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Grease

llntroduction - Grease product development
- Bearing lubrication

v/ Not leaky
¢/ No circulation system
¢/ Low lubricant volume

Grease
| " |ubrication > 90%

Global demand for energy-saving propertiés

in order to reduce CO, emissions.

Requirement for grease development

1. High performance grease reducing bearing mechanical loss
2. Persuasive mechanisms of performance for customers

Mission

grease formulations and mechanical losses (bearing torque)

Clarifying the relationship between
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1. Bearing torque under grease lubrication
1.1 Thrust type
Seabra et al. decomposed a total friction torque into rolling torque and sliding torque.

Relevance; Rolling torque: base oil viscosity Sliding torque: film thickness
|
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Thin film thickness

High viscosity = High rolling torque
— High sliding torque

Limitation: thrust type bearing, commercial greases

Cousseau, T., Graca, B., Campos, A., and Seabra, J., “Friction Torque in Grease Lubricated Thrust Ball Bearings,” Tribology International, 44,2011, 523-531.
Cousseau, T., Graca, B., Campos, A., and Seabra, J., “Experimental Measuring Procedure for the Friction Torque in Rolling Bearings,” Lubrication Science, 22, 2010, 133-147.
Cousseau, T., Graca, B. M., Campos, A. V., and Seabra, J. H. O., “Influence of Grease Rheology on Thrust Ball Bearings Friction Torque,” Tribology International, 46, 2012, 106-113.
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State of the art review and analysis

1. Bearing torque under grease lubrication
1.2 Radial type

Yokouchi et al. indicated relationship between bearing torque and yield stress of greases.

[o=]
(=]

No ball pathway- - -High mixing resistance (Churning)

g

§ 80 . C O Grease E> O E> O O

ué 40 * ——————— = e .

"% * Ball pathway=--Low mixing resistance (Channeling)

g * Exclusion of

z 0 - O Grease E> O O O redundant
’ 1 : ’ ) - —_— grease

Yield stress, kPa

*Channeling and churning of grease
High yield stress - Torque reduction 5 5016

Due to grease channeling
Limitation: one type thickener grease(Li-120H-stearate)

Oikawa, E., Inami, N., Hokao, M., Yokouchi, A., and Sugimura, J., “Bearing Torque Characteristics of Lithium Soap Greases with Some Synthetic Base Qils,” Proc IMechE Part J: J
Engineering Tribology, 226, 6, 2012, 575-583.
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State of the art review and analysis

2. Grease behaviors in a bearing

Venner et al. estimated the reduction of the grease film thickness in bearings by numerical simulations of
grease flows.

Starved Elasto -Hydro dynamic Lubricaiton

E 7 = Thetransition from flooded region

v,_ p= | to heavily starved contact

80

60
40
20

Time [scconds]

Central film thickness [nm]
8

Bearings can be operated in not only
flooded but also starved conditions.

Limitation: no direct information about relationship with bearing torque

Venner, C. H., van Zoelen, M. T., and Lugt, P. M, “Thin Layer Flow and Film Decay Modeling for Grease Lubricated Rolling Bearings,” Tribology International, 47, 2012, 175-187.
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State of the art review and analysis

3. Film thickness under grease lubrication

Cann et al. reported the behaviors of grease film thickness in EHL.

grease reservolr

case resevoi |
Grease' Is push.ed away Under fully flooded condition,
with disk rotations. greases augment film thickness in slow speed.

Limitation: no direct information about relationship with bearing torque

Cann, P, and Lubrecht, A. A., “An Analysis of the Mechanisms of Grease Lubrication in Rolling Element Bearings,” Lubrication Science, 11-3, 1999, 227-245.
Cann, P., “Starved Grease Lubrication of Rolling Contacts,” Tribology Transactions, 42, 4, 1999, 867-873.
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State of the art review and analysis

4. Surface texturing for film thickness (oil lubrication)

Mourier et al. indicated shallow micro cavity can increase
Film thickness under rolling/sliding condition.

Krupka et al. showed deep micro dents decrease film thickness
but shallow micro dents increase.

Possibility of improvement of film \\ "
thickness by surface texturing o Wl \\
depending on the specific conditions in =7 \V
spite of non-conformal contacts I —

0 I !
-200 -100 0 100 200

I [pm]

Limitation: no application to grease lubrication

Mourier, L., Mazuyer, D., Lubrecht, A. A., and Donnet, C., “Transient Increase of Film Thickness in Micro-Textured EHL Contacts,” Tribology International, 39, 2006, 1745-1756.
Krupka, I. and Hartl, M., “The Effect of Surface Texturing on Thin EHD Lubrication Films,” Tribology International, 40, 2007, 1100-1110.
Krupka, I. and Hartl, M., “The Effect of Surface Texturing on Very Thin Film EHD Lubricated Contacts,” Tribology Transactions, 52, 2009, 21-28.
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State of the art review and analysis

‘ Bearing torque with grease Loss Factors Unknown parameters for

Bearing torque
Yield stress In bearing ™ Venner
Yokouchi v/ Film decay in operation

v Channeling effect Cann
% Onlv 1 tvoe Li Starved . :

nly 1 type Li /AL condition v/ viscosity, thickener content effect
thickener

Main focus For/reduction Cann

o Chemical v/ thickener deposition on track
Radial type
Dong

........................ B i (i Mori (Hoshi)
s v High thickness in slow speed“‘a‘;..‘% urface Mourier, Krup!(a
Yokouchi(Oikawa), Dong % Only 1 type Li thickener and textu ring ¢/ shallow cavity/dent

¢/ urea thickener’s entrainment
base oil increase the thickness

Track pattern ) Sugimura (Chen)
¢/ Related to starvation
Defense of the PhD thesis

Seabra (Cousseau)
v/ Rolling/Sliding torque factor
% Only commercial grease




lEssence and goals of the PhD thesis

1. Understanding of influence of grease formulation
(focused on Li thickener) on radial ball bearing torque

2. Analysis of grease properties for clarification of
lubrication mechanism

3. New approach as grease EHL film observation
including surface texturing

New findings for future grease product development

Defense of the PhD thesis



lEssence and goals of the PhD thesis

©Study of the relationship between
grease formulations and bearing torque

r

:$E§ek0|l "Rheology
e i *Thickener fiber structure
Grease formulation “ Film thickness including surface texturing

Factor evaluation

Defense of the PhD thesis m U( and Industrial Design




Scientific questions and working hypotheses

Questions
eHow do properties of grease influence on the radial ball bearing torque?

eAre there relations among the grease properties?

Working hypotheses

Rheological factor = Yield stress and/or viscosity
2. Thickener structure = Thickener fiber shape and size

. Ability of film thickness and adaptability to surface conditions =
Thicker film on both smooth and textured surfaces is better for torque reduction

. Those factors correlate each other

. Institute of Machine
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l Research method

1. Grease samples

eLow viscosity grade oil
eLithium type thickener : Considering recent trend of grease development

L- S1- S2-

: : : : : Base oil

Samples (Li-Complex) (Single Li) (Single Li)

B | OilA: Mineral oil (APl Group-I), Kinetic viscosity(40°C): 33.2 mm?/s, VI:107

ase ol QilB: Poly-a-olefin (APl Group-1V), Kinetic viscosity(40°C): 30.6 mm?/s, VI:135
: 120H-stearic o 120H-

Thickener L / Stearic-Li L -
azelaic-Li stearic-Li

Dropping point 250 °C 200 °C 200 °C -

. Institute of Machine
Defense of the PhD thesis



force transducer
(reaction force
of the bearing

in tangent direction)

Research method

inner
rotating shaft

2. Bearing torque (JXTG) ol oading

outer static housing

rotating . .
e Original frictional torque measuring rig for grease *®  screw saticnu coilspring e coping
e Rotation speed dependence for each grease Q;Z

Temp. controller Control panel ) / i ’W_
. - L ) S — [

weight
(radial load)
tested bearing and lubricant
Wire to sensor
Bearing (inside)

--------

PIII: "

Axial load

Radial load

B i it (insid I i f Machi
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Bearing torque -screening-

mmm

| Testcondition

Bearing 6204 without seal

Mineral oil (G-1), % 88 Lubricant content 2g
_ Poly-a-olefin, % - - - 88 92 92 Rotation speed 200-500-1000-2000rpm
101106 =1 1= 9 Li complex, % 12 - - 12 - - Duration 10 min. each

Li stearate, % . 8 . . 8 . Timpe:au;re 25°C

Li-120H-stearate, % - - 8 - - 8 ; :jl?srload 28 E

adial loa
Penetration (60W) 265 293 359 311 305 341 . .
Evaluation Friction torque
50 50
%45 - LA 2545 = L-B
0 - o Wiy = 40 - - L-A: the lowest torque
g3 - = SB BTN T 9
S30 | —S2A S 30 |- S2-B i high (2000 rpm) speed
= 25 = 25 S— AL
o o
o 20 g 20
515 5 15 mhwhaon vt S1-A: the lowest torque
2 12 : 2 12 in low (200 rpm) speed
E 0 < 200rpm ",( 500rpm ),( 1000rpm ),( 2000rpm) E 0 < 200rpm ),( 500rpm ),( 1000rpm ),( 2000rpm)
(0.21m/s) (0.52m/s) (1.0m/s) (2.1m/s)
0 10 20 30 40 10 20 30
Time, min. Time, min.
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L-A: Li-complex
S1-A: Single Li-Stearate

Bearing torque -long duration and repetition- . s i1ron stearate

Long duration i Repetition
LA g 45 | —L-Arepeated
I S1-A P % 40 | — S1-A repeated
- ,m ) . ——S2-A repeated J \
s TR 1 by L | -A ch |
LA R P E——, A STOWS IOWEr
| RN O T VM o i i
A 2 20 MMM torque in high speed
. - S g15 WA : .
o " 00 > 510 [ < e > in repeated condition
I rom § 5 Mrmm <> rom
nm;;rpzlmmr | | | g - mSOOmm.mOOp | | |
0o 20 40 60 80 0 40 60 80
Time, min. Time, min.
- 50
| Testcondition 2% A 1 L-A repeated The lowest torque of
: : 40 .
SL-Ain low speed
I & S2-A repeated . .
200(10min.) disappeared in
Rotation speed -500(10min.) cye
' repeated condition
Duration -1000(10min.) P
-2000rpm(60min.)
Temperature 25 °C
—>Grease property
200 500 1000 2000 i i i
Rotation speed, rpm I nvest|gat|0 N

. Institute of Machi
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L-A: Li-complex

o o o S1-A: Single Li-Stearate
RhEO|Ogy 'VlSCOEIaSt|C|tY' S2-A: Single Li-120H-Stearate
100000 oA *G' (Storage) | 2 G’: Solid parameter N ’/ Plate diameter 25 mm
. A A [ Frequency 1z
g D 1 o 'qé',/g,"j‘;a{“e =S J > Deformation 0.001-100%
= ' an = =
g 1000 . 1.2 = Temperature 25 °C
g ¢ E g s g SVield P
< 100 A&: 0.8 1200
- 06 .
© 10 A 04 1000 S1-A showed the highest
7 X A ma ma AAAAMAAAA Yield 0-2 o 800 |e|d StreSS
1 0 7 .
0.1 1 10 00 00 S 000 y
Shear stress, Pa o 400 (Contrary to past reports)
& 200 .
0
L-A S1-A S2-A

1000
oeme ol L Love JRECE i
Mineral oil (G-1), % 88 92 90 C;}.500 high yield stress.
Thickener Li complex, % 12 - - 10 8 = 400
Li stearate, % - 8 - - - E 200 l
Li-120H-stearate, % - - 8 - _ > .

Penetration (60W) 265 293 359 289 360 L-A L-A(M) L-A(S)

Yield stress does not predict torque behavior

Defense of the PhD thesis  for different thickener types m Uk Eeftesiianis




TEM

(Transmission Electron Microscope)

L-A:
Li-complex

Oil Extraction Hexane
Acceleration 20KV
voltage

Amplitude X 10000

S1-A:
Single Li-Stearate

S2-A:
Single Li-120H-Stearate

L-A: thin and long fiber networks
S1-A and S2-A: thick and short fiber networks s not confirmed.

Defense of the PhD thesis
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L-A: Li-complex

e s .0 e S1-A: Single Li-Stearate
Traction coefficient -velocity dependence- 2., Sincle L1200 Stearate
016 Acceleration Without scoop,
' .LA temporary traction increase Ball Steel $19.05 mm
0.12 3%SRR mS1-A . k |
- 0.1->3m/s cooA L-A h d t ti Dis Stee
g o1 cLAxop | SNOWEd traction 430 MPa (10N)
5 008 . «0ila_ increase at high speed. 0.1-3-0.1 m/s
< 0.06 T teseess Slide roll ratio 3%
= 0.5t et .o 25 °C
g004 @ ®onee cee® . :
002 SQQ-00666655555355855855568888 With scoop, the traction Grease supply V-shaped scoop
; — is the same to base oil.
o o5 1 15 2 25 3 Traction increase of L-A could be
Velocity, m/s .
_ due to lack of lubricants
014 Deceleration Without scoop, h f inb .
012 ER VN all samples showed (channeling in bearing)
5 o1 ' ;E?'AASCOOp traction increase.
FO0B e ey 4 OilA m_:mm
5 0.06 o $0g0000000000%%00e,,, EEXTI Mineral oil (G-1), % 88 100
s ¢ ‘“xt“u““u
lc_go.04 . ’!l--- I--.....:.' 8888 Thickener Li complex, % 12 - - -
0.02 '!!OOOOOOOOOOOOOOOOOOOOO 88 LIStearate,% _ 8 _ _
0 _ Li—leH—Stearate’ % _ - 8 _

0 0.5 1 1.5 2 2.5 3

. Penetration (60W) 265 293 359 -
\elocity, m/s

. Institute of Machi
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Film thickness and indentation

Optical interferometry

Film thickness

e Colorimetric interferometry technique
eSmooth / dented steel ball on glass disk
e Fully-flooded / starved condition

Target depth: 200-400nm depth

—->Tungsten carbide (WC) ball indentation

Diameter: 2.5mm, 1.6mm, 1.27mm
— 1518 )

Chromium
layer

Disc housing
Disc drive

Steel ball

Institute of Machine
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L-A: Li-complex
Fully flooded condition -smooth, acceleration- . s itronsiearate
L-A and S2-A showed Grease film thicknesses close to base

|
o
o

= thick film thickness  oilin hi8¢ speed. Interferograms
z in slow speed. ot *
§ i e , 500
2 ® .
= 100 H
= OL-A 400
;._E o.ozim/s : = S1-A 300
T *S2-A 200
= | | A.O“A. 5 100
8 10 0 nm
0.01 0.1 1
Velocity, m
- =
| Testcondition _ Rolling direction
Ball Steel $25.4 mm . . .
Disk Cr-coated glass Thickener particles entrainment

290 MPa : d film thick

348 pum INCreased Tiim thickness

0.01-1 m/s . . .

slide roll ratio 0 % (nominally) Thickener type effect is larger in slow speed.

23 °C
Grease supply V-shaped scoop ) )
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L-A: Li-complex
Fully flooded condition -smooth, deceleration- . i tiironscearate

Film thicknesses unchanged

g100.0 . in high speed. Interferograms
- Film augmenting effect °
N R
¢ decfeased in slow spee.d., p?
(@)
E 100 0.025m/s § e oL-A
= ; = S1-A
= 1 ¢ S2-A
g 10 L 1 . AOIIA L
0.01 0.1 1
\elocity, m
—
Rolling direction
| Testcondition |

Ball Steel $25.4 mm Thickener particles effect decreased

Disk Cr-coated glass

290 MPa . :
348 pum Thickener particles could be

0.01-1 m/s : : s
0% (nominally) influenced by high speed condition.

23 °C
Grease supply V-shaped scoop Institute of Machine
Defense of the PhD thesis m U( and Industrial Design




Ob ti
s -serva ion

Track patterns of downstream (0.025m/s) %

Acceleration

= 1000 l Lubricant flow Lubricant flow Lubricant flow

q;)— 0.025m/s g 2
g i 0 t?

£ 100 ! i

= 5 oL-A

= i & u S1-A

s * S2-A

§ 10 A 0ilA

0.01 0.1 1
\elocity. m/s )
$2-A: Single Li-120H-Stearate
Deceleration

£ 1000

: ]
v i
g 0.025m/s o ? ¢ *
£ 100 s ¢

= ®L-A
= ; é = S1-A
e i *S2-A
§ 10 . L] A 0ilA

0.01 0.1 1

Side “fingers” sharpened after high velocity conditions for L-A, S2-A

Velocity, m/s
€ The fingers of S1-A were not clear

. Institut: f Machi
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L-A: Li-complex
S1-A: Single Li-Stearate

Starved conditions 52-A: Single Li-120H-Stearate

Velocity increased by 0.024 m/s every 30 sec. without grease supply

S2-A
= 1000 e LA
5 = S1-A
D ¢ S2-A gt
= o 8500
E 100 | s - : $3=" ;. FF‘\.’ 500
S - o N 400
= M s © 300
3 ° 200
= F|Im thlckness decay of Sl A
S 10 1 100

0 nm

Jc_Jccurred in IOW velocity.

\elocity, m/s

Interferograms under 0.2-0.3 m/s

The tendency that thickener particles of S1-A are not dragged into the
contact area might cause early starvation without grease supply.

Institute of Machine
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BALYZ

v

Asperity of hundreds of nanometer exists__

on the real bearing surfaces.
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Bearing surface profile

TR STE
ST AT Al et
AT L

wr

e le S e Bt Angtasiees || 0.05

el e I S St el
S~

360nm

A

310nm

YA

Influence of 3 types of dents on
film thickness were investigated.
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Fully flooded conditions -dented, sharp-

Acceleration dentl

m/s
L_A \()Q) OB.
\ ©

Dent 1 S 200 um
position

S1-A o

SEA as,
Dent -1 leZ(LMIH
position

OilA o

\\\_N,ZOO um

L-A: Thickener particles were entrained.
S1-A: Thickener particles were not entrained.
S2-A: Thickener particles were entrained and some particles accompanied with dents.

V. /0 /(K

Defense of the PhD thesis

Depth, nm

——

Rolling direction
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o. o I s 1A e
Fully flooded conditions -dented, sharp-
gf-zoo
Deceleration dentl w0 | 20
—Flat
m/S 0011 -100 -75 50 -25 O 25 50 75 100
Position, um
L-A
Dent ~¢" ﬂ
pOSitiOﬁ 600
S1-A 500
400
300
S2-A [ £ 200
Dent _t % gooin 200 e 200 un 200 un 100
positi(;ﬁ = IOnm
OilA |
N \ =200 N\ 200m

R j

olling direction

L-A, S2-A: Particle entrainments diminished.

. Institute of Machi
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800

600

N
(@)
(@)

N
o
o

Film thickness , nm

o

800

S (@]
o o
o o

N
o
o

Film thickness, nm

\elocity, m/s
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T ®Smooth accel ODentl accel
T e Smooth decel o Dentl decel I—_A
- o &) ©
©
B o ©
0O © 0 °
o, © °
O o o
glz 1 , IIIIIIIIIIIIIIIII
0 0.2 0.4 0.6 0.8
Velocity, m/s
T mSmooth accel ODentl accel
T ©Smooth decel @ Dentl decel S 1_A
Z O
- O
- B
C g g
- o
g 2 il o
i s B
_mln 1 n IIIIIIIIIIIIIIIII
0 0.2 0.4 0.6 0.8

Film thickness, nm

Film thickness, nm

800

(@]
(@]
o

N
(@)
o

N
o
o

800

(o))
o
o

I
(@)
(@)

N
o
o

o

Fully flooded conditions -dented, sharp-

\elocity, m/s

" GE———

o -400

+ Smooth I < Dentl accel _ 100 75 50 -

i osmggth 3223 < Dentl decel > 802 A R 2;’-)ositign, urr215 vor
C o < ¢

_<> <> < - [

E o o © R 52 A.

L s * Thickener particle

o

i s ? entrainment was
S

"""""""""" more frequent.
0 0.2 0.4 0.6 0.8
Velocity, m/s

T A Smooth accel A Dentl accel -

" a Smooth decel a Dent1 decel OIIA L-A. S2-A:

s A Thickener particle

' A A entrainments diminished
F . A N A in deceleration condition.
AA A A

i A

“,A,‘ ,,,,,,,,,,,,,,,,,

0 0.2 0.4 0.6 0.8
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Fully flooded condition -Rolled grease, smooth-
L-AR: modlfled L A rolled by ceramic roller in order to make finer particles

_ 1000 ] Interferograms
4 were close to base oil. S ¢!
% ® & 500
£ 100 i| o o } =
= ® o-A 300
= 0.025m/s i o L-A decel.
© 4 OilA 200
= ¢ L-AR 100
© 10 ' C 0nm
0.01 0.1 1
\elocity, m/s ~— ..
#
Rolling direction
m_m
Mineral oil (G-1), % 88 88 100 . . . .
SRR || complex, % » 1 . Highfilm thickness of grease in slow
Li stearate, % " =~ speed was due to big thickener particles.
Li-120H-stearate, % - - -
265 250

. Institut f Machi
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L-A: Li-complex Sgs | LA

DiSCUSSion S1-A: Single Li-Stearate

S2-A: Single Li-120H-Stearate

Relation with bearing torque in low speed (200rpm)

e Film thickness in slow speed 20 50 1000 2000
— NOT particle entrainments caused smooth rotation? Rotation speed pm

e 3 greases showed the same bearing torque in slow speed on repeated bearing tests
— Suggestion of thickener particles breakdown

IS
After E S TI & L-A repeated
h Ig h S p e ed E :g mS1-A @ S1-A repeated
Condition B S2-A repeated
Bearing
operation?

200 500 1000 2000
Rotation speed, rpm

. Institut: f Machi
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Yield stress, Pa

Discussion

L-A: Li-complex
S1-A: Single Li-Stearate
S2-A: Single Li-120H-Stearate

Relation with bearing torque in high speed (2000rpm)

© Grease channeling should be related.

e Not always related to yield stress of greases, different from past report
e Traction coefficient behaviors without grease supply indicates grease channeling of Li-complex grease.

1200
1000
800
600
400
200

Traction coefficient

L-A S1-A S2-A
0.14
oL-A
012 3%SRR
0.1->3m/s " SL-A
01 * S2-A
o L-A scoop
0.08 - A OilA
[}
0.06 T eeaes
R . *," en® °
0.04 ¢ °s .
. [ ] eno®e e®®
0o BescecssssdssBibiinsnsnsssnnny
0
0 0.5 1 15 2 25 3
Velocity, m/s

Defense of the PhD thesis

Yield stress, Pa

1000
Correlation in the same
800
500 type thickener
400
200
. l [ ]
L-A L-A(M) L-A(S)
c 45 LA
> 40 -
By | LAM | +\“‘ﬂ"‘*«‘“—ﬂ74
= L-A(S) ‘wl il
§ 25
S 20 , ,
%15 ' W‘Wi—
10 re"
& o 200pm > “Eeopm > = To00rpm > < 2000rom >
0 10 20 30 40
Time, min.

AREY A

= mL-A

200

3%SRR
0.1->3m/s

o3¢

500 1000 2000

Rotation speed, rpm

o -A

o L-A(M)
OL-A(S)

o L-A scoop
A QilA

QO. .00. o :
38300888008880844408

1.5 2 25 3
Velocity, m/s
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L-A: Li-complex
l Discussion -mechanisms oA e L1120 Stearate

Low rotation speedEffect of thickener particles entrainment

=200rpm Resistance generation by thickener
(L-A and S2-A)

<

High rotation speed
= 2000rpm

AExclusion of
lredundant grease is
effective.

Institute of Machine
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L-A: Li-complex

Discussion - Tendency of grease thickener type . aniiimons:

S2-A: Single Li-120H-Stearate

Supply Surface Property Li stearate
. Thick in slow speed Close to base oil

Thickness . : :

Flooded Influenced by high speed history No change after high speed
Smooth Flow pattern Finger patterns on side track No fingers in hich soeed
P Sharpened by high speed history & &N Sp

Starved Film decay Late starvation Quick starvation
Flooded | Dented Partlc-le Occurred Frequently occurred | Not occurred

entrainment

The cause of difference between L-A/S2-A and S1-A is on
whether the thickener particles are dragged into contacts??
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lChemicaI structures of thickeners

O OH

Single Li-120H-Stearate

L-A: H;-;./”\/\/\/\/J*D
i QH + Li-OH
Li-complex GW/Y\A/\
OH

S1oA: H%(\MMWV i
Single Li-Stearate 5 + Li-OH
S2-A: OH

GWAT/\AA + Li-OH

OH

(12-)Hydroxyl groups bonded to carbon chains could influence on particle entrainments
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L-A: Li-complex
S1-A: Single Li-Stearate

Discussion -mechanisms $2-A: Single Li-120H-Stearate

Thickeners are
entrained to dents

Thickeners are entrained
independently

Contact
area

Glass ——

Thickeners easy to
enter contact surfaces

Thickeners are
broken into the
small fragments

S1-A

Contact’  \__ nBall S

area ~
Glass \

Thickeners are not dragged
into contact surfaces

. Machi
Defense of the PhD thesis




lDiscussion -mechanisms

L-A, S2-A

Track pattern

Side fingel/

patterns =

B

Defense of the PhD thesis

L Y L L

Track

AN

Thickener
entrainment forms

_finger patterns

~

)

L-A: Li-complex
S1-A: Single Li-Stearate
S2-A: Single Li-120H-Stearate

starvation?

S1-A
i i No side
i Track | fingers
; ; Quick
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lConcIusions

1. Relation with bearing torque at low speed
=Thin film thickness without particle entrainment is effective in torque reduction

2. Relation with bearing torque at high speed
=Grease channeling represented by yield stress and traction behaviors is effective

3. Thickener entrainments to the contacts
=Film thickness increase, track pattern formation, starvation delay

4. Thickener entrainments to the dents
=Promotion by thickener with higher polarity
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