards [34,44], gave results with a difference
lower than 8%. As reported, this difference does not affect the discussion of the results,
and both formulations can be applied to compare the wearing performance of the two
investigated coatings. Then, through the values of volume lost by the balls according to
ASTM G99, the wear coefficient k and wear rate u (µm/h) of the six tests were calculated
using Archard equation Equations (9) and (10). In Tables 11 and 12, the estimated values
at Rt = 7 mm and 11 mm, respectively, are reported. Figures 13 and 14 show the wear
coefficient and wear rates in µm/hour of the Si3N4 balls used during the six tests. In
Table 12, the wear rate u (µm/h) related to Test 4 shows an abnormal value. The SEM
observation of the wear track on the disk corresponding to this test showed that the copper
coating of the disk was removed during the test, thus causing a rougher abrasive action of
the diamond with respect to the other tests. According to [22], the wear rate is primarily
governed by the protruding diamond particles on the coating surface. Then the higher
abrasion performance of the D30 disk can be related to the higher surface roughness of D30
disks and, in particular, to the parameters Rzmax, which measures the maximum distance
between peak and valleys, and Rpmax, which measures the maximum peak distance from
the mean line.

Table 11. Wear coefficient k and wear rate u of Si3N4 ball for Rt = 7 mm.

Wear Coefficient k (-) Wear Rate u (µm/h)

Test 1 4.70 × 10−5 5.21
Test 3 2.11 × 10−4 5.32
Test 5 5.63 × 10−3 27.58
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Table 12. Wear coefficient k and wear rate u of Si3N4 ball for Rt = 11 mm.

Wear Coefficient k (-) Wear Rate u (µm/h)

Test 2 1.67 × 10−4 7.43
Test 4 5.51 × 10−4 20.28
Test 6 1.12 × 10−2 91.68
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It is evident that the D30 coating, which has a higher surface roughness value than the
DMMC, performs a stronger abrasive action on the balls. In Figure 13, it can be observed
that the wear coefficient k increases with increasing sliding linear speed (Test 5 vs. Test 6,
Test 3 vs. Test 4). In fact, according to the model, in Equation (9), all the parameters are
constant for the different testing conditions, and the variable is the abraded volume Vb,
which increases with increasing local linear speed.

For what concerns the value of the friction coefficient COF, Table 13 reports the
maximum value of the coefficient of friction COF for each test. The COF trends during the
test are reported in Figure 15 for both DMMC and D30 samples.
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Table 13. COF.

Coefficient of Friction COF

Test 1 0.849
Test 2 0.816
Test 3 0.864
Test 4 0.874
Test 5 0.739
Test 6 0.832
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The observation of the COF related to Test 1 to Test 4, that is, the test run on the same
coating (DMMC), shows similar values and trends, despite the small differences in surface
roughness between the samples DMMC1 and DMMC2. For what concerns the D30 tests
(Test 5 and Test 6), the COF shows a higher difference (about 20%).

In Figure 15, seemingly, the value of COF increases during the wear test for the DMMC
sample; this is probably caused by the increase in the abraded surface of the ball in contact
with the disk. This trend can be explained by considering the operating principle of the
tribometer equipment. The COF is obtained as the ratio Ft/Fn, where Fn, the load applied
during testing, is constant, and it is obtained by means of a weight positioned on a support;
while Ft is obtained by measuring the power required to keep the rotating speed of the disk
constant in the electric motor. When the contact surface increases, the Ft increases (and then
the power required by the electric motor), and this is converted in an apparent increment
in the COF, which is not actually occurring. Therefore, the greater the contact area, the
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greater the value of the friction force with the same applied load, being the actual COF
constant. This means that the COF estimated by the equipment is related to the contact
surface, that is, to the h value and then to the wear rate. Then the COF apparently stabilizes.
This stabilization occurs because the rate of increment of the contact surface decreases
when the distance is decreased from the center of the ball, that is, with wear progressing.
The contribution of variation of the wear rate due to the change in contact surface cannot
be split from other contributions. Another cause of the apparent stabilization of the COF
can be due to a sort of “saturation” of the disk with the debris of the ball, which acts as a
sort of lubricant in friction and reduces the abrasive power of the disk.

In [59], the stabilization of the COF plot vs. the test length is discussed in terms
of the relationship between friction and wear. This relationship is dependent on the
fracture mechanism and the corresponding energy required to crack and generate debrides.
This relationship can change over time with wear evolution due to temperature and other
material property modifications. All these effects affect the trend of COF, and the estimation
of their individual contribution requires a dedicated investigation.

The D30 sample COF plot shows an opposite trend. The sample has an elevated
abrasive capacity and a relatively elevated COF, but soon the debrides of the Si3N4 ball
deposit on the disk. This phenomenon involves a lubricant effect which causes the COF
to drop down to a lower value. An in-depth analysis showed that, after the first few
revolutions, the ball lost 70% of its material, which deposited on the disk, decreasing the
abrasive capability of the disk and rendering it less effective. A similar effect is reported
in [35], where during the in-pin on disk tests, in dry condition, the wear debris accumulated
in the wear tracks; however, in lubrication condition wear debris accumulation was less.
In [23], the COF obtained in the tests is two orders of magnitude lower than the above-
mentioned results. This can be due to the different matrix in the coated disk composition,
that is, Nickel.

In the present research, EDS analysis of the surfaces of the disks did not point out
any noticeable difference in the two samples. In the present research the wear track was
analysed in all the specimens, as reported in [21]. In all the samples, in the wear tracks,
the presence of Si was relevant. In the DMMC specimen Al and O and in D30 specimen Fe
traces were found, thus indicating that abrasion debrides deposited in the wear track and a
probable abrasion of the coating can take place.

4. Conclusions

In the present research, an experimental analysis is reported comparing the abrasive
behavior of two diamond coatings, DMMC and D30, against Si3N4 balls. The analysis
was run by comparing the results of pin on disk tests in dry conditions considering
the influence of different sliding speeds. Two Standards were applied to quantify the
abrasive performance of the two coatings, the ASTM G99 and the ISO 18535. In particular,
the abraded volume of Si3N4 balls was measured, and this value was selected as the
base datum to calculate abrasion and friction parameters and to compare the abrasive
performance of the two coatings.

The two coatings differ in deposition processes. These processes cause a different
density of diamond particles, a different average and scatter of the dimension of the
abrasive particle, and a different disk surface roughness.

The results pointed out that the parameters affecting the abrasion effectiveness of
the coatings are the surface roughness and the sliding speed: increasing the sliding speed
increases the abraded volume for both the coatings. Furthermore, it was found that a small
increment in the abrasive particle size generated different surface roughness parameter
values and a dramatic increment in the wear rate of the Si3N4 balls.

The D30 coating is more effective in abrasion than the DMMC coating. On the other
hand, the surface finish of the balls processed with the DMMC coating is finer than the
D30. From a technological point of view, the obtained results indicate that the two coatings
may be employed in different phases of the manufacturing process.
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Nomenclature
l Profilometer measured length
L Sliding distance
n Angular rotation speed
νc Coating Poisson ratio
Rd Disc radius
Rt Track radius
v Linear sliding speed
Vb Volume ball loss
VbASTM, VbISO Volume ball loss according to [34], to [47]
Vd Volume disk loss
VdASTM, VdISO Volume disk loss according to [34], to [47]
Wsb Specific ball wear rate
Wsd Specific disk wear rate
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