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Abstract

Most bearings are currently made primarily from steel, but they fail relatively quickly under high loads,
temperatures, as well as abrasive, corrosive, chemical and other types of wear. Replacing steel balls with ceramic
balls, i.e. creating hybrid bearings, in many cases allows achieving significantly higher performance and expanding
the range of functionality of the devices in which they are used. For example, hybrid ball bearings take advantage
of ceramic rolling elements with high quality surface treatment of steel rings, which allows for longer service life
and better performance at high rotational speeds. As practice shows, hot-pressed silicon nitride (Si3Ny) is the main
material used to create hybrid bearings with ceramic rolling elements, although there is also interest in materials
such as boron carbide (B4C), silicon carbide (SiC) and aluminium oxide (Al,Os3). However, there are no
publications devoted to the analysis of the causes of formation and accumulation of damage to ceramic balls in
hybrid rolling friction pairs. Therefore, the aim of the study is to determine the mechanism of formation and
development of surface damage in ceramic balls of hybrid rolling friction pairs. As a result of the study, a
technological cycle of electric sintering of ceramic ball blanks from Si3N4 under high pressure up to 4 GPa was
created, which made it possible to compact the monophasic ceramic material to a practically poreless state. The
technology of precision diamond processing of ceramic balls with a diameter of 12.7 mm is described.The paper
presents the results of tribological tests of a hybrid rolling friction pair "Si3N4 ceramic balls - steel SHKH-15".
For the first time, the mechanism of damage to the surface layers of ceramic balls in the form of the formation of
surface fatigue microcracks, which lead to the formation of pitting and delamination of the surface layer, was
investigated. For the first time, Walner lines were found on the pitting surfaces, which proves the fatigue
mechanism of their formation and development.

Keywords: electric sintering of ceramics, silicon nitride, diamond processing of ceramic balls, hybrid
ball bearing, fatigue cracks, rolling friction, wear, pitting.

Indroduction

Most bearings are currently made primarily of steel, but they fail relatively quickly under high loads,
temperatures, as well as abrasive, corrosive, chemical and other types of wear. Replacing steel balls with ceramic
balls, i.e. creating hybrid bearings, in many cases allows achieving significantly higher performance and expanding
the range of functionality of the devices in which they are used [1-3]. For example, hybrid ball bearings take
advantage of the advantages of ceramic rolling elements with high quality surface treatment of steel rings, which
allows for longer service life and better performance at high rotational speeds. As practice shows, hot-pressed
silicon nitride (SizNy4) is the main material used to create hybrid bearings with ceramic rolling elements, although
there is also interest in materials such as boron carbide (B4C), silicon carbide (SiC) and aluminium oxide (Al,O3).
A number of well-known companies manufacture and operate ceramic or hybrid rolling bearings [1-3]. However,
there are no publications devoted to the analysis of the causes of formation and accumulation of damage to ceramic
balls in hybrid rolling friction pairs. Therefore, the aim of the study is to determine the mechanism of formation
and development of surface damage in ceramic balls of hybrid rolling friction pairs.

Sintering of ceramic materials under high pressure.
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The hybrid rolling friction pair under study consists of ceramic balls made of Si3N4 and steel rings
(counterbodies) made of bearing steel SHKH-15 [4] (analogue of AISI 52100). For wear-resistant ceramic
elements based on silicon nitride in hybrid ball bearings, one of the important requirements is high ceramic density,
which is possible only in the absence of residual porosity, so hot pressing, hot isostatic pressing, as well as SPS
and its modifications are used for their sintering [5,6]. A number of effective methods have been developed in the
field of electric discharge sintering: the SPS (Spark Plasma Sintering) method and its analogue FAST (Field
Assisted Sintering Technology), as well as EDS (Electric Discharge Compaction). The rapid heating of the powder
briquette is realised by means of a high-frequency pulse discharge and the resulting plasma effect in the spark
discharge. The main disadvantages are the relatively low pressing pressure of 100-500 MPa [6,7] and the uneven
distribution of electric current in the sintered briquette. In addition, the level of applied pressure during hot pressing
in graphite moulds is limited due to the relatively low strength and plastic deformation of graphite components at
high temperatures. Typically, the billet is heated during sintering by induction heating of a graphite mould or by
passing an electric current through the graphite components of the mould, as well as by resistive heating by passing
an electric current of industrial frequency directly through the billet [8-10].

Electric sintering of ceramics under high pressure, which was implemented using the well-known principle
of resistive heating of the briquette, but at a much higher pressure [8-10]. As a result of the high pressure and
short duration of the sintering process, grain size growth is practically not observed. Due to the fact that ceramic
balls made of silicon nitride are loaded in bearings under high contact stresses, we need to obtain a sintered porous
billet with a density close to the theoretical one. These conditions can be met by using the process of resistive
electro-sintering of ceramic material at high pressure (ESR) [10]. At the Bakul Institute of Materials Science, a
high-pressure apparatus for the spontaneous synthesis of superhard materials and electric sintering of ceramic
products was developed [9,11], which makes it possible to sinter conductive and non-conductive powder
compositions at high pressures (4-8 GPa). In this setup, the sample is pre-pressed into a container made of
lithographic stone, loaded with pressure, and an electric current is passed through the sample. The design of the
unit allows for the consolidation of ceramic materials at pressures up to 4-5 GPa and temperatures up to 2000°C
[9,11]. The proposed method is relatively cheap and simple compared to other alternative existing technologies.

For the manufacture of ceramic balls, silicon nitride powder was used, which was obtained by the method
of spontaneously combustion synthesis (SCS). The average size of the initial powder was <D>=4.8 um, and the
phase composition was Si3N4 1160 - 89%, SizN4 0360 - 9%, SiO2 - 2%.
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Fig. 1. Schematic of the layout of the reaction vessel for sintering ceramic ball blanks in a high-pressure apparatus: 1
- graphite disc; 2 - graphite moulder; 3 - heater with TRG; 4,5 - container of silicate (pyrophyllite A12[SisO10] (OH)2);
6 - ball blank from SizN4 powder; - (a); general view of the assembled container for sintering ceramic ball blanks
from silicon nitride - (b)

For sintering ceramic ball blanks with a diameter of 12.7 mm, a high-pressure apparatus [11] based on a
hydraulic press mod. DO-043 with a force of 20 MN and an electronic control system (software unit) for the
sintering process.

Fig. 2. General view of sintered ceramic ball blanks
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The materials and dimensions of the components of the reaction cell were preliminarily calculated in order
to obtain a temperature distribution during billet sintering with a minimum temperature gradient along the diameter
[9]. The layout of the reaction vessel for sintering ceramic ball blanks under high pressure is shown in Fig. 1,a.
Cold pressing of ceramic ball briquettes was performed in steel moulds under a pressure of 180-200 MPa. After
cold briquette pressing, the billets had a diameter of 15.4 mm and a total height of 19 mm. The compressed
briquettes were placed in a container of a high-pressure apparatus. The sintering temperature of the billets was
1650°C, the pressure was 4 GPa, and the duration was t = 4 min. After sintering, the diameter of the billets was
reduced to 13.5 mm and their height to 13.44 mm (Fig. 2).

All sintered billets were tested, as a result of which the average values of the ceramic material density,
elastic and shear moduli, Poisson's ratio and Vickers hardness (HV) were determined on the basis of a sample of
30 samples - (Table 1).

Table 1
Physical and mechanical properties of SizN4 ceramic balls (ESWT) and steel SHKH-15 used in the study of
wear of a hybrid rolling friction pair

Characteristics Steel SHKH -15 [4] SisNs  (ESWT)
(AISI 52100) [12,13] [14]

Density, g/cm?® (10°m) 7.812 3.187
Elastic modulus E, GPa 211 289
Shear modulus G, GPa 80 119
Poisson's ratio 0.28 0.26
Critical stress intensity factor Ki, MPa.m'? 15.4-18.7 5.0

HV hardness at 20 °C - 27.4

Manufacturing precision ceramic balls by diamond processing

Samples of precision ceramic balls were made from sintered SizNy billets (ESWT). At the preliminary stage,
the workpieces were ground according to the scheme between two discs, one of which (upper) is a diamond wheel,
and on the plane of the second (lower), located eccentrically, freely rotating balls had a circular feed. At the next
stage, the precision balls were ground between two discs in a V-shaped annular groove in several stages with a
consistent decrease in the diamond slurry grain size from ASM 28/20 to ASM 1/0 [17]. Thus, the test samples of
balls with a diameter of 12.7 mm had a deviation from the spherical shape of 0.4 pm and a surface roughness of
Ra 0.025 (accuracy class G16 according to ISO 3290-2:2014) [17,18] - Fig. 3.

Evaluation of the surface texture and condition of the near-surface layer of Si3N4 ceramic balls after
diamond processing

The amplitude parameters Sa, Sq, Sp, Sv, St, Ssk, Sku were chosen to quantify the surface roughness of
ceramic balls [18]. The surface topography of the balls was recorded using a non-contact interference 3D
profilograph "Micron-alpha" based on an optical microscope II-4 by processing a sequence of interference patterns.
The measurement area was 250 x 190 um. The measurements were repeated 3-5 times in different areas. The
calculation of roughness parameters was performed in the software environment "3D Surface Texture Mountains
Map". The average values of the amplitude parameters of the surface roughness of SizN4 ceramic balls are given
in Table 2.

Table 2
Amplitude parameters of the surface roughness of a Si3N4 ceramic ball (ESWT) with a diameter of 12.7
mm after diamond processing

Sa ,mkm Sq ,mkm Sp ,mkm Sv ,mkm St ,mkm Ssk Sku Sz ,mkm
0.0379 0.0572 0.2827 0.2712 0.5292 0.361 8.5975 0.4787

Fig. 3. General view of ceramic balls with a diameter of 12.7 mm after diamond processing
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The manufactured balls were also cut along their diametrical cross-section to analyse the presence of
microcracks in the surface layers after diamond processing, which was necessary to determine the subsequent
evolution of damage as a result of the operation of the hybrid rolling friction pair. Examination of the near-surface
layer of the ball's diameter cross-section using a Carl ZEISS EVO 50 XVP scanning electron microscope showed
the absence of microcracks in the near-surface layer of the ceramic ball.

Tribological tests of ceramic balls for wear in a hybrid rolling friction pair

In order to determine the wear resistance of balls in the Si3N4 ceramic - SHKH-15 steel system under
lubrication with an oil-vapour-gas mixture (TC-1 and MC-8p oil), a rapid test method was developed taking into
account the geometric and kinematic parameters of the test assembly on the laboratory device for unidirectional
three-point rolling friction KIIGA-1m (Fig. 4) [19,24].

The test assembly of the device simulates the geometry of the contact of rolling friction of balls on a steel
support (Fig. 4), which allows simulating the friction processes of a real tribosystem of a deep groove ball bearing.
The balls were centred using the standard raceway of the steel bearing ring, and the upper ring was mounted with
a flat working surface.

For a comparative assessment of the wear resistance of the model thrust ball bearing and testing of the test
methodology, serial balls of ball bearing 8211 (steel SHKH-15 (AISI 52100)) with a diameter of 12.7 mm not
lower than the fourth degree of accuracy and prototypes of ceramic balls made of silicon nitride with a diameter
of 12.7 mm were used. The initial friction conditions were determined by preliminary tests of serial steel and
ceramic balls, namely: engine spindle speed - 1500 rpm; total maximum test time excluding periodic stops (every
15 minutes) to control the wear of the sample material; axial load under dry friction and in lubricant - 490 N; wear
criterion for the steel sample - depth of the raceway; wear criterion for the test balls - loss of ball material weight.

Fig. 4. Scheme of testing a hybrid rolling friction pair [19] - (a); General view of the setup for tribological testing of
ceramic balls - (b)

A stationary thrust ball bearing ring 8211 made of steel SHKH -15 was mounted on the holder, with the
standard raceway facing outwards. At the bottom of the chamber, namely on its lower surface, a movable sample
(lower thrust ball bearing ring, steel SHKH -15) was mounted up the previously finished working surface, on
which a separator with test ball samples was installed. After that, the separator was centred relative to the centre of
rotation by positioning the balls in accordance with the raceway of the standard ball bearing ring pre-installed on
the holder's seating surface. The chamber was filled with lubricant, and the necessary calibrated weights were
placed on the lever of the loading system.The total time for the tribological tests was up to 6 hours. The wear rate
of the lower steel ring was based on the linear wear of the ball bearing working surface and the weight loss of the
test balls measured by profiling.

Determination of the contact pressure in the contact zone between the ball and the steel base
It is known that the wear rate of the friction pair components depends not only on the kinematic operating
conditions of the rolling friction unit, but also on the level of contact pressure. For this purpose, the level of contact
stresses in the contact area of a ceramic ball with a steel ring groove was estimated (Fig. 5). A ball of radius is
located in a cylindrical groove (trough) with radius r > R under a load P =490 N:
1 1 1 1 1
R R r R R
The X-axis is directed perpendicular to the cylinder face. Due to the fact that the ball is in contact with the surface

of the counterbody on a cylindrical surface rather than a plane, the contact patch is elliptical. The line of action of
the compressive force is P normal to the elliptical area of the contact patch and passes through its centre.
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Fig. 5. Diagram of the formation of a contact spot of a ceramic ball on the surface of a groove in a steel support ring

The eccentricity e:\ﬂ—(b/a)2 of the elliptical contact patch with the a>b axes is the solution of the
transcendental equation [20]

R, _(1-¢)[K(e)-E(e)]
R E(e)-(1-¢*)K(e) |

where K(e) and E (e) are complete elliptic integrals of the first and second kind, respectively. A more convenient

transcendental equation for analysis with respect to y =a /b is:
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is the elliptic Carlson integral of the second kind [21]. It is solved by the iteration method [22] with the

initial approximation:
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Pressure distribution over the contact patch:

The semi-axes of the ellipse:

3P x? y2

P 2nab ! a_2 b_2
Pressure in the centre of the spot:
3, .3
Po = P b

where p, is the average pressure.

In the contact area along the axis along the axis X (y = 0) :
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where v = \/l —x*/d? —y2 /b i arth(x) = Eln(;r—x) is the hyperbolic arctangent.

In the centre of the spot we have [23]

Ox = pv—(1-2v) b Do v-(1-av)-L, 2

Do a+b  p, a+b’ Do
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Outside the contact spot, we have only shear stress:
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Table 3

The size of the contact spot and stresses in its centre for groove radii in a steel ring r = 6.5405 mm and a
ceramic ball R = 6.35 mm under a total load P =490 N on 3 balls simultaneously (i.e. 163.3 N each)

r/R a, mm b, mm N mm2 po, GPa
3 3 >
(10 ™) (10 ™) (10‘6M2)
1.030 0.655 0.068 0.140 0.714

It is expected that close values of r and R correspond to a larger contact patch and, consequently, a lower
stress level. Thus, the contact pressure in the center of the contact patch can reach 0.714 GPa, which is twice the
contact fatigue limit for ceramics of this type [15].

Characterization of ceramic ball surfaces after tribological tests

Quantitative analysis of the parameters of the topography of the surfaces of ceramic balls after tribological
tests was also carried out using a noncontact interference 3D profiler “Micron-alpha”. The determined average
values of the results of calculating the parameters of surface roughness of the spent ceramic balls made of Si3N4
are given in Table 4.

Table 4
Parameters of the surface condition of a ceramic ball @12.7 mm made of Si3N4 after tribological tests
Sa, mkm Sq, mkm Sp, mkm Sv, mkm St, mkm Ssk Sku Sz, mkm
0.1176 0.1986 0.752 0.9276 1.68 0.2640 4.1740 1.4680

Table 4 shows that due to the friction of a ball in a hybrid rolling pair, damage is formed on its surface,
resulting in an increase in its roughness by 3.1 times in the Sa parameter and by 3.37 times in the Sq parameter,
which is confirmed by the damage observed in the near-surface layer of balls (Figs. 9-10).

Analysis of the results

Based on the tribological tests performed, the total mass loss of three ceramic and steel balls as a result of
their wear when rolling on a steel ring was determined (Fig. 6) and the wear intensity of a flat steel ring (steel
SHKH-15) was determined (Fig. 7) [24].
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Fig. 6. Total mass loss of three balls made of Si3N4 ceramics and SHKH -15 steel under friction under conditions of
lubrication with an oil-vapor-gas mixture
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Fig. 7. Graph of wear intensity of a flat sample (steel SHKH-15) over time under rolling friction ceramic and steel
balls in an oil-vapor-gas mixture

Analysis of the surface condition of ceramic balls after tribological tests

Pitting corrosion is accompanied by the formation of pits on the surfaces of the friction pair components,
which start from the surface. This is a special case of fretting corrosion, which is formed during the cyclic mutual
movement of two surfaces in contact. Contact fatigue includes two subcategories: subsurface and surface fatigue.
The formation of subsurface fatigue cracks [25] is caused by the cyclic loading of the contacting surfaces, in fact,
in the studied case, it is the local cyclic loading of a @12.7 mm ball with steel rings at a shaft rotation speed of
1500 rpm, i.e., 510.10° rpm/h. The number of cycles of contact loading is (at a cycle asymmetry factor of R=0),
excluding slippage, 1020.103 contacts of the ball with the surfaces of the rings, which leads to a change in the
material structure and leads to the formation of microcracks. Microcracks are formed in the near-surface layer,
often in foreign inclusions in the material, and extend to the surface in the form of chips.

Fig. 8. General view of the pitting formed on the surface of a ceramic ball of SizN4 with a diameter of 12.7 mm after 6
hours of loading in a hybrid rolling friction pair

The level of fatigue strength of ceramics of this type reaches the number of load cycles <107 according to
estimates in [15] 350-400 MPa and in [26] 300-450 MPa, which are 2-3 times lower than those in the studied
rolling friction pair (see Table 3). That is, this leads to a high probability of the formation of localized cracks of
contact fatigue, the signs of which are shown in Fig. 9.

Thus, during cyclic loading of ceramic balls in a hybrid rolling friction pair, as a result of contact fatigue,
damage in the form of microcracks is formed and accumulated in the surface layer, which are oriented relative to
the contacting surface at an angle of 250-300 (Fig. 9). Their further development leads to the formation of
surface pits, i.e., pitting with distinct Wallner curves that reflect the process of fatigue crack propagation (Fig. 10
b, ¢), according to the kinetic diagram of fatigue crack propagation in SizN4 ceramics [15].

20 m EHT = 20.00 kV Signal A = SE1
H WO = 18.0mm Mag= 500X
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EHT =20.00 kv Signal A= SE1 =
— WD = 19.0mm Mag= 300X

b

Fig. 9. Damage to the surface layer of the grinded section of a Si3N4 ceramic ball as a result of of contact fatigue in a
hybrid rolling friction pair

EHT = 2000 kV Signal A = SE1
WD = 7.5mm Mag = 10.00 KX

10um EHT = 20,00 kV Signal A = SE1

x|
WD = 8.5 mm Mag= 100KX

EHT = 20.00 kv Signal A = SE1
WD = 7.0 mm Mag= 100 KX

c
Fig. 10. Pitting on the surfaces of SizN4 ceramic balls
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A similar phenomenon of surface damage formation in the form of pitting is also observed on steel rails
under the conditions of wheel rolling on the rail surface with a high probability of formation of such defects of
contact-fatigue origin [27]. This paper theoretically determines the characteristic angle of formation and
propagation of surface cracks in rail heads (10°-40°), which is the main factor in the formation of typical surface
contact-fatigue damage such as pitting. The contact pressure of a stamp (ball or wheel model) on a half-plane is
modelled by unidirectional repeated translational movement along the edge of the half-plane of the Hertzian
contact forces with a tangential component.

Thus, comparing the values of Ky, given in Table 5, it becomes clear why pitting occurs in a ceramic ball
rather than in a steel ring, since the values of K, for Si3Ny4 ceramics are almost 2 times lower than for steel SHKH
-15 (Table 5).

Table 5
Comparative characteristics of the kinetic diagram of fatigue crack propagation in the materials of the
studied rolling friction pair

Materials of friction pair Density Elastic Threshold value of | Critical stress
p, g/em® | modulus the intensity factor | intensity factor
(10'2M) E, GPa at the beginning of | Ky,
fatigue crack | MPa.m'?
growth Kin,
MPa.m'?
SisNg [ 14-16, 26,28] 3.187 289 25-3.0 5.0
Steel SHKH -15 [12,13] 7.812 211 5.0-6.0 15.4-18.7
Conclusions

For the first time, the possibility of sintering ceramic ball blanks from Si3Ny at a pressure of 4 GPa with a
density close to the theoretical one was shown. The total mass loss of three Si3N4 ceramic balls during tribological
tests based on 6 hours in an oil-vapour-gas mixture was 0.0006 mg.

It is shown that the formation and development of surface damage in ceramic balls of hybrid rolling friction
pairs is determined by the level of acting contact cyclic stresses, which are the main factor influencing the
formation and development of surface fatigue cracks.

For the first time, it is shown that damage to the surface layer of a ceramic ball made of silicon nitride is
caused by contact fatigue during cyclic loading of the ball in the process of rolling along the annular groove of the
steel counterbody of a hybrid bearing, in the form of delamination and crushing of the surface layer to a depth of
120-150 pm, resulting in the formation of pitting corrosion pits on the surface of ceramic balls. Moreover, pitting
is formed in ceramic balls because the threshold value of the stress intensity factor at the beginning of fatigue crack
growth Ky, in ceramics is 2 times lower than in steel SHKH -15 .
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22 Problems of Tribology

Koctionuk P.€., Maiictpenko A.JI., Bacmapuyk O.C., KycroBeknii JI.C. AHami3 NOLIKOKEHb
KepaMiuHUX KyJb B TiOpHAHUX Mapax TepTs KOYEHHS

Briepiiie onucaHuii TEXHOJOTWYHUMA LUK EJIEKTPOCIIKAHHS KepaMidyHHUX 3aroTOBOK Kyib 3 Si3N4 min
BUCOKMM TUCKOM J10 4 ['Tla. OnmcaHa TEXHOIOTIS MPENU3iiHHOT aTMa3HOi 00POOKH KepaMidHUX KYJIb AiaMeTPOM
12.7 mM. B cTaTTi HaBeneHi pe3ynbTaTH TPUOOIOTIYHNX BUMPOOYBAaHb TIOPHUIHOI ITapy TEPTS KOUSHHS «KepaMidHi
kymi Si3N4 — crane 52100». Brepmie mociimkeHO MEXaHi3M IOIIKOKEHHS IIOBEPXHEBHX IIApiB KEPAMIdHUX
Kyllb y BUDIISAI (POPMYBaHHS TOBEPXHEBHX MIKPOTPIMIMH BTOMH, SIKi MPHUBOIATH A0 YTBOPEHHS IITTiHra Ta
BiIIIapyBaHHS NPHUIIOBEPXHEBOTO IIapy. Brepre Bu3HaueHi JiHii BanpHepa Ha MOBEpXHSIX YTBOPEHOTO MITTIHTY,
II0 TOBOJHUTH BTOMHHUH MeXaHi3M iX YTBOPEHHS i PO3BUTKY.

KoarouoBi ciioBa: enexTpocnikaHHs KepaMiKH IIPH BUCOKOMY THCKY, HITPUJ KPEMHIl0, aiMa3Ha 00poOka
KepaMiuHHX KyJIb, FIOpUAHUH MIaPUKOMIIIUITHUK, TEPTS KOYEHHS, 3HOIIYBaHHS, IITTIHT



