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Abstract

Rolling bearings are widely employed in mechanical systems/assemblies to support
and guide the rotating/oscillating rotors energy efficiently. Among the family of rolling
bearings, about 80% bearings employed in machines, mechanical systems, and appliances
have been found to be ball bearings due to their involved low friction, low noise, and
simplicity in lubrication with grease. Among the ball bearings, radial ball bearings are
largely used due to their efficient functioning even in presence of combined loadings (with
axial and radial loads). It is also found that approximately 90% of the rolling bearings are
grease lubricated because of their better leak resistance, seal ability from dust and dirt, and
reasonably good tribological behaviours at the economical cost. Inadequate lubrication has
been reported as one of the major reasons of bearing failures, accounting around 43% of
the total bearing failures. Thus, improving lubrication in rolling bearings by enhancing
lubricants’ availability/retainability in the vicinity of the contacts of races and rolling
elements is a vital task for achieving better tribo-dynamic performances and life of rolling
bearings. Moreover, large amount of the lubricant, particularly grease is normally pushed
aside from its track by the rolling elements during their motions (rolling/ sliding) or thrown
away due to the centrifugal action. This forces the bearings to operate in the starved
lubricating condition. Moreover, the displaced greases hardly return back to the balls’
tracks on their own due to their high yield strength as compared to oils. Hence, exploring
the techniques for enhancing effective lubrication by improving the retainability of greases
at (and in the vicinity of) the contacts between balls and races to improve the overall

performance behaviours of ball bearings is a vital research task.

Hence, it is planned to develop new micro-grooved and textured radial ball bearings
keeping in core about how to improve the effective lubrication for reducing the frictional
torque, vibrations and fatigue life by enhancing lubricant retainability. Thus, in this work
it is proposed; (a) To develop a radial ball bearing by introducing a micro-groove on the
outer race for enhancing the lubricant retainability/availability and consequently improving
the tribo-dynamic performances (increase in lubricating film thickness, decrease in

frictional torque, and reduction in vibrations) and fatigue life, (b) Compare tribo-dynamic



performances of micro-grooved and conventional radial ball bearings employing three
different grades of lithium soap-based greases (NLGI grade 000, 2 and 3) to understand the
effectiveness of the grease grades in lubrication, and (c) Explore the tribological and
vibrational effect of micro-textures present in the vicinity of contacts formed between the
race and balls in radial ball bearings and also to understand the effect of micro-textures on

the extended/fatigue life of ball bearings.

The experiments have been carried out employing an indigenously designed test
rig. It is found that in radial ball bearings possessing micro-groove on stationary outer race,
has yielded reduction in frictional torque by 15-30%, decrease in overall vibrations (RMS
velocity) in the range of 14-41%, and about 11% reduction in the capacitance (i.e., up to
11% increase in the film thickness) as compared to conventional bearings at various
operating parameters. Also, the experiments carried out to check the life of the micro-
grooved bearings, indicate improvement in fatigue/extended life in micro-grooved bearings
I.e., longer life as compared to the corresponding conventional cases. Furthermore, the
effect of different grades of greases (NLGI 000, 2 and 3) have also been explored on the
micro-grooved bearings at different operating parameters. In micro-grooved bearings
about 11-19 % reductions in capacitance (i.e., improvement in film formation), 14-26%
lower frictional torque, 10-24 % reduction in temperature rise and 9-23 % lower vibration
level have been observed as compared to the conventional bearings. Moreover, the
reduction in vibration level in micro-grooved bearings using higher grease grades (2 and
3) is better as compared to that using 000 grade grease, but the reduction in frictional torque

with low grease grade (000) is higher due to less viscous heating loss.

At the last, the thesis reports effect of circumferentially created micro-dimples in
vicinity of the contact region on the inner race of a deep groove ball bearing to enhance the
availability of grease at the ball and race interfaces. The experimental results show
significant improvement in film thickness formation in terms of capacitance (i.e., 10-17%
reduction in capacitance) and also, 4.8-24.5 %, 10-28 % and 14-23% reduction in overall
RMS vibration level, frictional torque and bulk temperature rise respectively. Moreover,
significant enhancement in bearing life also has been achieved in presence of micro-

dimples as compared to the conventional cases.
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AT ST &1 Tife gonfer / fferd e / 60 ey B Sl FalsH & ard
SR FHYTRAT & FHIT 3R ARTERA & fofT SATq% U J TN fosa e & | JifeiT s
& uRaR ® 7=fiF, Tifie gonferal 3k IO § TRINT fhT S aTel TRTHAT 80% Sl I
& 1Y TAIcE HH g1, HH a1 3R TRAAT & HRUT NATHR SN BId & | TMNATHR 991
¥ o, Yga aia 9afe faRy U & e AT (SereE ok ASad as & 1) &
IUFRYTT 7 3 FI B & HRUN HAHIR TN fohrg o1 &1 38+t aran 1 g fob amamt
90% XIfeHT SafT U § Ve & HRUI IUGad A & i 3! dgaR Ru1d UfeRkiY, Y
3R s F W A 3R s anTd & 3 diaifoied UagR! & HRUN SafT
T erR & T HRUN T A TP & FU H SUaid We- &1 aotg 1 R farmar g, forad safi
D1 T BICR B THTHT 43% fe01a A 5| S, SR DI ShiadbId 3R 37 IUHUD R
& IR HEh| D] JUAAT / YRBAT Pl FGIDHR AT AR & dgaR CISdl-SIITH®D
Jaxi 3R SiiaH &1 AT A & 1T Ueh He@yUl i & | $Hdb SHerd], Wi Wi o 3ifties
RfET fran & SR 31 AR R 99T &Y 307 b J g aral AfehT dedl gRT a4 A &
TYT AT foham & HIRUT S TgR BT ST § | S SR dRAT SaRyT H Ia- & forg AeieR
forar ST 81 39 Srarar, fawnfid W Ve dd 3um 3119 € §icd & ¢l TR a199 Te] afed
€ i 3! gaT H 3 3o UIeE WY & HRUI dal & Uid 3 € | gafer, Tl 3fk ¥4
F S UD VI P UM (3R TP 3MY-UN) TG BT YRl bl 9 & 1] BT =0T
BT, e SR F Y U IaeR! &) 9gaR S & o8 T Agaqul e B 1

ST, T8 IS 9413 718 § b WY TuTaHT / IUTRIAT 1 g & ol 7T A1geh]-T[6s
B! HH B P [T WP YRBdT B! dg & aR § IR a1 o a1 g1 39foe, 9 HH A
TRATfad foram a1 ]; (31) Ve YRSl / SUAKIAT B IgH & o8 STeT ¥ TR HISHI-Yd T
T U ISTq dfd ST fasmRid @31, 3iR 39 URUIMRGRY SRS Ul &t
JYRAT (Fe fher Hiers 7 gfg, auur efd & St 3R faafa & o SR ybrae S, @ dF
S-S I & fafray Tg-snemid I (TUastang I 000, 2 3R 3) BT SUANT TP
T3eh1-Yos 3R URUR® I$Td sfd Safg & erRel-SAIHeS Ul &t qa- & & fa
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faaR farar Smg, iR (3fY) Yfeua afa 9afe & 39 iR Sy & AU RIF! & U™ Hiolg
HISEH-SRTTR & IZaIaohd 3R SR THIT BT 390 BT 3R T 391 & fawga
| YHTAC ST TR HISehI-caRar & YT B THIHT|

TRINT HRT-aeRl fEomge & tRier o3 &1 IuANT Fveb foby MU g1 f$Ta &fa
SR 18R I aTel T STe<t ¥ are Sufe F uran T € 3 39 unr et o 15-30% Bt
S, T fAyHl (RTATT IR & &3 | 14-41% & g H geTd 3R HARICT H TIHT
119% 1 HH! (@ e HieTs # 11% gig) U a1 g, St URuRe 99 &t gam # | T g,
HISH1-3e8 SR & Sita- $I offd o forg T ford T TRINTY & 0T 11 & o S7 hlac /
foqa Sfta & QUR g3 5, U I 3iftres Sfiam Smam Sl § URURS Al &t g ||
g 3raral, faftrs I8 U (Tuerstt 000, 2 3R 3) & UHTE BT ot AISH)-Yos 9afTy TR SeT-
ST I o URTHICR! TR S-AUT [T 7T & | ATeh1-308 SRy H T4 11-19% Pt HURIeH
A werdt @t e o7 B GUR), 14-26% HH GYUT €lds, 10-24% HH dTIHH g1 3R 9-23%
HH fIYH TR W U § URURS Saie &1 ga-1 8| 39 sifalad, 3= M IS (2 3R 3) BT
IR B HIZeh1-I68 ST B fayH TR & 8IdT €, S 000 IS W 6T SUTNT b dgaRk
BT 8, At 7 I IS (000) F WY YT 2T | ot 3ifRreh giell & Fifeh g HH s gfem
B & HRUT|

SMRRT H, R Ruic o Tudh &9 & U IRk & qieR 0 ¥ Sad AIShl-[ S0
& THTT B ROIE fapar T 8, S TR Id a1l Siet AR & Hiafe ¥ W gld 7, difes sfet 3iR
X &Y STl & dgH & 108 I &1 JUasIdl # GUR 8 Jb | TS aiRomd fgard
¢ o PRy @ FURKRYT A 10-17% Bt Hekdh) H IT-IT JUR §3T 7 3R 3P 3l
T RTHTY fIUH TR H 4.8-24.50%, TYUT el H 10-28% 3R Teb dTGHM dg- | 14-23%
I B HHI T TS § | 3TP SHfafad, ATsshI-fEuc o1 Mse it & 9afr o) St o W gyt
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000) lubricated bearings at Load=791 N and Speed=1800 rpm:
(@) Conventional bearing (CB), (b) Micro-grooved bearing
(MGB)

Vibrations (time and frequency domains) of grease (NLGI grade
2) lubricated bearings at Load=208N and Speed= 1800 rpm: (a)
Conventional bearing (CB), (b) Micro-grooved bearing (MGB)

Vibrations (time and frequency domains) of grease (NLGI grade
2) lubricated bearings at Load=791 N and Speed=1800 rpm: (a)
Conventional bearing (CB), (b) Micro-grooved bearing (MGB)

Vibrations (time and frequency domains) of grease lubricated
(NLGI grade 3) bearings at Load=208N and Speed=1800 rpm:
(@) Conventional bearing (CB), (b) Micro-grooved bearing
(MGB)

Vibrations (time and frequency domains) of grease (NLGI grade
3) lubricated bearings at Load=791N and Speed=1800 rpm: (a)
Conventional bearing (CB), (b) Micro-grooved bearing (MGB)

Temperature rise at outer race of test bearings (CBs and MGBs)
lubricated with three different grades of greases (NLGI grades
000, 2 and 3) at two different loads (208 and 791 N) and four
speeds: (a) Speed=600 rpm, (b) Speed=1000 rpm, (c) Speed=
1400 rpm, (d) Speed=1800 rpm

Details of the micro-dimples on inner race: (a) dimensional
details with isometric view, (b) photographic view.

SEM images of micro-textured inner race before and after the
polishing operation: (a) after micro-texturing, (b) after lapping,
(c) dimensional check of the micro dimples

Measurement of roundness and waviness of the inner race before
micro-texturing and after polishing operation: (a) roundness
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5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

before, (b) roundness after, (c) waviness before, (d) waviness
after

Measurement of roughness of the inner race along the periphery
and across the groove before and after the texturing operation;
(a) along the periphery before texturing, (b) along the periphery
after texturing and polishing, (c) along the groove before
texturing, (d) along the groove after texturing and polishing

Details of the experimental setup: (a) Schematic diagram, (b) 3D
CAD model, (c) Photographic view

Frequency measurement circuit employed to calculate the
capacitance of the test bearings

Comparison of film thickness (in pF) between CBs and MTBs at
four loads and speed range of 600-2400 rpm (1.4-5.6 m/s): (a)
200 N, (b) 400 N, (c) 600 N, (d) 800 N

Lubrication mechanism associated with textured contacts: (a)
Details illustrating ball and textured inner race interaction, (b)
Dimples present at inner race as micro-reservoirs of lubricant,
(c) Dimples as contaminant/debris trappers.

Frictional torque between the CBs and MTBs at four loads in the
speed range of 600-2400 rpm: (a) 200 N, (b) 400 N, (c) 600 N,
(d) 800 N

Comparison of bulk temperature rise at outer race with different
speeds and loads: (a) 200 N, (b) 400 N, (c) 600 N, (d) 800 N

Comparisons of vibration amplitudes of the test bearings (CBs
and MTBs) at different speeds and loads in 6-10,000 Hz
frequency band

Comparison of vibration levels between CBs and MTBs at 600
rpm, and two loads (200 and 800 N) in time and frequency
domain

Variation of vibration levels between CBs and MTBs at 1200
rpm for 200 and 800 N load in time and frequency domain

Variation in vibration levels between CBs and MTBs at 1800

rpm and two loads (200 and 800 N) in time and frequency
domain
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5.15

5.16

5.17

5.18

5.19

5.20

5.21

Variation in vibration levels between CBs and MTBs at 2400
rpm and two loads (200 and 800 N) in time and frequency
domain

Visuals of inner races of the test bearings after the experiments
at 800 N load and 1,800 rpm: (a) CB, and (b) MTB.

SEM micro-images of inner races after the experiment: (a) CB
inner race, (b) MTB inner race

SEM micro-images of balls after the experiment: (a) Balls in CB,
(b) balls in MTB

Comparison of frictional torque between the conventional
bearing (CB) and micro-textured bearing (MTB) operating at
1800 rpm and 800 N load: (a) CB, (b) MTB

Variation of bulk temperature rise at outer race of test bearings
measured at maximum load zone: (a) CB, (b) MTB

Comparison of overall RMS acceleration level measured at

maximum load zone between CB and MGB operating at 800 N
and 1800 rpm: (a) CB, (b) MTB
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Weight loss in bearing assembly

Average surface roughness (Ra) of bearing components in um
Details of greases employed in experiments

Operating parameters

Operating parameters

Summary of vibration magnitudes at various frequency bands
and load conditions

XiX

Page No.
21

28

44
47
48

57
58
69
87
88
91
95
96
139
154



Nomenclature

a semi major axis of the elliptical area of contact, m

A area of the parallel plate capacitor

b semi minor axis of the elliptical area of contact, m

Bw bearing width, m

d ball diameter, m

d, inner race diameter, m

d, outer race diameter, m

C overall capacitance

Chertz capacitance at the Hertzian contact area

Crc total capacitance

Co basic static load rating

Cout capacitance outside the Hertzian contact area

D pitch circle diameter of the bearing in mm

E modulus of elasticity for ball and race material, N / m?

f frequency of capacitance measurement set up

F force experienced by load cell

Fa axial load

Fs static equivalent load

f1 factor which depends on the bearing design and relative bearing load
Fr radial load, N

h distance between the plates in parallel plate capacitor; oil film thickness
L distance between the load cell load line and bearing axis
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pH

P ref

Tro

Tr1

speed (rpm)

natural number

contact surface pressure between the ball and raceway surfaces,
Hertzian pressure at the contact

reference pressure for measurement of sound pressure level; 20 Pa
applied load, N

resistance of the resistor used in capacitance measurement set up
inner race groove radius, m

outer race groove radius, m

total frictional torque

load independent component of frictional torque

load dependent component of frictional torque

radial load, N

number of balls

elastic deflection at contact, m

absolute viscosity, Pa-s

viscosity of the oil or base oil of grease (mm?/s)

absolute dielectric permittivity of vacuum

relative dielectric permittivity of lubricant

oil fil parameter

composite roughness of the mating surfaces
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Subscripts

cont
he
Hertz

contact
central film thickness
Hertzian

inner

outer

inner race

outside contact region

total

Sdhhdbdbdht
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