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ABSTRACT

SYNERGISTIC AND ANTAGONISTIC EFFECT OF SULFUR-BASED ADDITIVES ON

THE PERFORMANCE OF GREASES WITH ZDDP AND PTFE

Arunya Suresh, M.S.

The University of Texas at Arlington, 2009

Supervising Professor: Pranesh Aswath

Lithium-base greases constitute about 50% of the grease market. The current trend is
towards developing greases with longer working life and wider application flexibility. To address
this concern, greases are blended with antiwear and extreme pressure (EP) additives that serve
to reduce wear and increase the operating life of the machinery by creating a low strength,
shearable film on the moving surfaces. In the current study, greases were developed to address
the need for both performances as prescribed by the ASTM standards D2266 and D2596,
respectively.

The actual bearing conditions vary significantly with load, rpm and duration of test. These
three factors have important consequences such that the load dictates the activation of
chemistries, the rpm controls the entry of grease into the contact point and the durability of
grease is governed by the test duration. Accordingly, greases with good antiwear and extreme
pressure properties were developed and their behavior studied under both standard ASTM
conditions as well as by varying test conditions of load, rpm and test duration. For achieving both

wear and load-bearing capacity, a multitude of additives have been investigated with varying



degrees of success. The major among these are MoS, and graphite to impart extreme-pressure
properties to greases, polytetrafluoroethylene (PTFE) for friction reduction and ZDDP for wear
reduction. With the intent to replace MoS, in greases, the synergistic combination of ZDDP and
PTFE has proven to provide superior wear and EP performance and appear to be more durable
than their MoS, counterparts. The interactions among these additives have been analyzed
through design of experiments using the factorial and response surface design approaches. This
approach would give the grease-maker preliminary, yet critical, information about suitable
chemistry to employ under specific conditions of load, rpm and duration of test.

To develop greases that provide both wear and weld protection, the sulfur additives
probably the earliest known EP compounds in lubricants, were tested for interactions with ZDDP
and PTFE combination. Since the wear or EP action involves the interposition of a film between
mating metal surfaces in order to prevent metal-to-metal contact, the film was analyzed for
compositional and morphological features through extensive SEM/EDS experiments. It was
deduced that formation of sulfides was important for wear and phosphate pads for load-bearing
characteristics. Through this work, four different aspects of the greases have been identified; (1)
the design of experiments approach is used to develop an understanding of the interaction of the
role played by various additives singly or in conjunction with other additives, (2) the role played by
test conditions on the evaluation of grease properties is dealt with, (3) the role played by sulfur
chemistries when used with solid lubricants like PTFE is addressed and (4) an understanding on
the interaction of various chemistries is established with the goal of developing a Universal

grease.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . ...ttt ettt e e e e s e e e e e s e s bbb e e et e e e e e s annrrrneeeeens iii
AB ST RACT ettt ettt e e o4 et e e e e oo e e e e e e e e e e e e e e e e e et e e e e e e e eaee s iv
LIST OF ILLUSTRATIONS ... tteetetee ettt ettt e et e e e e e e s b e e e e e e e e s ab b b e e e e e e s e annrrneeeas X
LIST OF TABLES ... Xvii
Chapter Page
1. GENERAL INTRODUCGCTION ....ctttiiiiiititietiee ettt s et e e s e e e e e s sibnbneeeeeee s 1

00 T [ ox T o PRSPPI PR 1

1.2 Foundation oOf reSearch WOrk..........ccccveiiiiiiic i 3

1.3 0utling Of the theSIS ... 4

2. BACKGROUND ... .o 5

P I o o] (oo | PP TP 5

P2 O R ¢ Tox 1o ] o OO URUPPT R PPRPT 8

2. L2 WRAN ettt 9

2.1.3 LUDFICALION ...t 10

2. 1.4 LUBFICANES .ottt a e 17

2.2 GIBASES ... e 20

2.2.1 Components Of Qrease .........cevieiiiiiiiiiieie et 20

2.2.2 Basic Performance Requirements of greases.............ccoccvvvvveeeennn. 21

2.2.3 TYpeS Of DASE grEaSES .....uvviiiiiee i i it e e e e 22

2.2.4 CharacteristiCS Of QreasesS........ccvvivviiiiiiee i 24

Vi



2.2.5 Lithium-base greases ...ttt 25

2.2.6 AQITIVES ..ottt 26
2.2.7 SOld LUDFICANTS ...t 33
3. PROCEDURAL PROTOCOL, EXPERIMENTAL

SET-UP AND MATERIALS USED ... 39
3.1 Standard Testing Methods for greases ... 39

3.2 FOUI-Ball TESIEN ....eiiiiiiiie ettt 40

3.3 ChemISINES USEU.......eiiiiiiriiieitii ettt 43

3.3 L BASE QIBASE ..coe e et 43

3.3.2 AJGILIVES ... 43

3.3.3 Chemistries blended...........ccooviiiiiiiii e 45

3.3.4 Protocol for running the Four-Ball TeStS ........cccvveeiieiiiiiiiiiiieeeeene 47

3.3.5 TYPES OF tESIS ..t 47

3.3.6 Post-test Analysis Characterization Equipments ............ccccceeeeeenn. 48

4. EFFECT OF TEST PARAMETERS ON THE
4-BALL WEAR AND WELD PERFORMANCE OF GREASES

WITH MOS,; AND WITHOUT MOS,; AS EP ADDITIVES. ..........ooviieiiiiiiiieeee e 49
4.1 INEOUCTION ...ttt ettt e et e e e e e e s nnneeeeanes 49
4.2 Design Of EXPEIIMENT .....ccoiiiiiiiiiiie et 51
4.3 DESIGN SOfWAIE ...t e et e e e e e e e e nnreee s 53
4.4 TeStMELNOM......cciiiiiii s 54
4.5 FOUr Ball WEAKr TESES....ccviiiriieiiie et 55

4.5.1 3% MOS) GIEASE ..ottt e 55
4.5.2 590 MOS) GIEASE ... ceevuieeeiti e e e e e aee 58
4.5.3 280 L GreASE......cuvtiiiiieeii ittt 60
4.5.4 280 H GIEASE ....oeeeeiiieeee ittt 62
455 280L + 3% MOS5 GIrEaASE....uu e et ea 63

VIl



O RV ATZ=] (o I e Y= Vo T 65

5. ROLE OF SULFUR AND NON-SULFUR CARRIERS

ON THE WEAR AND EP PERFORMANCE OF GREASES.........cccoiiieiiieeeeeee 70
5.1 OVEIVIEW ...ttt ettt ettt n e st nn e s s nne e nnne s 70
5.2 Selection Of the deSIgN .........ueiiiiiee e 71
5.3 Design and design evaluation ............c..eeeiiiiiiiiiiiiieee e 71
5.4 Wear and Weld reSUILS ........oeiiiiiiiieiiiee e 72
5.5 Study of interactions between ZDDP and PTFE in Li-base grease ............... 74
551 ZDDP 4PTFE ... 74

5.6 Study of interaction of various additives (sulfur and non-sulfur)
with ZDDP and PTFE in Li-base grease ..o 77
B.6.1 VL SB .o 77
B.B.2 VL 7723 s 81
B5.6.3VPS 15 e 84
B5.B. 4 TPS 44 ... 87
B.B.5 VL AZ.ceeeee e 89
B.B.6 VL B22 ... 92
B.B.7 VL B7 2 s 95

6. MORPHOLOGICAL AND COMPOSITIONAL ANALYSIS OF
TRIBOF LM S ... e e e e e e e e et e e e et e e e e e 98
6.1 INEFOAUCTION ...ttt 98
6.1.1 Analysis of tribofilm of ZDDP and PTFE ..........ccccccevvviiivvieeneeenn. 100
6.1.2 Analysis of tribofilms of VL AdditivesS...........oocciieiiiiiiiiiiieee 106
7. CONCLUSIONS ... 139
8. SUGGESTED FUTURE WORK ..ot 141
APPENDIX

A. PROTOCOL FOR GREASE PREPARATION .....oottiiiiiiiiiiiiee et 143

viii



B. PROTOCOL FOR RUNNING THE FOUR-BALL

REFERENCES

WEAR/EP TESTS AND CLEANING METHODOLGIES. ........ccccocoviniiennerenenn

BIOGRAPHICAL INFORMATION ..ottt



LIST OF ILLUSTRATIONS
Figure Page

2.1 Showing the four elements Of tHDOIOGY ......eeiiiiiiiiii e
2.2 SHIDECK CUIVE ...ttt e ekt e e st et e e st b e e e s sbr e e e e snrneee e

2.3 Bar-chart showing the values of coefficient
of friction in the different lubrication regimes ... e

2.4 Schematic comparison of different lubrication regimes.........cccccvee i
2.5 Effect of speed and load on choice of lubricant...........cccccooooiiiiiiie e
2.6 Mechanism of sulfur carriers under extreme pressure conditions...........cccccveeeviicvvieeeee e eccceneen,
2.7 General StruCtUre Of ZDDP ........ueiiiiii ettt e e e e s e e e e e e anbeaee s
2.8 SHTUCKIUIE OF PTIE ...ttt e ettt e e e e e ettt e e e e e e e bbb e e e e e e e s e annbeneeeas
2.9 Lattice structure of molybdenum diSUlfide ..........ooouueiiiiiiiii e
2.10 Direction of interaction between additives of different Classes...........ccccuviiiiiiiinii s
3.1 Schematic of Plint Four-ball machine at UTA..........cooiiiiii e

4.1 (a,c) Response surface diagram of a 3% MoS,
grease tested at a load of 40 and 80 Kg respectively
showing the role played by test duration and RPM on
wear scar diameter. (b,d) shows the predicted wear scar
diameter for various combinations of RPM and test time for
the same test combinations. Superimposed are optical
micrographs of the wear scars measured at the four
extremes of test duration and rpm Of tESt.........uuiiiiii i

4.2 SEM image of MoS, particles at magnification of 400X ..........ccccuvuiireeeiiiiiiiiire e

4.3 (a,c) Response surface diagram of a 5% MoS, grease
tested at a load of 40 and 80 Kg respectively showing
the role played by test duration and RPM on wear scar
diameter. (b,d) shows the predicted wear scar diameter
for various combinations of RPM and test time for the same
test combinations. Superimposed are optical micrographs of



the wear scars measured at the four extremes of test
AUration and rPM OF TEST. ...ttt e e e e e et e e e e e e s e s nnb b e e e e e e e e an 59

4.4 (a,c) Response surface diagram of a 280 L grease
tested at a load of 40 and 80 Kg respectively showing
the role played by test duration and RPM on wear scar diameter.
(b,d) shows the predicted wear scar diameter for various
combinations of RPM and test time for the same test combinations.
Superimposed are optical micrographs of the wear scars measured
at the four extremes of test duration and rpm Of teSt. ..........eiiiiiiiiiii e 60

4.5 Differential scanning calorimeter scans of the
organothiophosphate compound and a mixture of fluoropolymer
with the organothiophosphate COMPOUNG. ............oiiiiiiiiii e 61

4.6 (a,c) Response surface diagram of a 280 H grease
tested at a load of 40 and 80 Kg respectively showing
the role played by test duration and RPM on wear scar diameter.
(b,d) shows the predicted wear scar diameter for various combinations
of RPM and test time for the same test combinations.
Superimposed are optical micrographs of the wear scars measured
at the four extremes of test duration and rpm Of teSt. ... 63

4.7 (a,c) Response surface diagram of a 280 L + 3% MoS, grease
tested at a load of 40 and 80 Kg respectively showing the role
played by test duration and RPM on wear scar diameter.
(b,d) shows the predicted wear scar diameter for various
combinations of RPM and test time for the same test combinations.
Superimposed are optical micrographs of the wear scars
measured at the four extremes of test duration and rpm oOf test. ..........ccccvveeieiiiciceee e 64

4.8 Four-Ball EP weld test performed based on ASTM D2596-2002 standard .............cccccceeveeeernneee 65

4.9 SEM micrographs showing the wear tracks observed
at 80kg/1200rpm/1hour test condition. (a,b) For 3% MoS, at
80X and 2000X magnifications reSPECHVEIY.........coiii i 67

4.10 SEM images on the wear track of a 3% MoS, grease
80kg/1200RPM/1hour conditions (left) and
enlarged image of the area ‘A’ (FGNL) ..o e e 68

4.11 Elemental mapping of the area ‘A’ on 3%MoS, grease
run at 80KG/L200RPM/LNOU ...ttt e e e e et e e e e e e e anreaeeeaaaeeean 68

5.1 Chart showing the WSD values for different grease
formulations With 3% VL AdItiVES ...........eeiiiiiiiiiiiiet e 72

5.2 Chart showing the WSD values for different grease
formulations with COmMbINAtION OF ..........ooiiiiii e 73

5.3 Chart showing the weld loads values for different grease
fOrmMuUIAtioNS WIth 390 VL ....cciiiiiiiiieie et e e et e e e e neeas 73



5.4 Chart showing the weld load values for different grease
formulations With COMBINALION ..........eiiiiiii e 74

5.5 Wireframe plot showing the wear behavior for lithium- base
grease with ZDDP+ PTFE on a Four-ball Tester (ASTM D2266);
Contour plots with the optical micrographs of the corresponding
[0 (=T= LTSI ol =T 1] =SSR 75

5.6 Wireframe (left) and contour (right) response surfaces
for the weld load behavior of Li-base grease containing
ZDDP and PTFE (at 5% trEat FALE) .......eieiiieiiiiiieiiae ettt e e et e e e e e e s enbeeeaaaeeeas 77

5.7 Wireframe plot showing the wear behavior for lithium- base
grease with 3%VL SB+ 3% ZDDP+ 2% PTFE on a
Four-ball Tester (ASTM D2266); Contour plots with the
optical micrographs of the corresponding grease chemistries;
Cube plot showing the wear outcome of different chemistries
o (oY VT I T | TN Lo = SRR 79

5.8 Wireframe (left) and contour (right) response surfaces for
the weld load behavior of Li-base grease containing 3% VL SB
With ZDDP and PTFE (At 5% treat FAE) .....cuuiiii ittt e e e e e s nnreeee s 81

S ) (0 (o3 (U (=0 YA R 4 T 81

5.10 Clockwise: Wireframe plot showing the wear behavior for
lithium- base grease with 3% VL 7723 and ZDDP+ PTFE
(at 5% treat rate) on a Four-ball Tester (ASTM D2266);
Contour plots with the optical micrographs of the corresponding
grease chemistries; Cube plot showing the wear outcome of
different chemistries at low and high [EVEIS. ...........coooiiiiiii e 82

5.11 Wireframe (left) and contour (right) response surfaces for the
weld load behavior of Li-base grease containing 3% VL 7723
with ZDDP and PTFE (at 5% treat rate) ........ooceiiieieieeiieeiiie ettt 83

5.12 Clockwise: Wireframe plot showing the wear behavior
for lithium- base grease with 3% VL 7723 and ZDDP+ PTFE
(at 5% treat rate) on a Four-ball Tester (ASTM D2266);
Contour plots with the optical micrographs of the
corresponding grease chemistries; Cube plot showing the wear
outcome of different chemistries at low and high levels. ...........ccccvviiiii e 85

5.13 Wireframe (left) and contour (right) response surfaces
for the weld load behavior of Li-base grease containing
3% VPS 15 with ZDDP and PTFE (at 5% treat rate)..........cceiiiiiiiiiieieee e 87

5.14 General structure of a SUlfUrized OlEfiN.........ooeueiiiiee e 87

5.15 Clockwise: Wireframe plot showing the wear behavior
for lithium- base grease with 3% TPS 44 and ZDDP+ PTFE
(at 5% treat rate) on a Four-ball Tester (ASTM D2266);

Xl



Contour plots with the optical micrographs of the corresponding
grease chemistries; Cube plot showing the wear outcome of

different chemistries at low and high [evels. ...........ccccooiiiii i,

5.16 Wireframe (left) and contour (right) response surfaces
for the weld load behavior of Li-base grease containing

3% TPS 44 with ZDDP and PTFE (at 5% treat rate)........cccccccevvvvvvereeeesiiicrvvennnnn.

5.17 Structure of a zinc diamyldithiocarbamate ..............cccccciiiiiiiiii e,

5.18 Clockwise: Wireframe plot showing the wear behavior
for lithium- base grease with VL AZ+ ZDDP+ PTFE on
a Four-ball Tester (ASTM D2266); Contour plots with the
optical micrographs of the corresponding grease chemistries;
Cube plot showing the wear outcome of different chemistries

at low and high [EVEIS. ........covieiiii e

5.19 Wireframe (left) and contour (right) response surfaces for
the weld load behavior of Li-base grease containing 3% VL AZ

with ZDDP and PTFE (at 5% treat rate) .........ooccuuiiiiieeieiiiiieeee e

5.20 Structure of antimony dialkylphosphorodithioate ............ccoccciiiiiiiiiiiiiiiiee

5.21 Clockwise: Wireframe plot showing the wear behavior
for lithium- base grease with VL 622+ ZDDP+ PTFE
on a Four-ball Tester (ASTM D2266); Contour plots with
the optical micrographs of the corresponding grease chemistries;
Cube plot showing the wear outcome of different chemistries

at low and high [EVEIS. ........oovieiiii e

5.22 Wireframe (left) and contour (right) response surfaces for
the weld loads for VL 622+ZDDP+ PTFE on the Four-ball

Wear/EP tester (ASTM D 2596) ....c.cooiiiiiiiiiieaa et

5.23 General structure of an amine phosSphate ...

5.24 Wireframe plot showing the wear behavior for lithium- base
grease with VL 672+ ZDDP+ PTFE on a Four-ball Tester
(ASTM D2266); Contour plots with the optical micrographs of the
corresponding grease chemistries; Cube plot showing the wear

outcome of different chemistries at low and high levels. ...........cccovvveeeiniiinnnnn.

5.25 Wireframe (left) and contour (right) response surfaces for the
weld loads for VL 672+ZDDP+ PTFE on the Four-ball Wear/EP

tester (ASTM D 2596).... ...ttt e et e e e e e e e e snaebbeeeeaaeeeeannes

6.1 SEM images of the wear track formed on the ball samples from a

ZDDP+PTFE-containing Li-Dase grease............ueiioiiiiiiiiiieeeeeiiieeeee e

6.2 EDS spectrum performed on the wear track with grease

chemistry 3% ZDDP+2% PTFE (Inset: SEM image of the wear track)

Xiii

...................... 91

...................... 93



6.3 Elemental maps of the various elements found on the
wear track formed from a ZDDP+PTFE-containing
(BIENA-L) Li-DASE QrEASE .....eeiiieeiiiiiiieeiee e e e ettt e e s ettt e e e e e s e e e e ae e e s ettt e e e e e e e e nnrrraaeeaaeaan 102

6.4 EDS spectrum performed on the wear track with
grease chemistry 5% ZDDP+4% PTFE
(Inset: SEM image of the Wear traCk) ..........c.vuvviiiiiiiieec e 104

6.5 Elemental maps of the various elements found on the
wear track formed from ZDDP + PTFE-containing
(BIENA-H) Li-DASE GrEASE ....eeiiiiiiiiiiiteeiee ettt e ettt e e e e e e e st e e e e e e e e s nbbreeeaaaeaean 105

6.6 SEM images of the wear track formed through a Four-ball
wear test (ASTM D 2266) from a Li-base grease
(oo 1 e= L a T aTo R A ST SRS 106

6.7 Elemental map of sulfur as found on the wear track formed
from VL SB -containing Li-Das@ grease.........ccouivuiiiiiiiee e e e n e e e 107

6.8 EDS spectrum performed on the wear track with grease
chemistry VL SB (Inset: SEM image of the wear track) ..........ccooiuiiiiiiiiiiii e 107

6.9 SEM images of the wear track formed through a Four-ball
wear test (ASTM D 2266) from a Li-base grease containing
VL SB+ PTFE+ ZDDP ...ttt ettt ettt ettt et e et e e e e ebe e e sabe e snbe e e abee e snbeaanneeas 108

6.10 EDS spectrum performed on the wear track with grease
chemistry VL SB+ ZDDP+PTFE (Inset: SEM image of the wear track)..........cccccceevvvcvviennnnenn. 109

6.11 Elemental maps of the various elements found on the
wear track formed from VL SB+ ZDDP+PTFE-containing
I o F= TSIl o | (=T Y= TP RSRT R 110

6.12 SEM images of the wear track formed through a
Four-ball wear test (ASTM D 2266) from a Li-base
grease containiNg 3YVL 7723 .. ... ittt e et e e e e e e e e abnbeeeaaa e an 112

6.13 EDS spectrum performed on the wear track with grease
chemistry VL 7723 (Inset: SEM image of the wear track) ..........cccoccvvvieiieeiiiicieee e, 112

6.14 Elemental map sulfur found on the wear track formed
from VL 7723-containing Li-DASE QrEaSse ........cccvviiieiee ittt e e n e e e 113

6.15 SEM images of the wear track formed through a Four-ball
wear test (ASTM D 2266) from a Li-base grease containing
BUVL 7723+ ZDDP+ PTFE ...ttt sttt enees 113

6.16 EDS spectrum performed on the wear track with grease
chemistry VL 7723+ZDDP +PTFE (Inset: SEM image of the wear track).........cccccccoevcvvvveenenenn. 114

Xiv



6.17 Elemental maps of the various elements found on the
wear track formed from VL 7723 + ZDDP+PTFE-containing
(I 0Tz UL | (=T = PSP 115

6.18 SEM images of the wear track formed through a
Four-ball wear test (ASTM D 2266) from a Li-base
grease ContainiNg 3%VPS 15, ... ..o s e e e e e e e e e e e ae e 116

6.19 EDS spectrum performed on the wear track with
grease chemistry VPS 15 (Inset: SEM image of the wear track) ..........cccooiiiiiiiiiiiiiiiiiieee, 116

6.20 Elemental map of sulfur as found on the wear track
formed from VPS 15-containing Li-Dase grease ... 117

6.21 EDS spectrum performed on the wear track with grease

chemistry VPS 15+ PTFE + ZDDP (Inset: SEM image of the wear track)..........ccccccccovvenvnnnen. 118
6.22 Elemental maps of the various elements found on the wear

track formed from a VPS 15+ ZDDP+PTFE-containing Li-base grease ..........cccccceveevevinvvnnnn. 119
6.23 Wear track formed from TPS 44-containing Li-Dase grease ........ccooeuveeeieieeiiiiiiiieeee e 120
6.24 EDS spectrum performed on the wear track with

grease chemistry TPS 44 (Inset: SEM image of the wear track) ...........ccoccuvieeiiiiiiiiiiiiiieneenn, 121
6.25 Elemental map of sulfur on the wear track formed

from TPS 44 -containing Li-Dase grease.........cccuviiiiiii it 122
6.26 EDS spectrum performed on the wear track with grease chemistry

TPS 44+ PTFE + ZDDP (Inset: SEM image of the wear track)..........cccccceeeeviiiciiieeee e, 122
6.27 Elemental maps of the various elements found on the wear track

formed from TPS 44+ ZDDP + PTFE-containing Li-base grease .........ccccccovviiiieeieeennicciiieen. 123
6.28 Wear track formed from VL AZ-containing Li-base grease ........ccccoovvuviieiiiiiiiiiiiiieeie e, 124

6.29 EDS spectrum performed on the wear track with 3% VL AZ in Li-base
grease. (Inset: SEM image of the Wear track) .........ccoccuiviiiiee i 125

6.30 Elemental maps of the various elements found on the wear track formed
from VL AZ-containing Li-DaSe grEa@se........ccoviiciriiiiiee et e e 126

6.31 EDS spectrum performed on the wear track with grease chemistry

ZDDP+PTFE+VL AZ. (Inset: SEM image of the wear track)...........cccoeeieeiiiiiiiie e, 127
6.32 Elemental maps of the various elements found on the wear track formed

from VL AZ+ ZDDP + PTFE-containing Li-base grease ..o 128
6.33 Wear track formed from VL 622-containing Li-base grease..........ccccccvvvevveeiiiiiciiieee e, 129

6.34 EDS spectrum performed on the wear track with grease chemistry
VL 622 (Inset: SEM image of the wear track).........cccccceiiviiiiiiii e 130



6.35 Elemental maps of the various elements found on the wear
track formed from VL 622-containing Li-Dase grease ........cccccvveeveivviieeiie e cciieeee e 131

6.36 EDS spectrum performed on the wear track with grease chemistry
ZDDP+PTFE+VL 622 (Inset: SEM image of the wear track) ..........cccccvvereeeiiiiciiiieee e, 132

6.37 Elemental maps of the various elements found on the wear track
formed from VL 622-containing Li-DaSe grease ..........couiiiuiiiiiiiaieiiiieeie et 133

6.38 SEM images of the wear track formed through a Four-ball wear test
(ASTM D 2266) from a Li-base grease containing VL 672 ........cccuuueiiiiiiiiiiiiiiiiieae e 134

6.39 Elemental maps of the various elements found on the wear track
formed from VL 672-containing Li-DaSE grease .......cccceiiiiuiiiiiiie e et e e 135

6.40 SEM images of the wear track formed through a Four-ball wear test
(ASTM D 2266) from a Li-base grease containing VL 672+ ZDDP+ PTFE ......cc..cccovvcvvvieeeeennn. 135

6.41 EDS spectrum performed on the wear track with grease chemistry
ZDDP+PTFE+VL 672 (Inset: SEM image of the wear track) ...........ccoueeeiieiiiiiiiiiiee e, 136

6.42 Elemental maps of the various elements found on the wear track
formed from ZDDP+PTFE+VL 672-containing Li-base grease...........cccccceeviiiiiieeiee e, 137

XVi



LIST OF TABLES

Table Page

2.1 Showing the properties of lubricant films under different lubrication regimes............c.ccccoeeuvneeen.
2.2 Properties of basic [UDFICANT tYPES ...
2.3 Performance of petroleum il IUbFCating GreaSeS ......ccuiiii i
2.4 NLGI Consistency ClasSifiCatiON ..........cccuuuiiiieieiiiiiiieie s creer e e s s e e e e e e e s ssanrerer e e e s e s nnreneees
2.5 Functions of different additiVES...........ocvioiriiiie e
3.1 ASTM Standards for grease tESHING ........uuuviiieeiiiiiiiiiiee e e s e e e e e s er e e e e e s snreneees
3.2 Total of Compensation Line corrected LOAdS...........uuiiiiiiiiiiiiiiieie et
3.3 Typical test data for Texaco Marfak MultipurpOSe 2 grease ........cooieeveeeieeen i
3.4 Properties of various (sulfur and non-sulfur) additives..............eeeiiiiiiiiee e
3.5 Typical Particle Size and BUIK DENSILY ........cuiiiiiiiiiiiiiiiee s e e e e e e s er e e e e e e s sninraree e e e s s s nnenneees

4.1 Details of Test Conditions in Four-Ball Wear Design
MaLriX TOr 4 Ball WEAE TESE.....uveiiii ittt ettt e e et e e e nnbae e e e neeas

4.2 Chemistry of Base Grease and Antiwear Additives
and Test Conditions of Wear and Weld TeSES......cuu i

5.1 Design matrix for the evaluation of interactions between
ZDDP,PTFE and sulfur and non-sulfur carriers in Li-Dase greases........cccooouvveieeieeeiiiiiiieeneaeenn.

XVii



CHAPTER 1

GENERAL INTRODUCTION
1.1 Introduction

With the rapid development of technology there is a growing trend toward reduction of
size of machinery, increased speed, closer tolerances of moving parts, higher bearing loads,
higher operating temperatures which calls for increased lubrication needs. Lubrication is the use
of chemicals to improve of the motion of one surface over another by reducing friction and often
wear, and the material that is used in this way is called a lubricant. A lubricant functions by
introducing between moving surfaces a layer of material that has lower shear strength than the
surfaces themselves. Lubricants may be either liquids or semi-liquids, but may also be solids or
gases or any combination of solids, liquids or gases.

Greases- best thought of as thickened oils, are not fundamentally different from oils and
are largely used to provide semi-permanent lubrication since greases have the ability to remain in
contact with the desired moving surfaces and generally do not leak from the point of application.
The lubricating phase in grease is always lubricating oil that is entrapped in minute pockets of
soap-thickener fibers that form the internal structure of greases. These thickeners are intended to
reduce migration through gravity, pressure or centrifugal action. It is chosen over oils in
applications where leakage of lubricant is not desired, where sealing action is needed and when
greater film thickness is required. Greases lessen the need to lubricate a specific location often
owing to its structure. It is very useful when lubricant is desired in a vertical machine component
or at sites that are difficult to access. It acts as a sealant to external contaminants and is effective
in protecting machinery that run at high temperature and pressure and under conditions of shock

loading.



What appears to be a smooth metal surface to the naked eye is in reality a landscape of
microscopic ‘hills’ and ‘valleys’ or asperities, when viewed under high magnification. These
asperities on the interacting surfaces begin interacting with each other, and under severe
conditions make direct surface contact, resulting in enhanced friction, increased wear and
eventually welding. With mechanical systems operating under extreme pressure conditions such
as heavy loads, low speed and low lubricant viscosity asperity contact results in a grease-film not
sufficient to prevent metal-metal contact. More often than not, greases for such extreme pressure
operations cannot prevent wear or reduce friction, thus adversely affecting the performance of the
system. To address this quandary, anti-wear and extreme-pressure (EP) additives are blended
with the greases, usually in amounts ranging from 0.5-10% of the grease depending on the
grease type and application, to prevent wear, reduce fuel consumption and increase the
operating life of the machinery by creating a smoother surface on the moving surfaces, thus
increasing the true contact area.

For materials to be classified as EP/AW additive, they should be able to interact
with the metal surface forming a film that prevents direct contact between the moving surfaces.
These film are formed through either reaction with the contacting surfaces or physical deposition
of a shearable film. In the former case, the elements that could form iron compounds could be
either sulfur, phosphorus, chlorine or other halogens. Sulfur additives are probably the earliest
known EP additives with extent of load bearing capacity without seizure being proportional to the
amount of the sulfur in the additive. Phosphorus-containing additives provide EP protection
through a totally different mechanism than sulfur-based additives and have very good corrosivity
control, unlike sulfur additives. Chlorine-containing additives act by forming a metal chloride film
on the metal surface under conditions of high pressure and presence of traces of moisture. In the
latter case where physical deposition of shearable layers are deposited at contacting surfaces
MoS, has found application. Molybdenum disulfide has found applications in extreme pressure

conditions through a layered lattice structure, strong bonds between S-Mo-S layers and relatively



weak bonds between adjacent S layers. Other layer-lattice compounds include graphite and
WS,

1.2 Foundation of research work

The current grease market aims to satisfy two major concerns- longer grease life and
wider application versatility without compromising on the performance. The establishment of an
Universal grease would reduce the number of different greases to achieve performance
characteristics like service life, shock resistance, high heat, extreme pressure, wear and
pumpability along with providing longer grease life. In addition, the use of fewer greases would
enable the end-users to simplify their inventory and eliminate greasing mistakes. With this
foundation, the present study analyzes the performance and scientific rationale behind the use of
traditional and novel grease chemistries. Since multi-service greases contain a variety of
additives (like extreme-pressure (EP) agents, antiwear (AW) additives, friction modifiers,
anitoxidants, detergents/dispersants and rust inhibitors) of different chemical functionalities to
meet the various service requirements, it is important to learn the compatibility and
synergism/antagonism of these additives with one another.

In real-world applications, the grease may be subjected to a variety of test conditions
rather than the standard conditions prescribed by ASTM D 2266 [reference] to evaluate the
EP/AW performance of the greases such that the pumpability of grease to the contact point is
governed by the RPM, different loading conditions may have an effect on the activation of
chemistries and the duration may have an effect on the grease life. Thus, it was reasonable to
evaluate the performance of the grease properties under variable conditions of load, RPM and
duration of test.

The use of sulfur in the grease chemistries forms an important part of this work. The
lubrication properties of sulfur have been known to mankind since the era of Greeks and
Romans. Today, sulfur additives are known for their versatility in their chemistry and the range of

applications they are put to use in. An important aspect of the literature since 1950 until today



[reference] concentrates around the synergies of the sulfur additives with other additives and we,
aim to develop an insight into the role played by the different sulfur chemistries when used with
other solid lubricants like polytetrafluoroethylene (PTFE).

1.3 Ouitline of the thesis

Chapter 1: Provides a brief introduction on the use of wear and extreme pressure
additives in lubricating oils and greases.

Chapter 2: Discusses the background needed to understand the components, functions
and types of lubricating greases and the need to introduce anti-wear and extreme pressure
additives in greases.

Chapter 3: Discusses the testing protocols followed and a brief background of the
chemistries used.

Chapter 4: Provides a Design of Experiment approach for the development of a high-
performance grease.

Chapter 5: Deals with the role of sulfur and non-sulfur carriers on the wear and EP
performance of greases with emphasis on the one-, two- and three- factor interactions between
the additives.

Chapter 6: Deals with the morphological and elementary compositional analysis of the
tribofilms formed by the various additives

Chapter 7: Provides a few achievements and conclusions

Chapter 8: Provides some suggestions for future work



CHAPTER 2

BACKGROUND
2.1 Tribology
In 1966, Peter Jost, chairman of a working group of lubrication engineers, published the
Department of Education and Science Report wherein he defined the word ‘Tribology’ as ‘... The
science and technology of interacting surfaces in relative motion and the practices related
thereto.” ‘“Tribology’ is derived from the Greek word ‘tribos’ meaning rubbing or sliding. The reason
why this field has attracted the attention of engineers, scientists and economists alike is that the
surface interactions control or dictate the functioning of practically every device developed by
man to enhance the quality of life through his inventiveness and the utilization of resources of the
physical world [4]. It comes of great economic significance since estimated losses from tribology
account for ~6% of the GDP in the US. Suh and Saka [5] propose that probably more failures are
caused by tribological problems than fracture, fatigue, plastic deformation etc. In terms of
criticality, tribology affects industry in the following areas:
1. Tribology is critical to the reliability and efficiency of mechanical and certain electrical
products.
2. Tribology directly affects the “maintainability” of a product.
3. Tribology affects a company’s financial statement, both directly and indirectly. [5]
Tribology relates directly to the combination of all sciences and technologies associated
with the three areas of friction, lubrication and wear and is specifically concerned with the

elements as shown in the following schematic:
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Figure 2.1 Showing the four elements of tribology

Thus, tribology has provided the scientists and engineers with a foundation for choosing
lubricants in today’'s demanding environment and needs. The selection of lubricants for a
particular application can be determined by taking into account the effects of tribological system
parameters on lubricant chemistry [6]. A tribological system includes type of motion, speed,
temperature, load and operating environment. A lubrication engineer identifies these system
parameters and chooses the appropriate lubricant with suitable chemistries to optimize the
performance of any tribological application. A tribological system comprises of the following:
Type of motion: Motions between two surfaces could be sliding, rolling, a combination of sliding
and rolling, or oscillation. Depending on the type of motion, appropriate chemistries must be
chosen to optimize the performance.
Speed is the second parameter of the tribological system. The optimum speed for the lubricated

system can be estimated by the Stribeck curve that represents the relationship between
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coefficient of friction and the dimensionless number, nn/P, where n is the dynamic viscosity, n is
the speed and P is the load per unit projected area. For instance, when the speed is very low, all
the loading is carried by the asperities in the contact area, protected by the adsorbed lubricant
molecules and/or a thin oxide layer, whereas at high speeds, the surface asperities are
completely separated by a lubricant film. [7]

Temperature: Lubricants have a range of temperatures over which they are operational.
Lubricants are chosen depending upon the application temperature, for example, aviation
greases are expected to operate at the temperatures encountered by some of the high altitude
military aircraft which range from -75C to +200C. [8]

Load: At very light loading conditions, the effect from frictional torque sets in and a lubricant must
be selected such that the fluid friction is minimized while still providing protection from solid
friction. On the other hand, at high loading conditions, suitable additives must be used to protect
the surfaces from pitting and extreme wear.

Operating environment: Depending on the environment (whether it contains moisture, vacuum,

dust, chemicals or vapor)in which the tribological system operates, suitable lubricants must be
chosen. For instance, if the environment includes moisture or water, the lubricant must provide
good anti-corrosion properties and resistance to water contamination as well. [7]

Thus, proper selection of a lubricant for a given application calls for a thorough analysis
of the tribological system. According to economists, in the U.S.A. it has been estimated that about
11% of total annual energy can be saved in the four major areas of transportation, turbo
machinery, power generation and industrial processes through progress in tribology [8]. The
purpose of tribology is either to find the appropriate film material for any given application or to
predict the order of the events when a sliding/rolling/impacting contact is left to generate its own

intervening film.



2.1.1 Friction

Friction is the resistance to motion between two solid bodies in direct or indirect surface
contact when they are made to slide relative to one another. In machinery, friction converts part of
the useful energy to heat and thus decreases the overall efficiency of the machine. Szeri [8]
points out that about 30% of the power in an automobile is wasted through friction. Overcoming
friction and mitigating the damage caused due to friction which may be wear or seizure of
machine components or surface damage due to frictional heating are the challenges that need to
be overcome by scientists and engineers.

2.1.1.1 Laws of friction

The two basic laws of friction are:

» Friction is proportional to the normal force between surfaces
» Friction is independent of the (apparent) area of contact

2.1.1.2 Adhesion theory of Friction

On a microscopic scale, the smoothest of the surfaces appear rough and show “peaks”
and “valleys” on highly magnifying the surface. When two solid bodies are placed over each other
only the tips of the “peaks” of the asperities come in contact. On increasing the normal load
slowly, elastic deformation of the asperity riding on the flat surface occurs.

On increasing the load, the pressure at the contact point also increases till the elastic limit
of one of the materials is reached and plastic flow starts. Thus, the asperities would undergo
plastic deformation at significantly small loads till the area of contact is sufficient enough to
support the load.

Since the tips of the asperities are points where the surfaces make contact, the pressures
are very high. Such high pressures cause the asperities to weld. As the surfaces slide over each
other, the welded junctions are sheared.

Let S be the shear strength of the material and A the area of real contact. The shear

force can then be written as A*S. The coefficient of friction then can be written as:
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The coefficient of friction is an empirical property of the contacting materials. For surfaces
at rest relative to each other, frictional force is equal to the force that would be needed to prevent
motion between two surfaces. The coefficient of friction is then called coefficient of static friction.
For surfaces in relative motion, the frictional force on each surface is exerted in the direction
opposite to its motion relative to the other surface. The coefficient of friction in this case is known
as the coefficient of kinetic friction. Friction can manifest itself as rolling friction (as found in ball
bearings, roller bearings), sliding friction where any two plain surfaces move relative to each other
as in an internal combustion engine where the piston rings slide against the cylinder walls
creating sliding friction. During sliding of two surfaces over one another, a phenomenon called
“Stick-slip” also occurs. [9] To the naked eye, the motion of the sliding objects appears steady. In
reality, this motion is intermittent or jerky as the two interacting surfaces slow down when the
shearing of the asperities at the area of contact occurs after which they accelerate. This process
is repetitive when the surfaces are in sliding motion relative to each other and the coefficient of
kinetic friction is less than the coefficient of static friction. The surfaces stick till the sliding force
reaches the value of the static friction and the surfaces will slip over one another with a small
value of kinetic friction till the two surfaces stick again. [10] This process is responsible for the
squeaking or chattering sometimes heard in machinery. This phenomenon can be observed
between the bearing liner and the shaft at slow speeds or light loads where the interface wavers

between static and kinetic coefficients of friction. [11]

2.1.2 Wear
Wear is usually associated with the loss of material from contacting bodies in relative
motion. Wear occurring in engineering practice can be divided into four broad categories:
Adhesive Wear is the transfer of material from one interface to another and is associated with the
formation of adhesive junctions at the interface. It occurs under conditions of high loads,

temperatures or pressures causing the asperities on the contacting surfaces, in relative motion, to
9



spot-weld together then immediately tear apart, shearing the material in small discrete areas.
Normal break-in is a form of mild adhesive wear, scuffing refers to moderate adhesive wear
whereas galling, smearing and seizing result from severe adhesion. Adhesion can be prevented
by applying lower loads, avoiding shock-loading and using extreme-pressure (EP) and anti-wear
(AW) additives, if needed, to reduce damage.

Abrasive wear is the most common type of wear occurring in lubricated machinery. It arises when
two contacting surfaces are in direct physical contact, and one of them is significantly harder than
the other. There are two modes of abrasive wear: Three-body abrasion occurs when the grits are
free to roll and slide over the surface since they are not constrained, whereas in two-body
abrasion, when the hard asperities or rigidly-held grits pass over the surface like a cutting tool.
Corrosive wear is caused by a chemical reaction between the worn material and a corroding
medium which may be a chemical reagent, reactive lubricant or air. Initially, the surfaces in
contact react with the environment, creating reaction products that are deposited on the surface,
thus slowing down further corrosion. If crack formation and abrasion occurs, the reaction products
are removed and promoting corrosive wear.

Fatigue wear: Load-carrying nonconforming contacts, called Hertzian contact, are sites of relative
motion that consists of varying degrees of pure rolling and sliding. The failure is attributed to
multiple reversals of contact stress field and thus classified as fatigue failure. Fatigue wear is
usually associated with rolling contacts, as in bearings, because of the cyclic nature of the load.
Sliding surfaces are more prone to adhesive wear and occurs sufficiently rapidly such that there

is little time for fatigue wear to occur.

2.1.3 Lubrication
Reducing friction, wear, and the occurrence of seizure by providing a suitable lubricant
between the two surfaces in relative motion is called Lubrication. Lubricants have been a part of
everyday existence from the time humans first built and moved objects. As Da Vinci observed

more than 400 years ago, “All things and everything whatsoever, however thin it be, when
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interposed in the middle between two objects that rub together lighten the difficulty of this
friction"[8]. Archaeological records show that the early Egyptians, Greeks and Romans were
aware of lubricants and used them in building programs and on vehicles. A mural painted on the
wall of a grotto at El Bershek (ca.1900 B.C.) depicts a sledge, carrying the colossus, being
lubricated by oil that is poured on its path. A chariot dating from about 1400 B.C was found with
some of the original grease on its axle in the tomb of Yuca and Thuiu [3]. Leonardo Da Vinci
commented on and developed some friction laws, but it was only in the 1700 that a rise in the
interest in lubricants was seen as machinery began to be developed [3]. The naturally available
fats, oils and waxes were used. In retrospect, the development of lubricants was caused by the
industrial revolution, the automotive industry, World War Il, the space race and most recently, the
influence of federal regulations. Under these influences, lubricants progressed from natural fats
and oils to petroleum, then to synthetics, then to solids and gases. This development has been
almost exponential because the truly scientific understanding of lubricants and friction dates only
from about 1940 [3].

2.1.3.1 Stribeck Curve

The friction and wear mechanisms discussed so far are based on the physical
interactions between two surfaces moving relative to each other. A lubricant is used for reducing
the friction and wear, providing smooth running surfaces and a satisfactory life for machine
elements. The physical and chemical interactions between the lubricant and the lubricating
surfaces must be understood in order to provide the machine elements with satisfactory life. The
Stribeck curve was named after Richard Stribeck (1861-1950) and provides the frictional behavior
of different lubrication regimes, depending on the geometry, the properties of the lubricant and
the operating conditions.

» Hydrodynamic and elastohydrodynamic lubrication (h>>g)
» Mixed lubrication (h~ o)

» Boundary lubrication (h<< o)

11
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Figure 2.2 Stribeck curve

In the above expressions, h is the thickness of lubricant film, and o is composite root
mean square (rms) surface roughness of the mating surfaces, that is,

o= (0_12+ 0_22)1/2

where o, and 0, are the surface roughness of the two mating surfaces respectively.
Considering the lubricant film thickness in relation to the surface roughness, a relationship called
specific film thickness A is obtained, which is defined as

A= hyino™

where hy,, is the minimum film thickness. Typical values of h,,, A and f are shown in the

table. [12]
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Table 2.1 Showing the properties of lubricant films under different lubrication regimes

Mechanisms of Lubricant film properties
lubrication Lubricant film | Specific film | Coefficient of friction,
thickness, hy,, (M) thickness, A v

Boundary Lubrication 0.005-0.1 <<1 0.03-1
Mixed lubrication 0.01-1 1-3 0.02-0.15
Elastohydrodynamic 0.01-10 3-10 0.01-0.1
Lubrication

Hydrodynamic 1-100 6-100 0.001-0.01
Lubrication

The differentiation of various lubrication modes is done through the Stribeck curve which
illustrates the change in the coefficient of friction as a function of the lubrication parameter nvP,
where n is the dynamic viscosity, V is the sliding speed, and P is the pressure.

The coefficient of friction varies with the operating conditions. The vertical axis indicates
the coefficient of friction f=F/P and the horizontal axis, the bearing number nVP™*. The minimum
value of f is very small and usually of the order of 0.001. There are three distinct zones in the
graph, separated by the points A and B. At B, the frictional coefficient is at its minimum and the oil
film is thick enough to ensure that there is no contact between asperities. In zone 3, to the right of
B, the oil film thickness increases with increase in viscosity and speed and decrease in pressure.
The different lubrication zones have an important influence on wear and are discussed separately
as below.

2.1.3.2 Hydrodynamic Lubrication

Hydrodynamic lubrication is based on the formation of a sufficiently thick lubricant film

between the two surfaces in relative motion, such that the two surfaces do not contact each other
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directly and wear hardly occurs (Figure 2.4). This type of lubrication is characterized by conformal
surfaces. Conformal surfaces are those surfaces that fit snugly into each other with a high degree
of geometrical conformity so that the load is carried over a relatively large area [13]. Lubricant film
thickness depends on the speed of the surfaces is relative motion and the lubricant (oil) viscosity.
The viscosity is the only property of the lubricant which is important in hydrodynamic lubrication.
Thus, higher speed gives better lubrication and very low speed may cause lubrication failure.

Hydrodynamic lubrication is also referred to as “Ideal state of lubrication” in that friction is
lower and wear hardly occur. The lubricant film thickness should be greater than the sum of
asperity heights to ensure no contact between asperities of the two contacting surfaces.
Although, technically, hydrodynamic lubrication refers to a type of lubrication by liquid, it can also
be applied to lubrication by gases, provided that the load and speed conditions are suitable for
the low viscosity of gases. However, elastohydrodynamic lubrication cannot be obtained with
gases.

2.1.3.3 Elastohydrodynamic Lubrication

Elastohydrodynamic lubrication applies to hydrodynamic conditions where surface
deformation is comparable with the hydrodynamic film thickness and surface deformation affects
the hydrodynamic behavior of the interface. The fundamental characteristic of this type of
lubrication is that heavy load causes deformation of the mating surfaces, which provides a
coherent film and avoids asperity interaction. Under the high pressures generated, the lubricant
properties are markedly different from those of the bulk. In particular, an enormous increase in
viscosity may occur.

2.1.3.4 Boundary Lubrication

In boundary lubrication, the contacting solid surfaces move so close to each other that
there is a considerable asperity interaction. A thin film of lubricant is adsorbed to the solid surface

and the lubrication mechanisms are usually controlled by additives present in the lubricant. The
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operating principle of boundary lubrication can be illustrated by considering the coefficient of
friction (f):

f=FW

where F= frictional force and W = load applied normal to the surface. Since the
contacting surfaces are covered by asperities, ‘dry’ contact is established between the individual
asperities and the ‘true’ total contact area is the sum of the individual contact areas between the
asperities. If we assume that friction is due to the adhesion between asperities, then

F=A

Where A; is the true contact area [mz] and T1 is the effective shear stress of the material

[Pa].

The applied load can then be expressed as:

W= AP,

Where is the P, plastic flow stress of the material (close to the indentation hardness
value) [Pa].

Thus, f=1/P,
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Figure 2.3 Bar-chart showing the values of coefficient of friction in the different lubrication
regimes [7]

It is evident from the above equation that a low value of friction coefficient can be
obtained if a material of low shear strength and high hardness is chosen, which seems to be an
impossible proposition. However, if a low shear strength layer is formed on a hard substrate, low
friction coefficient values can be achieved. Thus, the fundamental principles behind boundary

lubrication involve the formation of low shear strength lubricating layers on hard substrates.
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Elastic ancl Plastic Deformations Elastic Deformation MNegligible Deformation

Figure 2.4 Schematic comparison of different lubrication regimes [2]
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2.1.4 Lubricants

A lubricant is defined as a substance which reduces the friction when introduced between

two surfaces. Apart from controlling wear and providing low frictional coefficient, a lubricant may

perform some or all of the functions listed below:

1.

2.

7.

It reduces the maintenance or running cost of the machine.

It reduces unsmooth relative motion of the moving surfaces.

It reduces the loss of energy in the form of heat, thus acting as a coolant.

It reduces waste of energy, so that the efficiency of the machine is increased.

It reduces surface deformation, as the direct contact between the moving surfaces is
avoided.

It sometimes, acts as a seal, preventing the entry of dust and moisture between the
moving surfaces.

It minimizes corrosion.

Lubricants are divided into four basic classes:

2.1.4.1 Oils: A general term to cover all liquid lubricants. Liquid lubricants reduce friction

and wear between two moving surfaces by providing a continuous fluid film between the surfaces.

They are further sub-classified as:

1.

Animal and vegetable oils: These are glycosides of higher fatty acids. These have
very good oiliness but are costly and oxidize easily.

Petroleum or mineral oils: They are obtained by fractional distillation of crude
petroleum oils and have hydrocarbon chain length varying from Cj, to Cso. They are
the most commonly used lubricants. To improve the characteristics of oils, additives
specific to the application of the machinery are added, thus giving the desired
lubricating properties. There are three basic forms of mineral oil:

Paraffinic oil: As the name suggests, paraffinic implies straight chain hydrocarbons.

Naphthenic means cyclic carbon molecules with no unsaturated bonds.
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c. Aromatic oils contain benzene type compounds.

3. Synthetic lubricants were developed to address severe operating conditions, such as
those existing in aircraft engines. They are operable in temperature ranges of -50C-
+250%; since mineral oils oxidize at high temperatures while at low temperatures
wax separation will occur. Examples of synthetic lubricants include polyglycol ethers,
fluoro and chloro-hydrocarbons, organophosphates and silicones.

4. Greases: Grease is a semi-solid lubricant obtained by thickening liquid lubricating oil
through the addition of a thickening agent (soap).

5. Solid lubricants: Solid lubricants are useful in conditions where conventional
lubricants cannot be used. Graphite and molybdenum disulfide are the predominant
materials used as solid lubricants. As dry powders, these materials make effective
lubricant additives due to their lamellar structure, which orient themselves parallel to
the surface in the direction of motion. Other materials that are used as solid
lubricants are polytetrafluoroethylene (PTFE), talc, calcium fluoride and tungsten
disulfide.

6. Gases: The gas usually used in gas bearings is air, but any gas which does not
attack the bearings or itself decompose, can be used.

The broad properties of these four classes of lubricants are list in the table given below:
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Table 2.2 Properties of basic lubricant types [2]

Fubwivens property 93 Grease Dry Wbriceat Gy

1. Hydrodynamic lubricanon Excellent Far MNil Crownd

2. Boundary lubrication Poor 1o excellent Good 1y excellent Good o excellent Usually poor

3. Cooling Very good Poor Nil Fair

4. Low friction Fair v good Fair Puor to good Fxcellent

5. Lase of feed to bearing Crood Fair Poor Grovind

6. Ability 1o remain in hearing Poor Grood Very good Very poor

7. Ability to seal out cantaminant Pooir Very good Fair o> gond Very poor

8. Prowection against atmospheric Fair to excellent Giood tor excellent Poor 1o fair Boor 1o good

CONTENLON

9. Temperalure range Fair to excelicnt Good Good to excellent Excellent
1k Yalaility Very high to low Generally low Low Very high
11, Flammability Very high to very low Generally low Generally low Unlimited varialion
12, Compatibility Very bad to goad Liair ta pood Cxcellent Generally good
13, Cost of lubricant Low to very high Fairly high to very high  Farrly high Generally very low
14, Complexity <@ bearing design Fairly low Iairly low Low to high Yeory high
15 Life determined by Dietericration and Deterioration Wear Ability to muintain

contamination

zas supply

INCREASING SPEED

"'

SOLID LUBRICANT

GREASE

HIGH VISCOSITY OIL

LOW VISCOSITY OIL

GAS

INCREASING LLOAD

Figure 2.5 Effect of speed and load on choice of lubricant [5]
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2.2 GREASES

After gaining an insight into the various aspects of lubrication and tribology, we now focus
on the theories and principles of greases and the research conducted towards the development
of a high-performance, universal grease with chemistries incorporating suitable additives.

The American Society for Testing of Materials defines a lubricating grease as follows:

“A solid to semi-fluid product of dispersion of a thickening agent in liquid lubricant. Other

ingredients imparting special properties may be included” (ASTM D 288, Standard Definition of

Terms relating to Petroleum). [14]

2.2.1 Components of grease

Greases always contain three basic active ingredients: a base mineral or synthetic oil,
additives and thickener. It may be said that greases, in general, contain 65-95% w/w base oils,
from 5-35% w/w thickeners and from 0-10% w/w additives. [15]

2.2.1.1 Base Oils

Mineral oils are most often used as the base stock in grease formulation. About 99% of
the greases are made with mineral oils. The oil in a grease is constrained by minute thickener
fibres. Since the oil is constrained and unable to flow it provides semi-permanent lubrication.
Naphthenic oils are most popular since they maintain their liquid phase at low temperatures and
easily combine with soaps. Paraffinic oils are poorer solvents for many additives used in greases.
However, they are more stable than naphthenic oils and less likely to react during grease
formulation. Synthetic oils are used for greases which are expected to operate under extreme
conditions for applications like high performance aircrafts, missiles and in space. Vegetable oils
are used in applications in food and pharmaceutical industries.

2.2.1.2 Thickener

The thickener used in greases determines the characteristics of greases. Depending on
the fundamental types of thickeners, commercial greases can be categorized into two primary

classes: soap and non-soap based. In soap-based greases, the principal thickeners used are
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metallic soaps which consist of long-chain fatty acid and alkali. The reaction between the fatty
acid and alkali causes the metal to be incorporated in to the carbon chain, making the resultant
molecule polar and a soft, fiborous matrix of interlocking particles results. This interlocking
structure forms tiny pockets, entrapping the oil. Soap thickeners provide consistency to the
grease, and influence the flow of greases, shape change and lifetime as the greases are
mechanically worked and at extreme temperatures. Soaps such as calcium, sodium aluminum,
lithium, clay are currently used. Soaps of other metals have not gained acceptance commercially
due to cost, health and safety issues, environmental concerns, or performance problems.
Complex grease is similar to a regular grease except that the thickener contains two dissimilar
fatty acids, one of which is a complexing agent. This imparts good high temperature
characteristics to the final product.

Non-soap type thickeners are used in certain greases to obtain some desirable
properties. The thickeners exist as very fine powders that have enough porosity and surface area
to absorb oil. The thickeners could be organic, inorganic or synthetic. The most commonly used

are silica and bentonite clays.

2.2.2 Basic Performance Requirements of greases

As Boner [16] in his book suggests, “Greases are most often used instead of fluids where
a lubricant is required to maintain its original position in a mechanism, especially where
opportunities for frequent relubrication may be limited or economically unjustifiable. This
requirement may be due to the physical configuration of the mechanism, the type of motion, the
type of sealing, or to the need for the lubricant to perform all or part of any sealing function in the
prevention of lubricant loss or the entrance of contaminants. Because of their essentially solid
nature, greases do not perform the cleaning and cooling functions associated with the use of a
fluid lubricant. With these exceptions, greases are expected to accomplish all other functions of
fluid lubricants.”

Greases are expected to perform the following functions:
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8.

Reduce friction by providing adequate lubrication and preventing wear of contacting
surfaces

Corrosion and rust protection

Act as a sealant to prevent entry of dirt and water

Resist leakage, dripping, or undesirable throw-off from the lubricated surfaces

Retain its consistency or structure when mechanically worked for prolonged duration
Not stiffen excessively to cause undue resistance to motion in cold environments

Be compatible with materials of construction in the lubricated portion of the
mechanism

Tolerant to some level of contamination, without losing significant characteristics

The disadvantages associated with greases are as follows (as reported by McCarthy

[17]):

Lack of stability in storage
Due to its consistency, grease cannot dissipate heat by convection like a circulating
oil

Less oxidation resistant, either in storage or in use

2.2.3 Types of base greases

Animal fats and vegetable oils are esters, theoretically formed by reaction between

glycerol and long-chain fatty acids. On heating them with alkali, they break-down to give free

glycerol and a mixture of alkali metal salts of the various fatty acids present. This process of

saponification (which simply means conversion into soap) involves the trading of the metal in the

alkali with the acid hydrogen atom that is attached to an oxygen atom on the end carboxyl group.

The soap thus formed supplies the fiber structure giving the grease its semi-solid consistency and

it is found that non-soap thickeners, which are not fibrous in shape, must often be used at higher

concentrations than soaps in order to give the same degree of thickening.
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In the manufacture of soap-based greases, the fat or fatty acid is dispersed in a small
quantity of hot base oil, and the alkali is added to saponify it. Thus saponification helps to
disperse the resulting soap in the oil. After the addition of base oil and additives, the grease is
subjected to milling operation to give a smoother consistency before packaging.

The factors influencing the characteristics of greases are as follows: [15]

1. Metal atom in the soap

2. Fats from which soap is made

3. Percentage of soap used

4. Physical characteristics of fluid phase

5. Manufacturing techniques

6. Chemical additives

Table 2.3 Performance of petroleum oil lubricating greases

Thickener [ Maximum |Fumpabili| Water | Worked | Senice
usahle |ty at 0°C | resistanc | stability life
Temperat B8
ure (°C)
Soap
hase
Alurminurm a0 F F F 5
Barium 177 F G & D
Calcium a0 G-F G F D
Calcium 121 F G F D
complex
Lithium 149 G-F G E-F MD-LG
Sodium 121 &-P F E-F MD-LG
Sodium- 121 G-F F-F E-F MD-LG
calcium
Mon soap
base
Bentone 121 G-F G-F F MOD-5
Silica 121 G-F G-F F Mo
Crganic 149 s-F G & MD-LG

low; H, high; and LG, long
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A “complexing agent” made from a salt of the named metal is the additional ingredient in
forming a complex grease. The dropping point of a complex grease is at least 38 higher than
its normal soap-thickened counterpart, with maximum usable temperature around 177 (350F).
A complex soap is formed by the reaction of a fatty acid and alkali to form soap, and
simultaneous reaction of the alkali with a short-chain organic (acetic or lactic acids) or inorganic

acid (carbonates or chlorides) to form a metallic salt (complexing agent).

2.2.4 Characteristics of greases

1. Consistency: It is a measure of the relative hardness or softness and may indicate
something of flow and dispensing properties. Consistency is measured in terms of
penetration and is the resistance to deformation by an applied force. Higher penetrations
are indicative of softer greases. The National Lubricating Grease Institute (NLGI) has
standardized the numerical scale for classifying the consistency of greases. The NLGI
grades and the corresponding penetrations are shown in the following table:

Table 2.4 NLGI Consistency Classification

ASTIV
MLGI Waorked
Consistency [Penetration
Mumber at 25°C

0 445475
400-430
355-385
310-340
265-295
220-250
175-204
130-160
085-114

[op I N I PR R Y LN ) N Y o
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Apparent viscosity: Newtonian fluids are defined as materials for which the shear
rate (or flow rate) is proportional to the applied shear stress (or pressure) at any
given temperature. In other words, the viscosity, defined as the ratio of shear stress
to shear rate, is constant. Grease, on the other hand, is a non-newtonian material
that does not flow till a shear stress exceeding a yield point is applied. The viscosity
so observed is called apparent viscosity, and it varies both with temperature and
shear rate.

Dropping point: It is the temperature at which a drop of material falls from the orifice
of a test cup under prescribed test conditions. It indicates the upper temperature at
which the grease can hold its structure and hence indicative of the heat resistance
of grease.

Pumpability and slumpability: Pumpability is the ability of a grease to be pumped or
pushed through a system, whereas slumpability, or feedability is its ability to be
drawn or sucked into a pump.

Shearing: Slipping or sliding of one part of a substance relative to an adjacent part.
Shear stability: The ability of a lubricating grease to resist changes in the
consistency during mechanical working. A grease that softens when it is worked is

called thixotropic. Greases that harden when worked are called rheopectic.

2.2.5 Lithium-base greases

The National Lubricating Grease Institute (NLGI) Production Survey [16] gives the

proportion of lithium-base greases manufactured in U.S. as about 50 per cent of the market. Most

of these greases are lithium soaps of 12-hydroxy acid or glyceride either alone or in combination

with other fatty acids or glycerides. Lithium-complex greases differ from lithium-soap greases in

that the former is thermally more stable, having a dropping point of 260C (500F). They are

buttery in texture and can be used at temperatures of about 135C (275F). It has good shear

stability and a relatively low coefficient of friction, which permits higher machine operating
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speeds. Pumpability and resistance to oil separation are good to excellent. Anti-oxidants and
extreme pressure additives are also responsive in lithium greases. These greases hold the
highest value as true multipurpose grease at a reasonably inexpensive cost. They are extensively
used as multi-purpose automotive greases and in major industrial applications. Probably the
greatest value of this type of lubricant is that it permits simplification of lubrication in that a single
grease may serve for every need of many manufacturing plants or construction projects. Also, a
recent English article [18] states that: “Certainly the advent of lithium based greases has enabled
the operating speeds of grease lubricated bearings to be increased in the last few years”. Thus,
this type of lubricants, namely lithium base greases, with such desirable characteristics are truly

modern, multipurpose greases.

2.2.6 Additives
Some additives influence the physical characteristics of the lubricant and with the others
the action is of chemical nature. Kalil [16] tabulated seventeen different types of additives and the

additives that are of most interest to grease compounders are tabulated as below:
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Table 2.5 Functions of different additives [63]

Antiwear Bedoce fnction | Zinc dithiophosphates, Chemical reaction with
and EP and wear and organic phosphates, acid metal surface to form a
Agent prevent sconing phesphates, organic sulfur | film with lower shear
and serzure and chlorine compounds, | strength than the metal,
sulfurized fats. sulfides and | thereby preventing
disulfides metal-to-metal contact
Comrosion  |Prevent comosien | Zine dithiophosphates, Preferentizl adsorption
and Pust and msting of metal phenolates, basic of polar constiheent on
Tnhibitor metal parts in metal sulfonates, fatty acids | metal surface to provide
contact with the  |and amines protective film, or
lubricant neutralize corrosive
acids
Detergent | Eeep surfaces free | Metallo-orgamc Chemical reaction with
of deposits compounds of sodinm, sludge and vamish
caleium and magnesium precursers to neutalize
phenolates, phosphonates | them and keep them
and sulfoenates soluble
Dispersant  |Keep insoluble Alkylsuccinimides, Contaminants are
contaminants alkylsuccinic esters, and bonded by polar
dispersed in the mammich reaction products | attraction to dispersant
lubricant molecules, prevented
from agglomerating and
kept 1n suspension due
to solubility of
dispersant
Antioxidant |Fetard exidative |Zinc dithiopheosphates, Decompose peroxides
decomposiion hindered phenols, aromatic |and terminate free-
amines, sulfurized phenols | radical reachions
Frichon Alter coefficient | Organic fatiy acids and Preferentizl adsorption
Modifier of fiction amides, lard oil, high of surface-active
molecular weight crganic | matenals
phesphorus and phosphenc
acid esters

2.2.6.1 Choice of lubricating additives

1. From a commercial standpoint, those additives that are most economical and
effective should be used.
2. Additives should be stable under the maximum conditions to which the lubricants, of

which they are a part, may be subjected.
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3. Additives should be compatible with other ingredients of the lubricant as well as with

the materials with which the grease comes in contact

4. Grease additives which might be toxic or combinations which might lead to

undesirable products when heated, should be eliminated.

Many grease manufacturers of lubricating greases aim to reach an optimum proportion of
desirable additive agents to achieve a given purpose. As a general approach, 0.3 — 1percent of
oxidation inhibitors, 1 to 3 percent rust inhibitors, 0.3 to 2 percent structure modifiers, 2 to 10
percent of load-carrying or anti-wear additives and 0.05 to 0.25 percent of copper corrosion
inhibitors, may be added to the lubricating greases.

2.2.6.2 Antiwear (AW) and Extreme Pressure (EP) Additives

When two contacting parts of machinery start to move and the hydrodynamic lubrication
has not yet been built up or in conditions of severe stress and strong forces the lubricating system
runs in the regime of mixed friction. To prevent the welding or seizure of the moving parts and
reduce wear, extreme pressure and antiwear additives are used. These additives have polar
structure and by the process of chemisorption or adsorption form layers on the metal surface
during conditions of mixed friction. In the event when the hydrodynamic lubricating film is not yet
or no longer present, the increase in the temperature cause the AW and EP additives to react
with the metal surface forming tribochemical layers (iron phosphides, sulfides, sulfates, oxides
and carbides- depending on the additive chemistry), preventing direct contact between sliding
metals. These reaction layers cause the asperities to plastically deform, thus smoothening the
asperities on the metal surface. Wear that could occur due to microwelding is reduced and real
welding of the moving parts under extreme conditions is avoided. AW additives are designed to
reduce wear under moderate stress conditions whereas EP additives are much more reactive and
are used under high stress conditions to prevent welding of moving parts.

The thin mono-molecular layers of physically adsorbed polar substances like fatty oils,

fatty acids and other or tribochemical friction-reducing reaction layers exhibit only poor or
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moderate high pressure properties and exhibit lower friction behavior as compared to AW and EP
additives. Such additives are called friction modifiers. They are generally regarded as mild AW or
EP additives that work at moderate temperatures and loads in the area of starting mixed friction.
[19]

2.2.6.3 Sulfur Carriers

Rossrucker and Fessenbecker [20] describe sulfur carriers as “A class of organic
compounds where the sulfur atom is bound either to a hydrocarbon or to another sulfur atom; that
do not contain other hetero atoms except oxygen and are produced by adding sulfur to all kinds
of unsaturated, double-bond containing compounds such as olefins, natural esters and fatty
acids”. Sulfur-containing additives are used to provide protection against high-pressure, metal-to-
metal contacts in boundary lubrication. The magnitude of EP activity is dependent on the sulfur
content in the additive, meaning that high sulfur-containing additives are more effective EP
agents than the lower-sulfur containing ones. However, there is a limit to the amount of sulfur that
an additive can contain and must be balanced against the requirements of thermal stability and
noncorrosiveness towards copper-containing alloys. As general as it may seem, any compound
that can breakdown and allow for a free sulfur valence to combine with iron can serve as an
antiwear and EP additive. Sulfur additives are probably the earliest known and widely used EP
compounds in lubricants.

The mechanism of sulfur carriers under EP conditions begins with physical adsorption
followed by chemisorption and finally cleavage of sulfur and its reaction with the metal surface.

This reaction occurs generally at 600C [19].
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Figure 2.6 Mechanism of sulfur carriers under extreme pressure conditions [20]

The additive structure is dependent on the raw material and sulfurization method. In
principle, any single or multi-double-bond-containing molecule may be sulfurized. The choice of
the raw material depends on the price and performance benefits. The organic portion determines
the polarity and hence the affinity of the product on the metal surface. EP performance improves
with increasing polarity. Straight sulfurized olefins are unpolar and show relatively poor affinity to
metal surfaces. The polarity increases in the order as:

Olefin< Ester < Triglyceride

The polarity and grade of polymerization determine the solubility of the sulfur carriers. As
polarity increases, the solubility decreases from olefins to triglycerides. In general, sulfurized
olefins have excellent solubility in solvents and all mineral oils. The viscosity of the additives
increases as the degree of polymerization, hence molecular weight, increases. Sulfur carriers
based on low-boiling olefins are applicable to closed lubricated systems due to the foul smell
generated as a result of volatilization of the decomposition products.

There are two types of sulfur carriers: active and inactive. The inactive carriers with
predominantly disulfide bridges possess relatively stable C-S bonds which react only at elevated
temperatures. They need high temperatures to set the sulfur free and provide EP protection and
to some extent antiwear properties. Inactive sulfurized additives are very stable and do not
corrode copper. The active forms, on the other hand, contain 3 or 5 disulfide bridges and are
much more reactive as the sulfur can be made available at relatively low temperatures from the

labile polysulfide bridges. Being highly reactive with non-ferrous metals, they are not used for
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machining of the non-ferrous metals when they are used in an engine or other aggregates.
“Active sulfur carriers prove to be excellent EP additives that prevent welding by a kind of
controlled wear when the slideable reaction layers are removed continuously under severe loads”
[19]. Active sulfur carriers also exhibit good antiwear properties.

2.2.6.4 Phosphorus Additives

Phosphorus-containing additives provide protection against moderate to high pressure,
metal-to-metal contacts in boundary lubrication and Elastohydrodynamic lubrication. As against
sulfur additives, phosphorus additives have good corrosion control. Phosphorus additives cannot
replace the sulfur additives since the mechanism involved in the film formation rates and film
strengths are different. The suggested mechanisms of action of phosphorus antiwear additives
involve smoothing of rubbing surfaces, formation of thin, low friction layer and formation of a thick
polymeric separating layer.

The principal types of phosphorus that find commercial use are the neutral and acid
phosphates, phosphites, and phosphonates, and amine salts of the acids. There are also ashless
compounds where sulfur or chlorine has been incorporated into the molecule as in
thiophosphates and chlorinated phosphates.

Typically, phosphorus additives are extremely effective in applications with slow sliding
speeds and high surface roughness.

2.2.6.5 Sulfur-Phosphorus additives

These additives provide protection against moderate to high-pressure, metal to metal
contact under boundary lubrication and elasto-hydrodynamic lubrication. The common S/P
additives available in the market are based on chemistries of dithiophosphates, thiophosphates,
and phosphorothioates. S/P additives with metals, like Zinc Dithiophosphates (ZnDTP) are the
most important antiwear/EP additives that find use in engine oils. The ashless classes are used
less extensively.

1. Zinc DialkyldithioPhosphate (ZDDP)
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ZDDP’s have been in use for over 5 decades in the lubricant industry as low-cost,
multifunctional additives in engine oils, transmission fluids, gear oils, greases and other lubricant
applications. This compound functions both as an outstanding antiwear agent, a mild EP agent,
and an effective oxidation and corrosion inhibitor, all at a cost lower than alternate chemistries
available in the market. Companies like ExxonMobil Corporation, Chevron Corporation, Ethyl
Corporation, Lubrizol Corporation, and others still manufacture ZDDP. [20] ZDDP serves as an
anti-wear agent by decomposition into products that are adsorbed on the iron surface, and
supplying antiwear function. Spedding and Watkins [23] suggest that the ultimate decomposition
products formed as a result of decomposition of ZDDP, in terms of antiwear potency, are zinc
phosphate and a mixture of alkyl sulfides (H,S, RSH, RSSR, RSSSR).

The general formula of ZDDP is as below:[21]

R—— —R

\/\/\/
/\/\/\

R— —R
Figure 2.7 General structure of ZDDP

R in this figure represents the alkyl or the aryl groups. The types of alcohol used in the
manufacture of ZDDP determine the R groups and the chain length of the molecule. The thermal
stability and antiwear activity of ZDDP depends on the alkyl group structure; the increasing
effectiveness of antiwear activity is as below:

Secondary alkyl>primary alkyl>aryl [22]

There are three structural forms of ZDDP that have been reported:

Monomeric {Zn[PS,(OR),],}: Zinc atom is surrounded by four sulfur atoms arranged in a
distorted tetrahedron and all Zn-S distances are equivalent. Two planar our-membered rings are
formed between the sulfur atoms, zinc and two phosphorus atoms, which are perpendicular to
each other.

Dimer/Neutral {[Zn,(PS»(OR),]s}; Lawton and Kokotailo [23] suggested the dimeric form
of ZDDP wherein each Zinc is bound to two di-thiophosphate groups; one bonded wholly to a

Zinc and the other forms a bridge between two zinc dithiophosphate units. Neutral ZDDP can
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occur in two forms H-ZDDP or R-ZDDP; where the R generally is the n-butyl group that makes
the ZDDP more stable with larger charge separation.

Basic: Basic ZDDP, with the formula [(RO),PS,]¢Zn4O consists of a Zn,O core with four
zinc atoms in an almost perfect tetrahedral arrangement about a central oxygen atom.
Yamaguchi et al. [24] suggest that at elevated temperatures, basic ZDDP converts into neutral
ZDDP and ZnO.

2.2.6.6 Mechanism of Film formation

Till date, several mechanisms for the formation of ZDDP antiwear fiims have been
postulated; the two most accepted mechanisms being the thermal decomposition of ZDDP and
chemical reaction of the degradation products. [25] Willermet et al. have proposed a four-step
process describing the reaction mechanism of ZDDP from solution under mild wear conditions. It
proceeds as:

1. Adsorption of ZDDP on the metallic surfaces

2. Formation of phosphates and phosphorthionic species bound to the metallic surfaces

by reaction of ZDDP and the metallic surfaces

3. Formation of precursors of phosphate film from antioxidant reactions of ZDDP

4. Condensation of phosphates and phosphothionates species and termination by zinc-

containing compounds or other metals ions.

In contrast to Willermet et al., who suggest that short chain polyphosphates form first
followed by polymerization to long-chain polyphosphates [25], Yin et al. [26] suggest that the
long-chain polyphosphates are formed first, which then on extended rubbing form short-chain

polyphosphates on interaction with metal ions.

2.2.7 Solid Lubricants
Solid lubricants are considered as any solid material that can reduce friction and
mechanical interactions between surfaces in relative motion against the action of a load. They

offer alternatives for conditions where traditional liquid additives cannot perform efficiently as
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under high temperature conditions where the decomposition and oxidation of a liquid lubricant is
imminent and in conditions of high loads and contact stresses where lubricant starvation may
occur as a result of the squeeze out of the liquid lubricant. Solid lubricants can be used as dry film
or as additives in liquids or greases and thus are capable of providing enhanced lubrication in
many applications. The two solid lubricants used as a part of this research work are as discussed
below:

2.2.7.1 PTFE

PTFE or polytetrafluoroethylene has been used as a lubricant since the early1940s. It is
most well-known under the DuPont brand name Teflon. The polymer structure consists of
repeating chains of substituted ethylene with four fluorine atoms on each unit of ethylene, which

gives the molecule long, straight chains. The structure is as shown below:

.l
¢
F F

n
Figure 2.8 Structure of PTFE

PTFE exists as a white solid at room temperature and gains its properties from the
aggregate effect of carbon-fluorine bonds. PTFE has an outstandingly low coefficient of friction;
one of the smallest coefficients of static and dynamic friction than any other solid lubricant.
Values as low as 0.04 for sliding conditions have been reported for various combinations of PTFE
films on substrates [20]. It has high chemical stability and intermolecular bond strength. These
molecules orient themselves in a manner that facilitates easy sliding and slip such that when the
molecules slip along each other, rod-shaped macromolecules of PTFE result. It is chemically
inert, thus useful in cryogenic to moderate temperatures and in a variety of atmospheres and
environments. Due to the decomposition of the polymer, operating temperatures are limited to
260<T.

PTFE finds use in various bonded film lubrication at ambient temperatures, like fasteners,

chain lubrication and engine oil treatments. It is widely used as an additive in lubricating greases
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and oils for industrial and commercial applications. It is non-toxic and thus finds use in
pharmaceutical and food industries and as nonstick lubricant in domestic cooking utensils. [21]
2.2.7.2 MoS,

MoS, consists of a hexagonal layered structure like graphite that consists of planes of Mo
atoms alternating with the planes of S atoms. The forces holding the atoms together in each
group of S:Mo:S layers are relatively strong covalent bonds whereas the forces between the
adjacent planes of S atoms are relatively weak van der Waals types bond as a result of which the
adjacent planes of S can slide over each other and this is regarded to be responsible for the low
frictional resistance. At the same time, there exists resistance to penetration in a direction
perpendicular to the crystallite lamellae. Such a structure of MoS, provides for the anisotropic
shear properties with preferred planes for easy shear parallel to the basal plane of the crystallites.
As Bhushan [12] points out that graphite proves to be a poorer lubricant than MoS, since the
lubricating properties of graphite are dependent on the presence of water vapors and
hydrocarbons to lower the friction. PTFE does not perform as well under high loading conditions

because of its tendency to cold flow.
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~Strong bonds within the sulfur-molybdenum-
sulfur layers highly resist penetration by
surface osperities

358

LWeak bonds between the suifur-sulfur layers
dilow easy sliding of these layers over one
another resulting in low friction force

Figure 2.9 Lattice structure of molybdenum disulfide [20]

Incorporation of MoS, into greases is very common since oils and greases can be applied
to various sliding surfaces and can be used in centralized lubrication systems. Greases typically
contain 5 -10 percent MoS, and the concentration may go as high as 60 percent. Greases with 1
to 10 percent MoS, find use in automotive chassis lubrication. Trucks and buses use MoS,

greases on steering joints, fifth wheels, universal joints, etc.

2.2.8 Synergistic/antagonistic additive effects
Often combinations of two or more additives demonstrate enhanced performance over
that of the individual components and are used to tailor the properties of the lubricant to meet the

demands. This widespread use of additives has developed rapidly since over the past 70 years in
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response to the increase in power/weight ratios and the reliabilities expected from modern
engineering systems. Papcock et al. came out with simple definitions of ‘antagonism’ and
‘synergism’ [27]. According to them, “When the combined effect of two or more additives is higher
than could be expected from simple additivity, the phenomenon is called ‘synergism’. The least
active or inert component is called the ‘synergist’. The action opposite to synergism, when one

additive suppresses the activity of another, is called ‘antagonism™. Thus, interactions can occur
between additives of the same class, as between two antiwear additives, or between additives of

different classes like antiwear and EP additives.
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Figure 2.10 Direction of interaction between additives of different classes [28]
Spikes et al. [28] categorize the mechanism of interactions between lubricant additives in

four classes:
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2.2.8.1 Direct interactions in the liquid phase: These can be irreversible chemical
reactions or reversible interactions. In few cases, chemical reactions can either result in the
promotion of decomposition of one additive by another or inhibit the decomposition of one
species by another.

2.2.8.2 Direct interactions on the surface: Additive molecules may react together directly
at the metal surface or one additive may chemically react with the surface and the film formed
may interact with another additive. Apart from chemical interactions, physical bonding or complex
formation may also occur at surfaces.

2.2.8.3 Complementary and exclusory effects: These effects are not a result of direct
bonding, unlike the previous two. The simplest case would be a surface-active additive reacting
with the surface and masking it such that a second additive cannot react. Complementary,
synergistic action occurs where a given function can be produced by two different mechanisms.
Such synergy is seen in antiwear/EP additive mixtures, where a number of different protection
mechanisms are possible.

2.2.8.4 Graded response: This is not a true additive interaction and states that a mixture,
rather than a pure species, produces better performance as compared to concentrations of
individual components. Since a mixture can react over a range of conditions, it provides more
effective protection in most practical applications.

The interaction, its occurrence and magnitude, is very likely to be dependent on the base
grease, including base oil and thickener. Silverstein and Rudnick [20] in their chapter on
“Additives for Greases Application” show that when 3% MoS, is added to Lithium complex grease
the 4-ball Weld Load is 500kg and 4-Ball wear scar diameter is 0.72; as opposed to Aluminum
complex grease with 3%MoS, which gives a 4-Ball Weld Load of 400 kg and 4-Ball wear diameter

as 0.90.
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CHAPTER 3

PROCEDURAL PROTOCOL, EXPERIMENTAL SET-UP AND MATERIALS USED

The goal of the present study was to develop grease that exhibited superior antiwear and
extreme pressure properties under standard and varying test conditions. New grease chemistry
based on a synergistic interaction between a thiophosphate compound and fluoropolymer was
developed as well all plausible interactions of various sulfur and sulfur carriers additives
chemistries have been investigated. In this chapter, a review of the selected grease and the
additives has been extensively addressed in order to gain an insight into the mechanism of
antiwear and Extreme Pressure protection of metal surfaces in closed systems. It also discusses
the tribometer used and the procedures followed to run wear and EP tests.

3.1 Standard Testing Methods for greases

All greases, before they are put to use, need to pass tests specific to the applications with
minimum and/or maximum values of performance requirements. The National Lubricating Grease
Institute (NLGI) has developed the ASTM (American Society for Testing of Materials) standard
testing methods for greases to be tested for various characteristics. Continuous development is
being carried out in understanding the real-time application conditions and simulation of such
conditions in the test laboratories to produce results corresponding to the practical application

conditions. The standard test for different grease characteristics are as given in the below table:
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Table 3.1 ASTM Standards for grease testing [19]

ASTM NE. Title
1743 Ty Method for Derermining Covrosion Preventive Properties of
Lubricating Greases
FFear Prevenrive Characteristics of Lubwvicating Groase (Fowre Boll
D=2266 |
Meshod)
D250 Measrarement of Lawd Lil'ij.'.ug Capaeitny of Lubricating Grease
{Timbken)
3206 Measurement of Extreme Presswre Properiies of Lubricating (freaise
{Four Ball Method)
D=2619 IMidrodytic Sthility of Hvdraic Fluids (Beverage Borrle Method)
D-2625 Endurance (Wear) Life and Losd Carrping Capacity of Selid Fifm
Lubricanty
Method for Measuring Wear Properties of Fluid Ludricanss (Falex
D-2670
Method)
12714 Calilswarion & Operation of the Falex Block-Cin-Ring Friciion ard
Wear Testing
2782 Mieasrament of Exieeme Pressure Properties n,l"f.mbrf{nﬂ'ug Fluias
e (Tirrakin}
D 2783 Meanrement of Exvreme Pressore Propertics of Wubricasing Fldds
(Foner Bodl Method)
D-1981 Wizar Life of Sodid File Lubricants in Oscillaing Motion
3234 Megsurement of Extrene Pressure Proprerties of Fluid Labricandss
{Fadex Pird & Vee Black Metleads)
D333 Test Method for Life of Lubricating Greases in Boldl Bearings o
Elrverted Temperaiures
D3704 Test Meshod for Wear Preventive Propesties of Lubvéicating Greases
using ghe (Falex) Flock-COn-Ring Mackine in Oseildating Motion
D-4170 Test Method for Fresting Wear Provection by Lubricating (reases
D172 Test Method for Wear Preventive Chavracieristics of Lubricating
iy (Four Ball Methoa)
D-<48T1 Cnide for Universal Ovidation Thermad Stability Test ]
D-5183 Cooificient af Friction Lving a Four-Rall Wear Tow
D-5T04 Therma! Chidation Stability Tes

The Four-ball geometry was developed in 1933 and is one of the most widely used test
procedures. This instrument performs both wear preventive and Extreme Pressure analyses for
measuring the wear and frictional properties of lubricants under sliding-on-steel conditions. The

figure below shows the heart of the tester. Three ASTM standard designation D2266, chrome-

plated steel balls (Bearing-quality

Aircraft Grade E52100 of 0.5 inch steel balls are rigidly clamped into a cup and covered
with the test fluid. A fourth ball, in a chuck over the three bottom balls, makes point contact with

each of the other three. The temperature of the lubricant was maintained at 75C. During the test,

a load (40kg or 392N) is applied

3.2 Four-Ball Tester

between the top and bottom balls and the top ball is rotated at
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1200 RPM and duration of test is 1 hour. These conditions are as specified by the ASTM D2266
Wear test. After initial motion starts, the point contact develops into a load bearing area contact.
At the end of the test, the three balls are removed from the four-ball test machine and the width of
the wear scar on each ball is measured using a microscope. Because of its high unit loading, the
four-ball tester operates almost exclusively in the boundary lubrication regime. The ASTM D2266
standard allows for determination of wear-preventive characteristics of greases under the test
conditions and if the test conditions are changed the relative ratings may be different. Lubricants
are compared by using the average size of the scar diameters worn on the lower three clamped
balls.

The Four-ball also allows for the determination of load-carrying properties of lubricating
greases. With ASTM D2596, two determinations of Load Wear Index (an index of the ability of a
lubricant to prevent wear at applied loads) and Weld Point (the lowest applied load at which
sliding surfaces seize and then weld). For Weld Point determination, runs at consecutively higher
test loads, as given in the below table, are conducted till welding occurs, at which point the balls
are discarded. In event that welding does not occur, tests are repeated at next higher loads until
welding is verified.

Table 3.2 Total of Compensation Line corrected Loads

Last Man- Weld Load, kgf
Seizure
Load, kgf

800 G20 500 400 35 250 200 160 126 100 80
200 583 G393 F34 720 40 770
160 410 466 a1 247 7B 297 G615
126 2693 3528 3705 407 435 457 474 439
100 15587 2158 260.5 2967 3253 3469 3644 378 330
a0 7B 1277 172.4 2086 T 2532 B3 290 302 N
g3 561 100.8 137 1656 1871 2047 2188 230.4 239.3 2467
a0 447 809 1055 131 1456 1627 1743 1832 1906
40 362 648 864 1059 18 1296 1356 1459
32 BB 50.2 E7.¥ 818 934 102.4 o087
24 216 391 932 G4.8 73.8 g1.1
20 176 NG 432 022 295
16 141 87 346 42
13 ME 206 xra
10 9 16.3
g 7.4
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Figure 3.1 Schematic of Plint Four-ball machine at UTA

The wear and EP tests performed in this research work were on the Plint Four-Ball tester
(Model Number TE 92). This equipment consists of a bench-mounting test machine and control
interface. The user’s PC is installed with Phoenix Tribology COMPEND 2000 software. Below are
given the basic machine specifications:

Rotational Speed: 60 to 3,000 rpm

Motor Power: 1.44 kW

Motor Torque: 3.9 Nm

The load range depends on the type of test being performed.

The Four-ball tests have several advantages. It presents a favorable geometry for
boundary lubrication conditions. Test balls are relatively inexpensive, reproducible, and readily
available. High pressures of up to 800,000 psi can be obtained. Geometry is well-defined. Small
guantities of sample (15-20cc) are required for each test. A wide range of loads can be
investigated since the relative behavior of lubricants under high loads may be different from that

obtained at lower loads. The wear test results are reproducible.
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3.3 Chemistries used

3.3.1 Base grease

Texaco Marfak Multipurpose 2 grease is used as the base grease in the present study.
This grease is manufactured using highly refined base oils along with lithium 12-hydroxystearate
thickener, and rust and oxidation inhibitors. It delivers value through good water resistance,
corrosion protection, oxidation stability and simplified lubrication [29]. Few properties of this
grease are given in the table below.

Table 3.3 Typical test data for Texaco Marfak Multipurpose 2 grease [29]

NLGI Grade 2
CPS Number 220958
MSDS Number 8962
Operating Temperature, °C(°F)
Minimum?! -20(-29)
Maximum?2 121(230)
Penetration, at 25°C(77°F)

Worked 280
Worked (10000X), %Change 5
Dropping Point, °C(°F) 188(370)

Copper Corrosion 1B
Thickener, % 7.5

Type Lithium
Viscosity, Kinematic

cStat 40°C 220

cStat 100°C 18.1
Viscosity, Saybolt®

SUS at 100°F 1200

SUS at 210°F 93
Flash Point, °C(°F)’ 198(388)
Pour Point, °C(°F)’ -12(+10)
Texture Buttery
Color Brown

3.3.2 Additive
3.3.2.1 Sulfur carriers
Vanlube SB, Vanlube 7723, Arkema VPS 15, Arkema TPS 20, Arkema TPS 44
3.3.2.2 Non-sulfur carriers

Zinc dialkyldithiophosphate, VanLube AZ, VanLube 622, VanLube 672
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Listed below are some of the physical properties of the various additives from Vanderbilt

that have been tested for antiwear/EP performance:

Additives

VL 5B

WLFTZ3

VRS 15

TPZ 44

V0L AL

WL BZZ

VLEB7Z

Table 3.4 Properties of various (sulfur and non-sulfur) additives

Formula Chemical Composition
Sulfurized le momuis on

b i kA
Isobutylens

s ]

Methylene H"C-‘\N C-S-CH;-S-C N'C“H!J
bis(dibutyldithioca HyCs” : “C4Hg
rbarnate)

“egetable fatty

acid esters 3313 éng

Ditertiarybutyl
Falysulfide / SH

Zinc
Dirnethyldithiocar
bamate

Antimony ~o
dialkylphosphorad
ithioate e

Ashless amine

Il
RO—P—OH.H,NR
phosphate | *

OR

3.3.2.3 Other (Solid Lubricants)

1. PTFE

Mass %
Sulfur

45-43

28.5-32

14.5-16

42-45

11.13.5

16.5-22

Physical
State

Liguid

Liguid

Clear
liquid

Liguid

Liguid

Clear to
slightly
hazy
liguid

Yiscous
liquid

Color

Arnber

Armber

Brown

Clear

Amber

Amber

Light
Amber

“iscosity Density
oo @ 100°C @15k
cSt °C Mgim®

79 10 1.14

Flash
Faint

177 15 1.08

B50 c5t

U

437 cP, ( 1007

0 oo kg

136 9.8 1.02

180 g 1.2

113 2a0 1.02

Zonyl MP 1150 (from Dupont) is used as the fluoroadditive in this study. As is reported,

when this additive is added to lubricants, it can enhance performance under severe conditions.

Zonyl MP 1150 can be used at temperature from -190 to 250C. The particle size is around 200

nanometers. This is a functionalized, irradiated PTFE containing short-chain PTFE molecules

with carboxyl groups as the polar-end groups [30].

2. MoS,
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The two grades of MoS, used are the Technical Grade and Technical Fine grade with properties
as given below. The typical MoS, content (calculated average) was 98% [31].

Table 3.5 Typical Particle Size and Bulk Density

Molysulfide® Fisher Particle Size Range | Median Particle | Bulk Density
Grade Number, ym by SEM, ym Size, ym** (Scott)
Technical* 3to4 <1to 100 30 1.3 g/cm3
Technical Fine 0.65t0 0.8 <0.5t0 20 6 0.4 g/cm3
Super Fine 0.410 0.45 <0.5t08 15 0.3 g/cm3

3.3.3 Chemistries blended

3.3.3.1 Rationale behind the choice of various grease blends

Graphite and MoS, have been established as solid lubricants for a range of applications
involving heavily-loaded surfaces. They are commonly used in greases for imparting high load-
bearing capacity. To behave as successful solid lubricants, they should adhere sufficiently to the
metal surface, orient in a direction of lowest shear and have the necessary shear strength.
However, the low-friction of MoS, is an intrinsic property related to its crystal structure, whereas
graphite requires the adsorption of water to behave as an effective solid lubricant. [20] Moreover,
the non-polar structure of the graphite lamellae limits its adhesion to the metal surface, resulting
in relatively low antiwear characteristics. On the other hand, Holinski et al. [32] assume that MoS,
lamellae have a polarized surface, which explains the good adhesion of the lamellae on each
other when brought in contact under pressure. Also, the polarized structure of MoS, is similar to
that of iron oxide, hence good adhesion of the MoS, lamellae on the iron oxide. Considering all
the above factors, it was thought worthwhile to choose MoS, over graphite as the inorganic solid
lubricant in lithium grease.

The general treatment levels of such solid lubricants in greases are maintained at 1%
and 5% (weight ratio). Antony et al. [33] have demonstrated that increasing the MoS, content

from 0 to 5% in a lithium- base grease resulted in significant enhancement in weld loads and
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reduction in the wear scar diameter (in accordance with ASTM D 2266). A similar thought is
shared by Mistry et al. [34] who, on the other hand, also suggest that with MoS, concentrations
greater than 2% in calcium-base grease, there was noted a decrease in the weld load. The
optimum load/wear performance appeared to be achieved when 5% of the additive was used in
greases. With this background, the low and high concentrations of MoS, were set at 3 and 5
weight %.

PTFE (polytetrafluoroethylene) is another solid boundary lubricant that has been used to
reduce wear and provide longer life for bearing surfaces. PTFE does not have a layered lattice
structure and has the advantages of chemical stability and inertness over a wide range of
temperatures-from cryogenic to approximately 250C with one of the smallest coefficients of static
and dynamic friction that is attributed to the smooth molecular profile of the polymer chains, which
orient such that easy sliding is promoted.

Another S-P containing lubricant, ZDDP (zinc diaky! dithiophosphate) has been used in
the lubricant industry for more than five decades as a low-cost, multifunctional additive owing to
its ability to function as an excellent antiwear agent, a mild EP additive, and an effective oxidation
and corrosion inhibitor at costs very low compared to the alternate chemistries available in the
market. Shaub et al. [35] suggest that it is extremely difficult to achieve both good anti-wear and
EP characteristics in single grease, two properties that are required for greases. They also
suggest that ZDDP and PTFE (functionalized and irradiated) alone do not provide significant
extreme pressure protection. However, with the use of 2 % ZDDP and 2 % (by weight) to the
grease doubled the weld load numbers as compared with grease comprising MoS, alone. The
PTFE-ZDDP combination enhances the rate of decomposition of ZDDP and can form reaction
products that can be used as high-performance lubricant additives. Therefore, two blends of the
greases, Blend L (3% ZDDP and 2% PTFE) and Blend H (5% ZDDP and 4% PTFE) were
formulated and the results compared with greases containing 3 and 5 weight % MoS,. In an

attempt to observe whether or not synergism occurs between MoS,, ZDDP and PTFE, a mixture
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of 3% MoS, + Blend L is formulated. With the intent to understand the role played by sulfur and
non-sulfur carriers when used with other additives like ZDDP, PTFE or a combination of ZDDP
and PTFE, relevant chemistries have been formulated as are listed below.

1. 3% MoS, (Technical Grade and Technical Fine Grades) in Li-base grease

2. 5% MoS; (Technical Grade and Technical Fine Grades) in Li-base grease

3. Blend L (3% ZDDP and 2% PTFE)

4. Blend H (5% ZDDP and 4% PTFE)

5. 3% MoS, + Blend L

6. 3% Vanlube Additives (Sulfur and non-sulfur carriers) in Li-base grease

7. 3% Vanlube Additives (Sulfur and non-sulfur carriers) + 5% Blend L

8. 3% Vanlube Additives (Sulfur and non-sulfur carriers) + 2% PTFE

9. 3% Vanlube Additives (Sulfur and non-sulfur carriers) + 3% ZDDP

3.3.4 Protocol for running the Four-Ball Tests
The different grease chemistries were prepared following the methods as provided in the

Appendix A and Appendix B.

3.3.5 Types of tests

The greases were tested for two types of tests on the Four-ball tester:

3.3.5.1 Wear Test

ASTM D 2266 specifies that the top ball be rotated at a speed of 1200rpm for 60 minutes
and pressed with a force of 40 kgf. This test has been extensively used over the years to screen
greases and other lubricants and compare the wear characteristics of these lubricants. However,
applications are not limited to these conditions and frequently lower speeds, longer durations and
higher loads are applied. Development of a model to predict the extent of wear under these

varied conditions will be described in the following sections.
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3.3.5.2 EP Test

This test is run according to ASTM D 2596-97 with one steel ball rotated against the other
three stationary steel balls with a speed of 1770 +/- 60 rpm and the operating temperature is
maintained at 27 +/- 8. A series of tests are con ducted of 10 second duration by increasing the

load (as specified by the ASTM Standard) till the sliding surfaces seize and welding occurs.

3.3.6 Post-test Analysis Characterization Equipments

(1) Optical Microscope
Nikon SMZ 1500 Optical Microscope was used to perform primary low magnification studies of
the wear track.

(2) SEM/EDS:
Scanning Electron Microscope was used to image the surfaces of the wear tracks formed as a
result of the wear test performed on the 4-Ball tester. The images were taken both at low and
high magnifications. The SEM in the facility used was a Hitachi S-3000N Variable Pressure SEM.
Along with the SEM, Energy Dispersive Spectrometry was done to gain an elementary
understanding into the chemical compositional analysis. Both spectral and elemental mapping

was done to establish the presence of certain elements.
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CHAPTER 4

EFFECT OF TEST PARAMETERS ON THE 4-BALL WEAR AND WELD PERFORMANCE OF
GREASES WITH MOS, AND WITHOUT MOS, AS EP ADDITIVES
4.1 Introduction

Lithium based and lithium complex greases make up over 50% of the greases used in the
industry today. While lithium based greases offer very good lubricating properties they do not
provide either wear or load bearing capacity. In order to achieve both wear and load bearing
capacity, different additives have been used over the years with varying degrees of success. The
chief among these are MoS, [43, 40, 44] and graphite4 that have been used as extreme pressure
(EP) additives in greases and poly tetrafluorethylene [46] (PTFE) that has been used to reduce
friction and zinc dialkyl dithiophosphate [47] (ZDDP) that has been added to reduce wear. Many
of these studies have examined the influence of additives one at a time to examine their effects
on wear performance of the grease. In an effort to reduce the extent of wear ZDDP was added to
Lithium 12 hydroxystearate grease and results indicated an improvement of wear properties.
However, a NMR examination of the grease indicated an ion exchange with the Li in the grease
yielding a lithium dialkyl dithiophosphate structure.

Molybdenum Disulfide (MoS;) based greases have been in use for a very long time and
have found application extensively in extreme pressure situations. The lamellar structure of MoS,
provides very good weld protection by forming a layer that can be easily sheared under the
application of extreme pressures. However, it has been found that at lower loads the MoS,
sometime behaves as an abrasive and results in enhanced wear. In efforts to better understand
the role of MoS, in grease performance several studies have been conducted. In one study it has

been shown that MoS, forms a lubricating film on the metal surface and under extreme frictional
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conditions the MoS, reacts with the Fe on the surface forming FeS with Mo diffusing to the metal
surface [43]. In a related study with MoS, it was shown that increasing the MoS, content in the
grease resulted in improved load wear index and weld loads determined by four ball EP test[44].
In a study examining the role of graphite, it was shown that increasing the graphite content in a
PAO grease improved wear performance under extreme load conditions and it was independent
of the type of graphite used [45]. When graphite and MoS, were compared, it was shown that
MoS, had superior load bearing capacity as well as anti-seize and anti-wear behavior at
equivalent levels of additive2. In efforts to reduce the extent of friction in a wear test PTFE of
different particle sizes was added. Results indicate that PTFE that was irradiated was superior to
the un-irradiated PTFE and PTFE with smaller particle sizes vyielded better frictional
characteristics.

A more recent study examining the development of a low MoS, grease reported that in
block on ring wear tests increasing the amount of MoS, in a grease at test loads of 15 and 30 kg
resulted in increase in the size of the wear scar indicating at low loads that MoS, may actually
behave as a pro-abrasive while under EP conditions it helps increase the weld load and load
wear index. In an effort to develop MoS, free greases, new combinations of thiophosphate
compounds and fluoropolymers were developed that offered very good combination of both
antiwear and load bearing capacity. These chemistries were developed utilizing the synergistic
interaction between the functionalized fluoropolymer and the thiophosphate compound [49]. The
ASTM D 2266 test has been used extensively over the years to screen greases and other
lubricants and compare the wear characteristics of these lubricants. While this method is very
useful to compare several greases tested under fixed test conditions it is not always
representative of conditions in the field where different speeds, duration and loads are applied.
Applications are not limited to these conditions and frequently lower speeds are used, longer
durations as well as higher loads are applied. Development of a model to predict the extent of

wear under these varied conditions forms the basis of this chapter. In addition to using a MoS,
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based grease both for intermediate and extreme pressure loads we have developed a MoS, free
grease based on using a functionalized fluoropolymer and an organophosphate and we compare
the wear, weld and load wear index of this grease with a MoS, based grease. In addition, the role
played by the base grease i.e. lithium stearate, organo lithium and poly urea on the wear, load
wear index and weld behavior of these greases is explored.

The chapter will lead into development of a grease that exhibits both extreme pressure
properties as well as good wear properties under a variety of conditions. A new grease based on
a synergistic interaction between a proprietary thiophosphate compound and functionalized
fluoropolymer was developed where the resulting grease had a favorable combination of wear
behavior and weld and load wear index properties. Two compositions of this grease were
developed to address both the intermediate and extreme load conditions of applications. The
design of experiments approach is used to systematically vary the test conditions such as applied
load, duration of the test and speed of the test to examine the outcome in the wear tests. We
have used the DOE software to predict the extent of wear within these broad set of test conditions
and determined the interaction between the test conditions and the extent of wear in both low and
high MoS, based grease.

4.2 Design of Experiment

In an engineering environment, experiments are conducted to explore, estimate or
confirm. We perform experiments to increase our knowledge and understanding of various
processes. In manufacturing processes, it is crucial to explore the relationship between the key
input process variables and the output performance characteristics.

One common methodology followed by engineers is the One-Variable-At-a-Time (OVAT)
approach, where one variable is varied keeping the others fixed. This approach relies on
guesswork, luck and intuition for its success and requires large resources to obtain limited
information about the process. OVAT experiments are often unreliable, inefficient, time

consuming and may give false optimum condition for the process.
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When several variables influence a certain characteristics of the product, the best
strategy is to design an experiment so that valid, logical and reliable conclusions can be drawn
effectively and economically. It is important to note that some variables may have strong
influences on the output performance, some may have medium and some have no influence at
all. Thus, the objective is to understand the variables that affect the performance the most and
determine the optimum levels for these variables to obtain satisfactory output functional
performance.

The factorial design approach enables all variables to be varied simultaneously in a
predetermined fashion. With this approach, it is possible to determine the influence of a factor on
the outcome when two or more of the other variables are varied simultaneously. A factorial design
first identifies the variables that need to be studied and their value ranges. These variables can
either be numerical or categorical, depending on whether they are quantifiable or not. [43]

Design of Experiments refers to the process of planning, designing and analyzing the
experiment so that valid and objective conclusions can be drawn. The three principles of
experimental design such as replication, randomization and blocking can be utilized in industrial
experiments to improve the efficiency. Randomization allows for the minimization of external
variables, as operator error, test environment, machine variability, and the errors in the outcome
and model. Replication is a process of repeating the entire or a portion of the experiment.
Replication allows the experimenter to obtain an estimate of the experimental error and any bias
or experimental errors can be evenly distributed across the experimental runs or trials. Blocking is
a method of eliminating the effects of extraneous variation due to noise factors and thus improves
efficiency of the experimental design. Generally, a block is a set of relatively homogeneous
experimental conditions.

The outcomes of any design can be evaluated by various methods. The least square
method gives quantitative information about the effect of a variable with respect to the other

variables or the interactions between them. With this information, a list of the main effects and
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interactions can be estimated and can be ranked based on the relative importance. The Half-
Normal Probability plot is the graphical counterpart that gives information about the relative
importance of one, two or multifactor interactions. This plot does not apprise the user of the
beneficial or detrimental effects of the variables and the interactions between them. After
identifying the variables, the interactions between them can be graphically plotted using
Response Surface Method (RSM). This method derives importance in situations where a
curvilinear response is expected. Both contour and wireframe plots are used to show the
dependence of the outcome on the variables. In a contour plot, the response surface is viewed as
a two-dimensional plane where all points having the same response are connected to produce
contour lines of constant responses. A wireframe plot displays the three-dimensional view of the
interactions between two variables and provides a graphical method to view the response surface
and provides physical explanation of the interaction between the variables. Both contour and
wireframe plots help experimenters to understand the nature of the relationship between the two
factors and the response.
4.3 Design software
Stat-Ease Version 7.1 of Design Expert software was used for the design of experiments
(DOE). It provides the following statistical tools:
1. Two-level factorial screening designs identify the vital factors that affect the process or
product
2. Response surface methods (RSM) for finding the optimal process settings to achieve
peak performance
3. Mixture design techniques help discover the ideal recipe for product formulation
The design is selected depending on the application, whether process, screening, and
experimentation. Experiments are performed in the order as specified by the design. After the
response data has been fed in the design, the response or responses are analyzed individually.

After the analysis, the responses are optimized as per the desired conditions.
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4.4 Test Method
Four ball wears tests were performed using the Plint Four-ball Wear Tester (Model
number TE92). ASTM standard designation D2266, chrome-plated steel balls (Bearing-quality
Aircraft Grade E52100), three in number, of ¥z inch diameter were clamped together and covered
with the grease to be tested. The fourth ball was clamped in a ball chuck and the load was
applied using a pneumatic loading system. The temperature of the lubricant was maintained at
75C. The diameter of the wear scar produced on the three stationary balls was measured using
an optical microscope.
Table 4.1 summarizes the tests conducted under various conditions of load, RPM and duration.
Five chemistries, 280L, 280H, 3% MoS,, 5% MoS, and 280L + 3% MoS, grease were studied
and for each of these chemistries the test matrix listed below were conducted. A full factorial of

tests was conducted in each case.

Table 4.1 Details of Test Conditions in Four-Ball Wear Design Matrix for 4 Ball Wear Test

Duration of Test
Test Load (Kgs.) RPM
(Hours)
40 600 1
40 600 2
40 1200 1
40 1200 2
80 600 1
80 600 2
80 1200 1
80 1200 2

54



Table 4.2 Chemistry of Base Grease and Antiwear Additives and Test Conditions of Wear and

Weld Tests
Base Grease Antiwear Additives Tests Conducted
NLGI 2 Lithium 12 Hydroxy | 280 H and 280 L 4 Ball Wear (40 and 80 Kg)
Stearate Weld
NLGI 2 Lithium 12 Hydroxy 3% MoS, or 5% MoS, 4 Ball Wear (40 and 80 Kg)
Stearate Weld

The Plint Four-ball Wear test was carried out at University of Texas at Arlington, Texas.
In conformance with the ASTM Designation D2596-97, one steel ball was rotated against the
other three stationary steel balls with a speed of 1770+/-60 rpm and the operating temperature
was maintained at 27+/-8C. A series of tests each of 10-second duration were conducted with
increasing loads until the weld point. The Weld Test, on the other hand, ascertains the lowest
applied load at which the sliding surfaces seize and weld together.

4.5 Four Ball Wear Tests

Four ball wear tests were conducted for the five compositions listed in the experimental
section and test conditions detailed in Table 4.1. The images of wear scars were also recorded in

each case and representative wear scars are shown in the results.

45.1 3% MoS, Grease
Figure 4.1(a,c) is the response surface diagram for wear scar in a four ball wear test of the 3%
MoS, grease as a function of time of test and RPM for loads of 40 and 80 kg respectively,
superimposed are the actual data for the test conditions. Figures 4.1(b,d) are predictions of the
test conditions for a specific wear scar diameter. Figures 4.1(a,c) indicate that MoS, behaves as
a physical lubricant as well as a abrasive, increasing the test duration at either 40 Kg or 80 Kg

always results in an increase in wear .
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The total amount of wear at the end of a test conducted at 600 rpm for 2 hours and a test
conducted at 1200 rpm for 1 hour, both of which have the same number of rotations is
approximately the same with the test conducted at 1200 rpm having a slightly larger wear scar.
The wear scar diameter for the standard ASTM 2266 test condition is approximately 0.6 mm while
longer duration test result in an increase in wear scar diameter to 0.9 mm indicating that a
protective film is not formed. In addition, increasing the load of the test to 80 Kg results in a
significant increase in wear scar diameter with the test conducted at 80 Kg for 2 hours at 1200
rpm having a wear scar diameter of 1.28 mm. In all cases the wear scar indicated that abrasive
wear is the mechanism of material removal and evidenced by the deep scratch marks on the
wear scar. The predictions for the wear scar indicate an approximate -45° slope in the relation
between test duration and rpm of the test indicating that number of cycles in a test is the primary
factor that determine the extent of wear, again indicative of abrasive wear as the primary

mechanism of material removal.
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Figure 4.1 (a,c) Response surface diagram of a 3% MoS, grease tested at a load of 40 and 80 Kg
respectively showing the role played by test duration and RPM on wear scar diameter. (b,d)
shows the predicted wear scar diameter for various combinations of RPM and test time for the
same test combinations. Superimposed are optical micrographs of the wear scars measured at
the four extremes of test duration and rpm of test.

MoS, has been added as an EP additive extensively in greases. MoS, has a layered
hexagonal structure where strong covalent bonding hold the Mo and S together, the hexagonal
layers are held together with weak Vanderwaals bonding and the layers can be sheared easily
along the S-S bond providing physical lubrication. The particles of MoS, are sheared and thus
prevent the contacting layers from seizing together. However, at low loads it is quite possible that
the MoS; layers are not sheared and the hard and rough surfaces of the MoS, can potentially act

as an abrasive. It has been shown that at lower temperatures MoS, does not interact with the

metal surface and behaves as a physical lubricant. In a study on the role of environment on the
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lubrication properties of MoS, it was shown that the presence of moisture in the test environment
resulted in poor wear properties while an Ar or dry air environment resulted in better wear
behavior. In a mechanistic study of the role of moisture on wear characteristics of MoS; in sliding
conditions it was shown that in the presence of moisture there is a softening of the MoS; resulting
with a thinner contact film formed. The thinner films formed in presence of moisture was attributed
to the poor wear performance. The poor performance of the 3% MoS, grease may be attributed
to the combination of irregular particle size of the Techfine MoS, (Figure 4.2) and the possible

influence of moisture during the test on the wear behavior.

WD2/6510mm 20 10kValx400 “HI00um

Figure 4.2 SEM image of MoS; particles at magnification of 400X

4.5.2 5% MoS, Grease
In order to develop grease for EP conditions, 5 wt. % MoS, was added. Figure 4.2(a,c) is
the response surface diagram for wear scar in a four ball wear test of the 5% MoS, grease as a
function of time of test and RPM for loads of 40 and 80 kg respectively, superimposed are the
actual data for the test conditions. Figure 4.2(b,d) are predictions of the test conditions for a

specific wear scar diameter.
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Figure 4.3 (a,c) Response surface diagram of a 5% MoS, grease tested at a load of 40 and 80 Kg
respectively showing the role played by test duration and RPM on wear scar diameter. (b,d)
shows the predicted wear scar diameter for various combinations of RPM and test time for the
same test combinations. Superimposed are optical micrographs of the wear scars measured at
the four extremes of test duration and rpm of test.

Comparison of Figure 4.1(a,c) with figure 4.2(a,c) indicates that increasing the amount of
MoS, increase the extent of wear for all test conditions. However, an important difference
between the 3% MoS, and 5% MoS; is the strong dependence on duration of the test on the wear
scar diameter in the composition with 3% MoS, while in the composition with 5% MoS, the extent
of wear while larger than the composition with 3% MoS,, it does not show the same dependence.

The wear surfaces in this case also exhibit extensive amount of abrasive wear. The predictions of

wear scar diameter as a function of test duration and rpm also indicate that for a given rpm the
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duration of the test does not increase the wear scar diameter. However, increasing rpm of the test

does result in an increase in the extent of wear.

4.5.3 280 L Grease
280 L is a mixture of organo phosphate and functionalized fluoropolymer used at a 5% treat rate
and meant as a replacement of the 3% MoS, grease. Figure 4.3 (a,c) is the response surface
diagram for wear scar in a four ball wear test of the 280L grease as a function of time of test and
RPM for loads of 40 and 80 kg respectively, superimposed are the actual data for the test

conditions. Figure 4.3 (b,d) are predictions of the test conditions for a specific wear scar diameter.
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Figure 4.4 (a,c) Response surface diagram of a 280 L grease tested at a load of 40 and 80 Kg
respectivelyshowing the role played by test duration and RPM on wear scar diameter. (b,d)
shows the predicted wear scar diameter for various combinations of RPM and test time for the
same test combinations. Superimposed are optical micrographs of the wear scars measured at
the four extremes of test duration and rpm of test.
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Comparison of Figure 4.1(a,c) with Figure 4.3(a,c) it is evident that greases with 280L as
the antiwear additive exhibit significantly lower levels of wear for test conditions in 4 ball wear. In
addition, for all test conditions including 2 hrs at 1200 rpm at 40 Kg load the extent of wear is
below 0.5 mm. Even at 80 Kg load the maximum wear scar diameter is 0.78 mm. It is also evident
that increasing the duration of the test at a fixed rpm either at 40 Kg or 80 Kg does not
significantly increase the extent of wear indicating that a tribofilm forming on the surface is
responsible for the reduced levels of wear. The functionalized fluoropolymer has carboxylic acid
functional groups surrounding it making it much more active and it interacts with the
organothiophosphate.

Organo thiophosphate compounds such as Zinc dialkyl dithiophosphate have been used
extensively as anti-wear additives in applications ranging from engine oils [44,45] to greases [43]
and gear oils and help protect the surface by forming a protective glassy tribofilm made up of
short and long chain poly phosphates of Fe and Zn together with sulfides of Zn and Fe. These
glassy films are formed by a thermochemical breakdown of the organothiophosphate compounds

and their subsequent reaction with the substrate to form the tribofilms.
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Figure 4.5 Differential scanning calorimeter scans of the organothiophosphate compound and a
mixture of fluoropolymer with the organothiophosphate compound.
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Figure 4.4 is a Differential scanning calorimeter plot of the organothiophosphate and a
mixture of the organo thiophosphate and functionalized fluoropolymer heated from room
temperature to 200, for clarity the data from 130 to 200 is shown. The figure indicates that
the organothiophosphate decomposes at a lower temperature in the presence of the
fluoropolymer; in addition, an extra endotherm present at 170 suggests the formation of a new
reaction product in the presence of the fluoropolymer. In an earlier study with ZDDP and FeF; it
was shown that compounds that are fluorinating agents are able react with ZDDP yielding a
fluorinated version of ZDDP that is more reactive and effective as an antiwear agent [46]. It is
likely in the current case the functionalized fluoropolymer being very reactive, forms a complex
with the organophosphate making it more likely to deposit on the tribological surface reducing the

extent of wear.

4.5.4 280 H Grease
280 H is grease with a larger concentration of both the fluoropolymer and thiophosphate
compound and is used at a 9 % treat rate. Comparison of Figure 4.3 and Figure 4.5 for the 280L
and 280H indicate that the extent of wear in both cases is very similar. 280 H is developed as an
alternate to the 5% MoS, grease and a comparison of Figure 4.2 and Figure 4.5 indicates that the
280 H exhibits superior wear performance for all test conditions in 4 ball wear in comparison to a
5% MoS, grease. The mechanism elucidated for the 280 L is equally valid in this case. It is
anticipated that having a larger concentration of both the organothiophosphate and fluoropolymer

may yield better load bearing capacity compared to a 280 L and the MoS, based grease.
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Figure 4.6 (a,c) Response surface diagram of a 280 H grease tested at a load of 40 and 80 Kg
respectively showing the role played by test duration and RPM on wear scar diameter. (b,d)
shows the predicted wear scar diameter for various combinations of RPM and test time for the

same test combinations. Superimposed are optical micrographs of the wear scars measured at
the four extremes of test duration and rpm of test.

4.5.5 280L + 3% MoS, Grease
The 3% MoS, grease exhibited very high levels of wear both with the 40 and 80 Kg loads as
shown in Figure 4.1. 280 L on the other hand exhibited very good 4 ball wear resistance both at
40 and 80 Kg. A blend of 280 L and 3% MoS, grease was prepared to examine if there was any
synergistic interaction between the mixture of fluoropolymer and organothiophosphate and the

MoS,. Figure 4.6 (a,c) is the response surface diagram showing the wear scar diameter as a
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function of test duration and rpm in four ball wear at both 40 and 80 Kg respectively. Comparison
of figure 4.6(a,c) with figure 4.1(a,c) and Figure 4.3(a,c) indicate some similarities and important
differences. It is evident that addition of the 280 L to the 3% MoS, grease significantly improved
its wear properties and brings the wear scar diameter more in line with the 280 L. However, the
dependence of the wear scar diameter on the duration and rpm of the test indicate that the
mechanism is similar to the 3 % MoS, grease as shown from a comparison of figures 4.1(b,d),
4.3(b,d) and Figure 4.7(b,d). This indicates that the combination of the fluoropolymer and the

organophosphate mitigate the abrasive nature of the MoS, but does not completely eliminate it.
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Figure 4.7 (a,c) Response surface diagram of a 280 L + 3% MoS, grease tested at a load of 40
and 80 Kg respectively showing the role played by test duration and RPM on wear scar diameter.
(b,d) shows the predicted wear scar diameter for various combinations of RPM and test time for
the same test combinations. Superimposed are optical micrographs of the wear scars measured
at the four extremes of test duration and rpm of test.
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4.6 Weld Load

Weld load tests were conducted in accordance with ASTM D 2596 -2002.

Figure 4.8 shows the weld load for the different EP additives in different base grease
formulations. It is immediately apparent from the figure that the additive 280H offers extremely
good load carrying capacity with weld loads as high as 800 Kg in a lithium-base grease. The
synergistic interaction between the functionalized fluoropolymer and the organothiophosphate are
responsible for the improved performance. In addition, it is also evident that having a larger
concentration of the EP additive plays an important role in determining the weld load when 280H
(9% treat rate) is compared to 280L (5% treat rate). 280L as a weld load comparable to a 3%

MoS, grease while the 280H far exceeds the performance characteristics of a 5% MoS, grease.
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Figure 4.8 Four-Ball EP weld test performed based on ASTM D2596-2002 standard
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4.7 Morphological Analysis of films formed by MoS,

The response surface diagrams and the optical micrographs for the different grease
chemistries, subjected to various conditions of load, RPM and duration on the Four-ball Wear
Test, suggest that the Blend-H and Blend-L offer excellent combination of wear, load wear index
and weld load. Solid lubricants may also be used as additives to enhance the performance of the
greases under boundary conditions. MoS, has long since been used as an EP additive in
greases, but experimental results suggest that Blend-L and Blend-H outperform 3% MoS, and
5% MoS, respectively, on the wear and weld performance. The mechanism of lubricating action
has further been studied by Scanning Electron Microscopy and EDS analysis.

The lubricating behavior of MoS, is based on its ability to form a film on the metal surface
by many-fold displacement of the MoS, layers. Further displacement of the MoS, lamellae does
not occur once the film has been formed. MoS,, however, becomes abrasive if the MoS, lamellae
are not arranged parallel to the contact point or the particles are irregularly-shaped and have hard
edges. The SEM images (Figure 4.9 (a) through (d)) for 3% MoS, and 5% MoS, suggest that
MoS, particles act as an abrasive by ripping the surface. The presence of plowing grooves
parallel to the direction of sliding, wear debris and few cavities on the wear tracks are indicative of

occurrence of abrasive wear.
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WD= 12mm Width = 1.429mm  Stage atT= 0.0° Date :27 May 2008 H D= 12mm Width =57.16um  Stege atT= 0.0° Date :27 May 2008

EHT =15.00 kv Mag= 80X Signal A = SE2 EHT =15.00 kv Mag= 1.00 KX Signal A = SE2
WD= 9mm Widn = 1.428mm_ Stage st T= 0.0° Date :30 May 2008 — W = =1143m  StageatT= 00° Date :30 May 2008
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Figure 4.9 SEM micrographs showing the wear tracks observed at 80kg/1200rpm/1hour test
condition. (a,b) For 3% MoS, at 80X and 2000X magnifications respectively, and
(c,d) For 5% MoS, at 80X and 1000X magnifications respectively.

The wear track (Figure 4.10) for the grease containing 3% MoS, shows distinct grooves
and wear debris indicating that abrasive wear has occurred. This is in conformance with the fact
that the hard and rough edges of the MoS, are abrasive and rip the film off the surface. Also,
unless the shear planes enter parallel in the contact point, protection by MoS, is not provided.

There appears some microcracking in a direction perpendicular to the direction of sliding

suggesting the brittle nature of the tribofilm.
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Figure 4.10 SEM images on the wear track of a 3% MoS2 grease 80kg/1200RPM/1hour
conditions(left) and enlarged image of the area ‘A’ (right)

Figure 4.11 Elemental mapping of the area ‘A’ on 3%MoS, grease run at 80kg/1200RPM/1hour
The elemental mapping performed on the region A (as shown in Figure 4.11) suggests

the presence of Mo and S in the area A and large concentrations of Fe in the surrounding area.
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The MoS, particles have abraded the surface and the wear debris in the area of interest have

deposited on the wear tracks.
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CHAPTER 5

ROLE OF SULFUR AND NON-SULFUR CARRIERS ON THE WEAR AND EP PERFORMANCE
OF GREASES
5.1 Overview

This chapter discusses the effect of various sulfur carriers on the wear and extreme
pressure properties of greases. The wear and EP tests are conducted on the Four-ball wear test,
with methodology as specified in Chapter 3 and the results studied through response surface
plots obtained through the Design of Experiment Stat-Ease software.

There are two main types of AW and EP additives, active and non-active. The active
additives usually react chemically with the metal surface to form a sacrificial film on it. The non-
reactive species form films by deposition of themselves or their by-products. Examples of non-
active types include boron, silicon, aluminum and lead compounds. In this work, only the active
species are dealt with. Papay [47] in his paper on antiwear and extreme-pressure additives in
lubricants quotes that only elements that can form iron compounds can be used in EP/AW
additives which make compounds of sulfur, phosphorus and chlorine the preferential options.
With sulfur, any compound that can break under the energy input stress, as heat, and allow for a
free sulfur to combine with iron could do well as an EP/ AW additive [48]. Such compounds
include dialkyl mono,di, or polysulfides, sulfurized olefins, sulfurized fats, and dithiocarbamates.
Sulfur, alone or with other materials and in different chemical combinations, is one of the most
important elements in various lubrication applications. Of all the elements, sulfur probably gives

the best synergistic results in combination with other elements and organic compounds [49].
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5.2 Selection of the design

The variables used in the formation of the design were the concentrations of ZDDP,
PTFE, and the various sulfur and non-sulfur-carrier chemistries in the lithium base grease. Full-
factorial designs were used since it allows studying the main effects and desired interaction
effects in minimum number of trials or experimental runs. They are most widely and commonly
used types of design in the industry. For each of the factor that is studied, there is a low and high
level associated, thus the selection of two-level half-factorial design.

The high and low level of the additives was based on the fact that the commercially
available lithium greases generally contain 10% the total concentration of the additives. To obtain
maximum performance at optimum cost, the level of the sulfur carriers was kept at 0 and 3%,
ZDDP 0 and 3%, PTFE (Irradiated) 0 and 2%.

5.3 Design and design evaluation

The design type chosen is the full factorial with two levels. The design model is 2-FI and
no blocks were included in the design.

Table 5.1 Design matrix for the evaluation of interactions between ZDDP,PTFE and sulfur and
non-sulfur carriers in Li-base greases

. . Response 1t
N . N . Concentration of ) Response 2:
R Concentration of Concentration of Wear Scar )
S.Mo. Run Order o o Sulfur and Mon- . o Weld Load
ZDDP (%) PTFE (%) N o, Diameter (WSD)
sulfur additives (%) (lgs)
mm
1 5 ] 0 ]
2 2 3 0 ]
3 6 0 2 0
) 9 3 2 0
5 1 0 ] 3
6 3 3 0 3
7 4 ] 2 3
8 7 0 2 3
9 3 3 2 3

After obtaining the test results, the values are entered in the response columns and the

responses are analyzed using the Stat-Ease Version 7.1 Design of Experiment software.
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5.4 Wear and Weld results

The wear (Figure 5.1 and Figure 5.2) and weld tests (Figure 5.3 and Figure 5.4) and were run on
the Four-Ball tester under ASTM Standard D 2266 and D 2596 test conditions respectively. The
results obtained are as given in the following graphs and the interactions are studied and

discussed using the Design of Experiments and the wear surfaces are analyzed using SEM/EDS
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Figure 5.1 Chart showing the WSD values for different grease formulations with 3% VL additives
in Li-base grease
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Figure 5.2 Chart showing the WSD values for different grease formulations with combination of
3% VL additives and Blend-L in Li-base grease
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Figure 5.3 Chart showing the weld loads values for different grease formulations with 3% VL
additives in Li-base grease
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Figure 5.4 Chart showing the weld load values for different grease formulations with combination
of 3% VL additives and Blend-L in Li-base grease

5.5 Study of interactions between ZDDP and PTFE in Li-base grease

5.5.1 ZDDP +PTFE

5.5.1.1 Design Analysis- Wear Behavior

The surface response plots (Figure 5.5) highlight the contributions of ZDDP+PTFE on the
wear performance of the grease under standard conditions of 40 Kg/ 1200 rpm/ 1 hour (ASTM D
2266). As is evident from the Figure 5.5, increasing the amount of only PTFE increases the wear
numbers from 0.70mm to 0.80mm. Stolarski et al [50] suggest that the adhesion of the PTFE
transfer film to the counter surface plays an important role in reducing the wear rate of PTFE.
However, PTFE shows high wear and suffers from cold-flow under prolonged loads. Ballester et
al. [51] propose that the PTFE particles improve lubrication by modifying the surface of moving
parts coming in contact under boundary lubrication conditions. The particle size of PTFE is a
crucial factor in the functionality of PTFE and its degradation impacts the physical and chemical
properties of the fluoropolymer. Irradiation causes the reduction in the molecular weight making

PTFE more brittle and to be easily fractured. lon irradiation helps create electron acceptor groups
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on the PTFE particle surface, enhancing the adhesion of PTFE on the metal surface. Irradiated
PTFE particles melt flow under the presence of heat and pressure, such as that existing in a four-
ball test, and may serve as a highly lubricious temporary coating. However, the high wear
numbers obtained with 2% PTFE could be attributed to the insufficiently irradiated, large particles
of PTFE that would have hindered the lubrication process and not shearing enough to form a

coating over the metallic surface.
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Figure 5.5 Wireframe plot showing the wear behavior for lithium- base grease with ZDDP+ PTFE
on a Four-ball Tester (ASTM D2266); Contour plots with the optical micrographs of the
corresponding grease chemistries

The reason that lithium-base grease offers considerable wear numbers is because the
soap-thickened greases have load-carrying lubricants superior to base oils from which they are
derived. It has also been noted that lithium grease performs better on the wear and EP than oil in
a Four-ball test. This is attributed to the anticorrosive nature of the Li-soap [50]. Yamamoto et al
[52] suggest that (for point contact) greases, in general, exhibit superior frictional performance as
compared to base oils at low sliding speeds where the soap fibers are capable of supporting the

applied load. At high sliding speeds where a hydrodynamic action is effective and the supply of

lubricant is critical, the base oil of high fluidity is superior in frictional performance to grease. In
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the present work, the wear scar diameter obtained for lithium-base grease is 0.7056mm under
ASTM Standard D2266.

When ZDDP alone is added in the lithium-base grease, low wear humbers of 0.38mm are
obtained. A lot of research has been on the mechanism of film formation of ZDDP in oils to
establish it as an antiwear, extreme pressure and antioxidant agent. Spedding and Watkins [53]
suggest that it is not the ZDDP that is substantially chemisorbed on iron substrate, but it's the
decomposition products. Simply said the decomposition of ZDDP produces zinc polyphosphates
and mixed alkyl sulfides. These zinc phosphates are rapidly transformed into a film at locations
subject to highest loads, thus inhibiting wear at these locations [54]. More on the morphology of
films formed by ZDDP are discussed in the next chapter. However, to obtain the best combination
of antiwear and extreme pressure behavior, ZDDP and PTFE act in synergism as was discussed
in the previous chapter.

5.5.1.2 Design Analysis- Weld Load

From the response surface plots (Figure 5.6) with no VL SB, it is palpable that both
ZDDP and PTFE individually have a similar effect on the EP properties of lithium base grease,
increasing it from 160 kgs (for base grease) to 250 kgs. However, the best weld loads of 400 kgs
are obtained through the synergistic interaction between ZDDP and PTFE when they are added

to the base grease.
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Figure 5.6 Wireframe (left) and contour (right) response surfaces for the weld load behavior of Li-
base grease containing ZDDP and PTFE (at 5% treat rate)

5.6 Study of interaction of various additives (sulfur and non-sulfur) with ZDDP and PTFE in Li-
base grease

5.6.1 VL SB

VL SB is a sulfurized olefin containing 45-48% S. Sulfurized olefins are of two types, one
based on long-chain olefin and containing 10-20% S, and the other based on a shorter olefin,
such as isobutylene (45% S), or a dicyclopentadiene or a dipentene (~35% S). Rossrucker and
Fessenbecker [20] suggest that active sulfur has a significant influence on the antiwear
performance. With higher sulfur content comes higher expected incidence of S-S bonds in the
molecule and higher reactivity and EP potency. Thus, sulfurized isobutylene is a strong EP
additive.

5.6.1.1 Design Analysis- Wear Behavior

Analysis is the first phase (design) of DOE; one of the three main features offered by the
Design-Expert software. In the design, no transformations were included suggesting that the
results are analyzed as obtained. On analyzing the contribution of the different factors on the

wear widths, the software predicts a mathematical equation for the wear scar diameter.
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Final Equation in Terms of Actual Factors:

Wear Scar Diameter = +0.70560-0.031433 * VL Additives + 0.044400* PTFE -
0.10877 * zZDDP - 0.014067 * VL Additives * PTFE + 0.030867 * VL Additives * ZDDP-
7.70000E-003 * PTFE * ZDDP-2.51667E-003 * VL Additives * PTFE * ZDDP

In this equation, ‘VL additives’ refers to the concentration of the sulfurized olefin in weight
%;'PTFE’ refers to the concentration of polytetrafluoroethylene in weight % and concentration of
ZDDP (in weight % of concentrate where concentration of ZDDP is 68% of the concentrate). This
equation gives an overall idea of the additive interactions in the grease and can be used to
optimize the formulation of the lithium grease. The factors with positive coefficient would
contribute to increased WDS values and the negative factors to lower WSD value. Thus, the
amount of the additives should be chosen (considering the contribution from various
combinations of additives) such that the wear scar is minimized. It is clear from this equation that
the most important positive contribution as a single factor is the sulfurized olefin and the most
negative single factor is PTFE. The other negative interaction is between the two-factor
interaction between the sulfurized olefin and ZDDP. More details of these interactions can be
understood by examining the response surface plots.

Figure 5.7 shows the response surface diagrams (contour and wireframe) for 3% VL SB
in grease containing 0 and 3 % ZDDP and 0 and 2% PTFE. Plots containing 3% VL SB show that
there exists interaction between ZDDP and PTFE and VL SB. The wireframe plot shows the dip
in the WSD value when 3% ZDDP and 2% PTFE are used in conjunction with VL SB. When VL
SB is used alone in the base grease, WSD of 0.61mm is obtained. The wear behavior is better
than the base grease suggesting the adsorption of the additive on the surface. The addition of
PTFE to the grease containing 3% VL SB does not contribute towards the betterment of wear
performance of the additive since PTFE is more of a friction-reducing agent rather than antiwear.

The addition of 3% ZDDP to the grease containing 3% VL SB, does not significantly improve the
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wear numbers (3%ZDDP + 3% VL SB has WSD of 0.56mm as against 3% VL SB with WSD of

0.61mm).
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Figure 5.7 Wireframe plot showing the wear behavior for lithium- base grease with 3%VL SB+ 3%
ZDDP+ 2% PTFE on a Four-ball Tester (ASTM D2266); Contour plots with the optical
micrographs of the corresponding grease chemistries; Cube plot showing the wear outcome of
different chemistries at low and high levels.

These results show that had competition for the surface were the dominant mechanism, a
gradual transition of the wear scar diameter (WSD) value from VL SB (no ZDDP) to something
approaching that for ZDDP alone would be expected as the concentration of ZDDP was
increased in the base grease. The initial effect of adding ZDDP was to nullify the effect of VL SB
resulting in a WSD value comparative to that of base grease alone, even though the ZDDP
concentration present would be sufficient to significantly lower the WSD if added alone to the
base grease (no VL SB). It can be speculated that VL SB cancels the effect of ZDDP by forming

compounds like sulfides making both the additives unavailable for forming an effective surface
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coating. Alternatively, Since the antiwear nature of ZDDP comes from its decomposition and
adsorption of the decomposition products on the surface, it is likely that in the absence of PTFE
(which has been shown to lower the decomposition temperature of ZDDP) ZDDP has not
decomposed. Since both ZDDP and VL SB are polar molecules, the competition of surface could
have caused VL SB to be preferentially adsorbed on the surface (being highly active) rather than
ZDDP and thus, the wear numbers obtained with VL SB+ ZDDP are closer to those obtained from
VL SB alone in Li-base grease. With the addition of PTFE to the grease containing VL SB
additive and ZDDP, the decomposition of ZDDP might be favored and the synergistic interaction
of PTFE and ZDDP produces WSD value of 0.4757mm (with 3% VL SB), lying in the same
ballpark (WSD=0.4218mm) of the grease containing ZDDP and PTFE (no VL SB).

5.6.1.2 Design Analysis- Weld Load

The ASTM D 2596 standard on the Four-ball tester describes a method to ascertain the
load-carrying ability of lubricants. The load at which the balls weld together is referred to as the
Weld Load.

From the response surface plots (Figure 5.8), it is evident that PTFE and ZDDP
individually have a strong effect on the load bearing behavior of VL SB. When PTFE, ZDDP and
VL SB are added to the grease, it survives even 800 kgs load. The Four-ball machine can test for
weld loads up to 800 kgs; it is not suitable for testing chemistries with weld loads above 800 kgs

as in (PTFE+ZDDP+VL SB).
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Figure 5.8 Wireframe (left) and contour (right) response surfaces for the weld load

behavior of Li-base grease containing 3% VL SB with ZDDP and PTFE (at 5% treat rate)
These results suggest strong synergistic interactions between ZDDP, PTFE and VL SB.
Interactions are expected with all polar molecules as they would sooner or later meet at the metal
surface. This chemistry acts as an excellent antiwear additive (with WSD= 0.48mm) and EP

agent (survived 800 kg load) in lithium-base greases.

5.6.2 VL 7723
VL 7723 is a methylene bis-dimethyldithiocarbamate with 285 - 32 % S.
Dithiocarbamates are known to have strong metal-binding properties and are effective
antiwear/EP agents. They also serve as good antioxidants [22].

VL 7723 has the following structure (Figure 5.9):

S S
C4He C4Hg
\N)J\ N S)k -
yd AN

C4Hg CaHg
Figure 5.9 Structure of VL 7723
5.6.2.1 Design Analysis-Wear Behavior
The response surface plots (Figure 5.10) with grease chemistry containing 3% ZDDP, 2% PTFE
and 3% VL 7723 are as given below.
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Figure 5.10 Clockwise: Wireframe plot showing the wear behavior for lithium- base
grease with 3% VL 7723 and ZDDP+ PTFE (at 5% treat rate) on a Four-ball Tester (ASTM
D2266); Contour plots with the optical micrographs of the corresponding grease chemistries;
Cube plot showing the wear outcome of different chemistries at low and high levels.

Assessment of the above response surface plots (Figure 5.10) suggests that VL 7723
behaves quite like VL SB in that when the additive is added in combination with ZDDP, the WSD
reduces significantly from 0.6316mm (no ZDDP) to 0.4841mm (with ZDDP). The WSD is further
reduced to 0.434mm when 3% ZDDP and 2% PTFE is added along with 3% VL 7723 to the

lithium-base grease suggesting the synergism between the three additives. The contour map of

the chemistry with ZDDP, PTFE and VL 7723 shows that the contour lines become more linear
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and even-spaced than in VL SB. The almost -45T slope hints that there synergism between the
three additives to give low wear numbers.
The final equation for the WSD as determined by the software is as below:
Wear Scar Diameter =+0.70560-0.024667*VL7723+0.044400*PTFE-0.10877*ZDDP-
0.024267*VL7723*PTFE+0.019867*VL7723*2ZDDP-7.70000E-003*PTFE*
ZDDP+2.93889E-003 * VL 7723 * PTFE * ZDDP

5.6.2.2 Design Analysis- Weld Load
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Figure 5.11 Wireframe (left) and contour (right) response surfaces for the weld load

behavior of Li-base grease containing 3% VL 7723 with ZDDP and PTFE (at 5% treat rate)
The Figure 5.11 shows the wireframe plot for the weld loads obtained with grease
chemistries containing 3% VL 7723. Some interaction is seen between the three additives as the
weld load obtained is 500 kgs, one notch higher than what is obtained with ZDDP and PTFE (no
VL 7723). But the results are not as significant as obtained with VL SB. Since the intermediate
film of iron sulfide, responsible for preventing metal seizure under extreme pressure conditions, is

not sufficiently formed, thus the weld loads are not as superior.

The maximum weld load obtained with ZDDP, PTFE and VL 7723 is 500 kgs, lower than

that obtained with VL SB which survived 800kgs load. McFadden et al. [55] suggest that the
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effectiveness of organic sulfides depends on the bond dissociation energy of R-S bond (R=S,C)
and the load carrying capacity of sulfur compounds has been shown to be directly related to their
reactivity with nascent steel surfaces. However, there are sulfur compounds that react
comparatively slowly with nascent steel surfaces and the molecular adsorption of the additive
occurs without scission of the S-S bond. This bond does not break until a critical temperature is

reached, when the R groups are released, leaving behind an iron sulfide film.

5.6.3 VPS 15
VPS 15 is a polysulfide derived from vegetable fatty acid esters containing 14.5 — 16% S.
This is produced from renewable vegetable raw materials and fall under the class of inactive
sulfur additives. Inactive sulfur carriers are very stable and do not corrode copper [56].
5.6.3.1 Design Analysis- Wear Behavior
Below is shown the wireframe plot of lithium base grease containing ZDDP, PTFE and

VPS 15 (Figure 5.12).
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Figure 5.12 Clockwise: Wireframe plot showing the wear behavior for lithium- base
grease with 3% VL 7723 and ZDDP+ PTFE (at 5% treat rate) on a Four-ball Tester (ASTM
D2266); Contour plots with the optical micrographs of the corresponding grease chemistries;
Cube plot showing the wear outcome of different chemistries at low and high levels.

Inspection of the Figure 5.12 suggests that the antiwear behavior of VPS 15 is not
dependent on the PTFE content; the WSD value with only VPS 15 in the grease is 0.59mm
whereas with PTFE, it is 0.58mm. However, ZDDP has significant influence on the antiwear
properties of VPS 15. The WSD reduces by 0.16mm when ZDDP is added to grease with VPS
15. The contour plot interaction of ZDDP, PTFE and VPS 15 showing contour lines connecting
the points of same response. The lines are almost parallel to the horizontal suggesting that the

WSD is dependent on ZDDP to a greater extent than on PTFE. This behavior can be accounted

for owing to the polar nature of PTFE and VPS 15 which compete for the surface. VPS 15 is
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known to be highly polar in nature [57] and quite likely to be preferentially adsorbed on the metal
substrate.

The interactions between the additives can be summarized in the form as an equation as
below:

Wear Scar Diameter = +0.70560-0.037567 * VPS 15+0.044400 * PTFE-0.10877 *
ZDDP-0.017783 * VPS 15 * PTFE+0.018556  * VPS 15 * ZDDP-7.70000E-003 * PTFE *
ZDDP+4.45556E-003 * VPS 15 * PTFE * ZDDP

5.6.3.2 Design Analysis- Weld Load

The response surface plots (

Figure 5.13) of the weld load suggest that PTFE does not play a role in enhancing the
load-bearing properties of the additive. ZDDP too does not have a very significant effect role in
that it increases the weld load from 250 kgs (with no ZDDP) to 315 kgs. However, when ZDDP,
PTFE and VPS 15 are used together in the grease, considerable increase in the weld load
numbers are obtained (of 620 kgs). This can be attributed to the presence of iron sulfide (formed
under condition of very high loading that could damage the lubricating film) and zinc phosphide
layers. Sulfide and phosphide films shear more easily than the metal itself; consequently less

frictional heat is generated and the potential for severe welding is reduced [58].
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Figure 5.13 Wireframe (left) and contour (right) response surfaces for the weld load
behavior of Li-base grease containing 3% VPS 15 with ZDDP and PTFE (at 5% treat rate)

5.6.4 TPS 44
This active sulfurized (dialkyl trisulfide) additive reacts at low temperatures and is high on

sulfur (42-46% S).

.-'sH
SH HS-SH  SH
HS-SH S
SH
Hs-SH s
SH 55

Figure 5.14 General structure of a sulfurized olefin
5.6.4.1 Design Analysis- Wear Behavior
The 3D response surface of TPS 44 showing its interaction with ZDDP and PTFE is as

below:
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Figure 5.15 Clockwise: Wireframe plot showing the wear behavior for lithium- base
grease with 3% TPS 44 and ZDDP+ PTFE (at 5% treat rate) on a Four-ball Tester (ASTM
D2266); Contour plots with the optical micrographs of the corresponding grease chemistries;
Cube plot showing the wear outcome of different chemistries at low and high levels.

From the response surface plots (Figure 5.15), it can be deduced that there is no
interaction between PTFE and TPS 44. 0.639mm is the WSD value obtained when only 3% TPS
44 is used in lithium-base grease and 0.652mm when TPS 44 and PTFE are used. Synergistic
interaction is observed between ZDDP and TPS 44; the WSD value in this case is 0.470 mm. The
contour plot gives a better picture of the dependence of WSD on ZDDP and on ZDDP+ PTFE

indicated by the slope of the lines. To obtain lower WSD numbers, the presence of ZDDP is

essential. Going up the contour lines, the WSD values reduce.
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There is some synergism observed between ZDDP, PTFE and TPS 44, but it is not
stronger than the interaction between ZDDP and TPS 44. The result can be shown in the form of
an equation as:

Wear Scar Diameter =+0.70560-0.022233*TPS44+0.04440*PTFE-0.10877*ZDDP-
0.012617*TPS44*PTFE +0.017533*TPS44*ZDDP-7.70000E-003 *PTFE*ZDDP+2.94444E-
003*TPS44*PTFE*ZDDP

5.6.4.2 Design Analysis- Weld Load

Synergism between ZDDP, PTFE and TPS 44 is observed as the weld loads obtained
are as high as 800 kgs(Figure 5.16). This could be attributed to the high sulfur contents with
increased loads and temperature under EP conditions as well as formation of zinc phosphate
patches. The combined use of these additives results in a considerably superior performance

over that of sulfur compounds alone.

Wk Load

InDF PTFF

Figure 5.16 Wireframe (left) and contour (right) response surfaces for the weld load
behavior of Li-base grease containing 3% TPS 44 with ZDDP and PTFE (at 5% treat rate)

5.6.5VL AZ
This phosphorus-free additive is a zinc diamyldithiocarbamate containing 11- 13.5 mass

percent sulfur and has the following structure (Figure 5.17):
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Figure 5.17 Structure of a zinc diamyldithiocarbamate

5.6.5.1 Design Analysis- Wear Behavior

The different response surfaces are as shown in the Figure 5.17. As can be observed, VL
AZ gives good wear numbers when used alone in the lithium-base grease (0.41mm). When used
in conjunction with PTFE, PTFE + ZDDP, and ZDDP, the WSD values increase gradually (in the
same order). However, they are known to be good oxidation and corrosion inhibitors with some
antiwear properties. The contour map (Figure 5.18) suggests that for obtaining lower values of
WSD, the ZDDP content should be contained within 1.50 weight percent. When the PTFE content
is lower than 1 percent, the contours are almost linear. On increasing the PTFE content beyond 1
percent, the contour lines become curvilinear, suggesting the predominance of one factor over
the other in a three-factor interaction system.

The equation showing the interaction between the additives can be quantitatively written
as:

Wear Scar Diameter =+0.70560-0.097900 * VL AZ+0.044400 * PTFE-0.10877 * ZDDP-
0.012467*VLAZ*PTFE+0.040189 * VL AZ * ZDDP-7.70000E-003 * PTFE * ZDDP+1.21111E-
003*VLAZ*PTFE*ZDDP

From the equation, to obtain lower WSD values, it is reasonable to use either ZDDP or
VL AZ alone in the lithium-base grease. With two-factor-additive-interaction, VL AZ+PTFE
respond better than VL AZ+ZDDP. Three factor additive-interactions do not have a profound

effect on the WSD values.
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Figure 5.18 Clockwise: Wireframe plot showing the wear behavior for lithium- base
grease with VL AZ+ ZDDP+ PTFE on a Four-ball Tester (ASTM D2266); Contour plots with the
optical micrographs of the corresponding grease chemistries; Cube plot showing the wear
outcome of different chemistries at low and high levels.

5.6.5.2 Design Analysis- Weld Load

The weld load of VL AZ+ZDDP+PTFE is almost in line with the weld loads obtained for
ZDDP+PTFE (Figure 5.19). There is significant interaction occurring between the three additives
under EP action. The -45°C indicates the dependence of weld load performance on the ZDDP
and PTFE compositions, in the presence of 3% VL AZ. The spacing between contour lines
increases with the decrease in the ZDDP and PTFE content and become closer and steeper with

increase in the ZDDP and PTFE content, indicating the action of combination of ZDDP and PTFE

(with the VL AZ additive) in increasing the weld load capacity of the grease.
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Figure 5.19 Wireframe (left) and contour (right) response surfaces for the weld load
behavior of Li-base grease containing 3% VL AZ with ZDDP and PTFE (at 5% treat rate)

5.6.6 VL 622
This is an antimony dialkylphosphorodithioate, containing 16.5-22% sulfur and 10.5-

12.5% Sb, with the following structure (Figure 5.20).

Figure 5.20 Structure of antimony dialkylphosphorodithioate
Phosphorodithioate and dithiocarbamate complexes of Mo, Zn, Sb, Ti, Cu, and other
transition metals are two such classes of additives, that have found extensive use as AW,
antifriction, antioxidant, and EP additives in lubricants for various applications.
5.6.6.1 Design Analysis- Wear Behavior
VL 622 gives good wear numbers when used by itself in the lithium-base grease

(0.48mm). However, the WSD values increase to 0.61mm when ZDDP + VL 662 are used (Figure
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5.21). This suggests the antagonistic interaction between the two additives. PTFE does not
increase the WSD values, when used with VL 622, but serves to decrease the wear values to

0.56mm when a mixture of VL 622+ZDDP + PTFE is used.

‘Wear Scar Diameter

Was Soar Camais

G IDee ) ; B PTFE
g A PTF
Cuba

e Sowr Daryrier
"I\-II el it

2 o a5 |

E " i 1] T
oo
.
d " oeE a4rs

Figure 5.21 Clockwise: Wireframe plot showing the wear behavior for lithium- base
grease with VL 622+ ZDDP+ PTFE on a Four-ball Tester (ASTM D2266); Contour plots with the
optical micrographs of the corresponding grease chemistries; Cube plot showing the wear
outcome of different chemistries at low and high levels.

The governing equation predicting the WSD as a function of the concentration of the

variables in weight percent is given by:

Wear Scar Diameter =+0.70560-0.076633 *VL622+0.044400 * PTFE-0.10877 * ZDDP-
0.010667 * VL 622 * PTFE+0.051356 * VL 622 * ZDDP -7.70000E-003 * PTFE * ZDDP

-1.41667E-003 *VL 622 * PTFE * ZDDP
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In this equation, positive terms result in higher WSD values and negative terms result in
lower WSD values. The ingredients, VL 622 and ZDDP, when viewed singly offer improvement in
WSD values whereas PTFE would gives higher values of WSD. However, on considering the
two-factor interactions, synergism can be observed between VL 622 and PTFE and PTFE and
ZDDP. The three-factor interaction, although synergistic, is not as significant.

5.6.6.2 Design Analysis- Weld Load

= e Weld Load
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Figure 5.22 Wireframe (left) and contour (right) response surfaces for the weld loads for
VL 622+7ZDDP+ PTFE on the Four-ball Wear/EP tester (ASTM D 2596)

The response surface plots (Figure 5.22) of the weld loads obtained for the grease
chemistry with ZDDP+PTFE+VL 622 strongly suggest the synergistic interaction between PTFE
and VL 622. The weld load behavior of VL 622 is independent of the ZDDP content. The high
weld load numbers could be attributed to the possible formation of antimony thioantimonate,
which has been proven as a solid-lubricant additive in greases, exhibiting superior extreme-
pressure and anti-wear properties as displayed by the Four-ball weld points and load-wear
indices on AISI-52100 and AISI-440C steels. It has been shown to be compatible with all types of

base greases and King et. al consider antimony thioantimonate to be a potential solid-lubricant
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additive for use under extremely high loading conditions where conventional solid lubricants are

found to be inadequate. [57]

5.6.7 VL 672
This additive is an amine phosphate with no sulfur content. The general structure of this

additive is as given below (Figure 5.23):

I
no—r|=- OH.H,NR
OR

Figure 5.23 General structure of an amine phosphate
Amine phosphate salts have been proven as a load-carrying additive to provide lubricant
compositions having balanced antiwear/extreme pressure and stability properties. However, such
behavior has been observed in industrial oils such as gear oils. Testing the effectiveness of the
additive as an antiwear/EP agent, shows the incompetence of the additive in lithium-base

greases, when used by itself or in conjunction with ZDDP, PTFE or both.
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5.6.7.1 Design Analysis- Wear Behavior
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Figure 5.24 Wireframe plot showing the wear behavior for lithium- base grease with VL
672+ ZDDP+ PTFE on a Four-ball Tester (ASTM D2266); Contour plots with the optical
micrographs of the corresponding grease chemistries; Cube plot showing the wear outcome of
different chemistries at low and high levels.

The response surfaces showing the dependence of the wear behavior on the additive
chemistries is shown in Figure 5.24. From these plots, it can be deduced that the amine
phosphate serves as a moderate antiwear agent. There is some synergism seen between ZDDP,
PTFE and VL 672, as can be seen in the contour plots with contour lines sloping at -45C.These
contour lines are helpful in that when a specific outcome is desired, it is possible to determine the

combination of variables that would give the desired result. Thus, when the same wear numbers

are desired, one or more ingredients can be substituted.
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5.6.7.2 Design Analysis- Weld Load
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Figure 5.25 Wireframe (left) and contour (right) response surfaces for the weld loads for
VL 672+ZDDP+ PTFE on the Four-ball Wear/EP tester (ASTM D 2596)

The wireframe and contour plots (Figure 5.25) for the weld load suggests that the weld
load of VL 672 is independent of the PTFE content. As is apparent from the plots, the additive
shows dependence on ZDDP that serves to raise the weld load of the additive from 200kg to
250kg. However, these two weld loads may be in the error range of the Four-ball tester. The low
weld load numbers could be attributed to the formation of phosphate pads and sulfides in

insufficient amounts.
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CHAPTER 6
MORPHOLOGICAL AND COMPOSITIONAL ANALYSIS OF TRIBOFILMS
6.1 Introduction

The study of the wear processes is a part of the discipline of tribology. Wear is, by and
large, an undesirable flow of material from a surface. The durability of machines and structures is
often controlled by surface-related phenomena such as wear. There are two major types of wear
found in a majority of engineering applications, namely, adhesive and abrasive wear. Adhesive
wear can be best described as the adhesion that occurs when the pressure and heat generated
during sliding cause small areas of one of the surfaces to chemically bond to the other surface.
The particles transferred may remain adhered to the other surface or may separate to become
loose debris. Adhesive wear can occur via surface plastic flow, scraping off soft surface films,
breaking-up or removal of oxide layers. The breaking of junctions formed by adhesion between
opposing surface asperities is accepted as being largely responsible for the wear observed under
conditions of thin film lubrication. If it is not controlled, adhesion between surfaces can lead to
galling and eventually to machine failure. Abrasive wear, on the other hand, involves the removal
of particles from the mating surfaces by asperity shearing due to asperity collision or collision with
loose debris passing between sliding surfaces. In plowing (a form of abrasive wear), the material
is displaced to one side, away from the wear particles, resulting in the formation of grooves.
Ridges are formed adjacent to the grooves that may be removed by subsequent passage by
abrasive particles.

Lubricated wear, by definition, is wear under lubricated conditions. Within lubricated
wear, most wear occurs under boundary lubrication conditions and refers to the conditions when

the load is either partially or totally supported by the asperity contacts and the surfaces interact
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chemically with the lubricants to form a boundary lubricating film [58]. When antiwear additives
are present, a reaction film adherent to the sliding surfaces is formed at contact positions by
complex chemical reactions involving the additive incorporated in the lubricant base [61]. As a
function of load or speed, the wear goes through a transition from a mild wear regime to a more
severe wear regime. Mechanistically, this is usually due to (a) the introduction of third-body wear
at the interface, (b) the asperity flash temperature reaching a critical temperature that the
lubricating film cannot support or (c) the onset of a different wear mechanism such as corrosion
or fretting as load and speed or their combination reaches a critical value [58].

The four-ball wear tester is the predominant wear tester used to study the chemical
interactions occurring at wearing contacts. There are various reasons for this. One is the
availability of low-cost high precision wear samples in the form of bearing balls. The contact
geometry ensures self-alignment. The rotating axis maintains high trueness in rotation. There are
three separate and distinct worn samples per test which allows some statistical averaging to
account for the material uniformity. It also provides multiple samples for surface analysis. The
small differences from different lubricants can be measured with precision.

The primary measurement made with four-ball wear tester is wear. ‘Run-in’ is a term that
has been used to describe the early stages of operation of practical engineering systems such as
automotive engines, gears and bearings and has a strong influence on the convetional four-ball
tests, which are commonly run at a high rate of change in the wear scar during the early stage of
the test. The contact pressure at the beginning of the test under boundary lubrication conditions
is very high, of the order of 1-3 GPa. At this high pressure, rapid wear and considerable amount
of surface damage occurs through adhesion, abrasion and a variety of other wear mechanisms.
Because of the rapid wear process, the temperature of the wear contacts, the contact pressure
and the lubricant film thickness vary significantly with time. As wear progresses to a nearly

steady-state operation, the temperature and pressure of the contacts gradually approach their
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mean distribution values. The lubricant-film remains relatively constant throughout this process
[58].

In this chapter, the morphological and compositional of the wear tracks is performed
through SEM/EDS and the nature of films formed by combination of ZDDP+PTFE is compared
with the formulations containing the different additives (sulfur and non-sulfur carriers) in

combination with Blend-L (3% ZDDP + 2% PTFE).

6.1.1 Analysis of tribofilm of ZDDP and PTFE

6.1.1.1 3%ZDDP+2% PTFE

EHT=1500kV  Mag= 184KX Signal A = SE2 EHT = 15.00 kv Mag= 119KX Signal A = SE2
WwWD= 8mm Width = 62.80 um  StageatT= 00° Date -16 Jul 2008 — WD= 8mm Width = 9573 um  Stage at T= 00° Date :16 Jul 2008

Figure 6.1 SEM images of the wear track formed on the ball samples from a ZDDP+PTFE-
containing Li-base grease

The SEM images (Figure 7.1)suggest that the tribofilm formed from 3%ZDDP+2% PTFE
(in Li-base grease) consists of numerous plowing grooves parallel to the direction of sliding,
plastic flow and fine wear debris, all indicating the occurrence of abrasive wear. Such
characteristics are seen in tribofilms formed from P-containing additives. The pull-out of the
tribofilm (area A and B) suggests adhesive wear and these areas could be regions where the
tribofilm was formed insufficiently or was weakly adherent to the metal surface. The combination
of abrasive wear and mild adhesive wear is suggestive of the presence of phosphate and sulfide

phases in the tribofilm.
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Figure 6.2 EDS spectrum performed on the wear track with grease chemistry 3% ZDDP+2%
PTFE (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.2) done on the wear track of one of the three stationary

balls after running the ASTM D2266 on the Four-ball wear tester for the grease chemistry

containing 3%ZDDP, 2% PTFE reveals the presence of Zn, P, S. O.
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Figure 6.3 Elemental maps of the various elements found on the wear track formed from a
ZDDP+PTFE-containing (Blend-L) Li-base grease

The elemental maps of ZDDP + PTFE (

Figure 6.3) strongly suggest the formation of zinc phosphates and iron sulfides. ZDDP
needs both adsorption and thermal decomposition for antiwear/EP action. The first step involves
the adsorption of the additive on to the metal surface, usually the metal oxide. The presence of

polar compounds decreases the adsorption of the AW/EP additive via natural competition. Higher
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polarity and longer chain length increase the adsorption, leading to heavy build-up of molecules
on the metal surface. The additive then breaks up and reacts with the metal surface. The frictional
heat produced by the collision of opposing asperities causes the oxides formed on the metal
surface to be scraped off and the reaction products (formed by the break-down of the additives),
react with the metal surface to form an “Antiwear or EP” film. These films are more easily sheared
than the underlying metal, yield more readily during sliding than the substrate, remaining between
the metal surfaces and serving as effective solid lubricants under high contact loading conditions.
[59] In the present work, PTFE used is irradiated and has reactive functional groups which form
complexes with ZDDP and help it get adsorbed on the metal surface.

The AW/EP action of ZDDP comes from the zinc polyphosphates and iron sulfides in the
tribofilms. Komvopoulos et al. [59] report that iron sulfide acts as an excellent solid lubricant
because of its high melting point (1100C), relativ ely low hardness and shear strength, and good
adhesion to iron and steel surface. The sulfide film typically consists of FeS with a layered
hexagonal lattice and some amount of FeS, and exhibits good solid lubrication behavior. The zinc
phosphate pads, on the other hand, correspond to experience highest pressure during sliding and
the pads of zinc phosphates act as load-bearing points. This accounts for the good wear and EP

properties of the grease chemistry with ZDDP+PTFE.
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Figure 6.4 EDS spectrum performed on the wear track with grease chemistry 5% ZDDP+4%
PTFE (Inset: SEM image of the wear track)

On increasing the content of ZDDP and PTFE to 5 and 4 % respectively in the Li-base
grease, the amount of Zn,P, S and O increase relative to the Blend-L grease suggesting that a
thicker film might have been formed with the Blend-H grease as compared with Blend-L. The S:P
ratio is higher in the case of Blend-H as compared to Blend-L, suggesting the increased formation
of sulfides which is responsible for better wear performance. There is also a higher amount of P
and O present in the Blend-H grease, implying that there could be higher phosphates formed and

thus high weld load numbers of 620kgs as compared with Blend-L.
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EHT =15.00 kv Mag= 80X Signal A = SE2 EHT = 5.00kV/ Mag= 5.00 KX Signal A= SE2
WD= 9mm Width=1429mm  Stage atT= 0.0° Date :30 May 2008 — WD= 9mm Width = 22,87 pm StageatT= 00° Date :28 May 2008

Figure 6.5 Elemental maps of the various elements found on the wear track formed from ZDDP +
PTFE-containing (Blend-H) Li-base grease

A closer examination of the SEM image (Figure 6.5) of the wear track created by the
Blend-H grease shows smooth plateaus, suggestive of sulfide films. The round particles
noticeable on the wear track (area marked as B) appear much smaller than 2um and could be
suggestive of PTFE particles since the particle size of PTFE used in this study was around
200nm. Spikes et al. [62] quote in their paper that “PTFE particles may play a role in filling the
irregularities in the metal counterface and providing a smooth, low-friction surface between the
moving parts”. This behavior has been observed in engine oil applications. However, PTFE has
been used in high concentrations in greases and pastes. They also suggest that PTFE particles
are ineffective in high pressure contacts such as in the four-ball tests. But these experiments
were carried out in mineral oils and not in greases. Running wear tests with PTFE and ZDDP in
base grease does produce significant reduction in wear scar diameter (only 3% ZDDP gives WSD
of 0.42mm; whereas Blend-L under the same ASTM D-2266 conditions gives WSD of 0.38mm). It
could be hypothesized that PTFE particles could be rejected from high-speed contacts. They
may also appear to penetrate slow speed, mixed rolling/sliding contacts where they help reduce
friction in the thin film regime [62]. With the present results in greases, PTFE particles seem to
have penetrated the sliding contacts and apart from synergistically interacting with ZDDP, could
also support a part of the applied load. In addition, the load could also be supported by the wear

debris produced on the wear track (indicated by the regions A). The particles are spherical in
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shape and thus do not negatively impact the tribofilm, unlike MoS, particles which, due to their
hard, irregular and rough edges rip the film formed on the steel surface producing higher wear

numbers.

6.1.2 Analysis of tribofilms of VL Additives

6.1.2.1 VL SB

Figure 6.6 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing 3%VL SB

The presence of wear grooves and cavities on the track (Figure 6.6) indicates abrasive
type of wear. At higher magnifications, smooth plateaus can be observed, presumably of a sulfide
tribofilm (iron sulfide) as was suggested by the elemental mapping of sulfur on a portion of the
wear track (Figure 6.7). The EDS spectrum shows the presence of sulfur on the surface (Figure

6.8).
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Figure 6.7 Elemental map of sulfur as found on the wear track formed from VL SB -containing Li-
base grease
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Figure 6.8 EDS spectrum performed on the wear track with grease chemistry VL SB (Inset: SEM
image of the wear track)
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6.1.2.2 VL SB+ PTFE+ ZDDP

Figure 6.9 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing VL SB+ PTFE+ ZDDP

Inspection of the SEM image (Figure 6.9) for the grease containing VL SB+PTFE+ ZDDP
shows the presence of linear grooves on a metallic surface, indicative of two-body abrasion. The
tribofilm appears patchy and contains few cavities, indicative of abrasive wear and the presence
of sulfide film. The appearance of the film is also indicative of adhesive wear.

The wear track generated on the test steel balls with grease chemistry containing 3%
ZDDP, 2% PTFE and 3% VL SB was analyzed through a Hitachi S-3000N Scanning Electron
Microscope attached with an EDS system for compositional analysis and elemental mapping. The
mapping of the track was done for distribution of sulfur, phosphorus, zinc, iron, oxygen and
fluorine on the wear track. Through the data obtained, the plausible composition of the tribofilm

can be speculated.
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Figure 6.10 EDS spectrum performed on the wear track with grease chemistry VL SB+
ZDDP+PTFE (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.10) above shows the presence of the elements responsible
for tribofilm formation. To gain an insight into the spatial distribution of elements in the tribofilm,

elements maps are acquired for the important elements for showing the compositional zonation.
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Figure 6.11 Elemental maps of the various elements found on the wear track formed from VL
SB+ ZDDP+PTFE-containing Li-base grease

The SEM image of the wear track (Figure 6.11) appears patchy, with ridges and valleys,
characteristic of tribofilms formed from ZDDP. The ridges show raised patched of the film, termed
as antiwear pads and these pads are responsible for bearing the load between the rubbing

surfaces and these pads are responsible for bearing the load between the contacting surfaces
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and limiting the contact between the asperities, thereby reducing wear [60]. The thick zinc
phosphate (ZP) pads are separated by valleys, which contain thinner layers of ZPs. Studies
indicate the tops of the pads are hardest and show spectra suggestive of long-chain ZPs and are
the load-bearing points experiencing highest pressures during sliding. The valleys contain softer
short-chain ZPs [60]. Upon careful examination of the elemental maps, it can be seen that Zn, P
and O occur at similar zones on the maps, thus suggesting the formation of zinc phosphates. Fe
map shows the presence of the elements throughout except at zones where the ZP pads occur.
At the same locations can be seen the presence of sulfur, indicating the formation of iron sulfides.
This is in accordance with the theory suggested by Uetz et al. [53] who suggest that in additives
based on sulfur, the iron from the bulk is participative in the formation of reaction layer. However,
iron does not necessarily participate in the formation of reaction layer with additives based on
organometallic dithiophosphates of metals like lead and zinc. FeS may be formed between the
phosphate layer and the iron substrate and may serve as an adhesive layer as well as a seizure-
resistant [54]. Thus, the low WSD value and high weld load numbers.

The AW/EP action of ZDDP comes from the zinc polyphosphates and iron sulfides in the
tribofilms. Komvopoulos et al. [56] report that iron sulfide acts as an excellent solid lubricant
because of its high melting point (1100C), relativ ely low hardness and shear strength, and good
adhesion to iron and steel surface. The sulfide film typically consists of FeS with a layered
hexagonal lattice and some amount of FeS, and exhibits good solid lubrication behavior. The zinc
phosphate pads, on the other hand, correspond to experience highest pressure during sliding and
the pads of zinc phosphates act as load-bearing points. This accounts for the good wear and EP

properties of the grease chemistry with ZDDP+PTFE.

111



6.1.2.3 VL 7723

Figure 6.12 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing 3%VL 7723

The presence of plowing grooves running parallel to the direction of sliding suggests the
occurrence of abrasive wear (Figure 6.12). The appearance of the wear track does not show
presence of a sufficient tribofilm. The wear scar diameter of this grease chemistry (0.63mm) is

almost in line with the wear scar diameter value for the base grease (0.70mm).
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Figure 6.13 EDS spectrum performed on the wear track with grease chemistry VL 7723 (Inset:
SEM image of the wear track)
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The EDS spectrum (Figure 6.13) and elemental mapping (Figure 6.13) of the wear track

created by the grease containing VL 7723 shows some presence of S on the surface.

Figure 6.14 Elemental map sulfur found on the wear track formed from VL 7723-containing Li-
base grease

6.1.2.4 VL 7723_280L

Figure 6.15 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing 3%VL 7723+ ZDDP+ PTFE

The appearance of the wear tracks is as was observed with that of the chemistries
containing ZDDP and PTFE (Figure 6.15). The wear track is representative of abrasive wear and

mild adhesive wear with features of plowing grooves, pull-outs and plastic flow.
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Figure 6.16 EDS spectrum performed on the wear track with grease chemistry VL 7723+ZDDP
+PTFE (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.16) shows the presence of elements of S,0,Zn and P. The

area of interest is rich in sulfur and phosphorus.
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Figure 6.17 Elemental maps of the various elements found on the wear track formed from VL
7723 + ZDDP+PTFE-containing Li-base grease

On examination of the elemental maps (Figure 6.17), it can be deduced that Zn, P and O
occur at similar locations, thus suggesting zinc phosphate is formed on the track, hence

decomposition of ZDDP. This result is similar to that in VL SB. However, the S in the chemistry
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with VL 7723 does not occur at locations similar to Fe. This suggests that the additive could have
been adsorbed on the steel substrate without scission of the S-S bonds. Had the S-S bonds been
broken, an iron sulfide film would have resulted since the reactivity of elemental S with steel has

been known to be high [4].

6.1.2.5VPS 15

Figure 6.18 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing 3%VPS 15
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Figure 6.19 EDS spectrum performed on the wear track with grease chemistry VPS 15
(Inset: SEM image of the wear track)

116



The EDS spectrum (Figure 6.19) of this grease does not reveal a distinct S peak, the
atomic percent of S being only 0.12%. It could be hypothesized that although VPS 15 is highly
polar in nature, it has to compete for the surface with the thickener fibers in the grease that are
polar too. With very low amounts of S, the additive may be forming a very thin adsorbed layer that
is beyond the detection limit of this instrument.

The elemental map of S (Figure 6.20) does not reveal any distinct distribution of S on the
wear track suggesting that either the tribofilm was insufficiently formed on the surface or the
sulfur additive was partially adsorbed on the surface and would require the presence of ZDDP

and PTFE for AW/EP action.

WD16/. 4mm 25.0kV, x2.5ki  20um

Figure 6.20 Elemental map of sulfur as found on the wear track formed from VPS 15-containing
Li-base grease
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6.1.2.6 VPS 15_280L
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Figure 6.21 EDS spectrum performed on the wear track with grease chemistry VPS 15+ PTFE +
ZDDP (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.21) shows the presence of important elements like S,P, and
Zn. The spatial distribution of these elements can be observed through the elemental maps.

There is some oxygen detected at location also containing Zn and P suggesting the formation of

zinc phosphates.
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Figure 6.22 Elemental maps of the various elements found on the wear track formed from VPS
15+ ZDDP + PTFE-containing Li-base grease

The maps (Figure 6.22) indicate that Zn and P occur at similar locations. There are traces
of oxygen found on the track. Fe and S do not occur at similar locations. These results are
different from what was seen with the other additives dealt with so far. Thus, it can be commented

that zinc phosphide is formed; the formation of zinc phosphate is not conclusive from the data.
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Moreover, no iron sulfide is formed in this case. This result is consistent with the fact that VPS 15
is an inactive sulfur additive and is very stable to release the sulfur and react with the substrate to
form iron sulfide. Sulfur could be present as an organosulfur on the track and occurs in sites
where zinc phosphides are not formed. Kulczycki [50] mentions that in the low-load regimes, the
sulfur additive get physically adsorbed on the metal surface and increase the durability of the
lubricating film; in the high load regime, where the durability of the lubricating film is limited, the
sulfur additives form tribologically active mercaptide compounds and form metal sulfides layer
when loads damaging the film are applied. However, the mapping results do not indicate the
formation of either iron sulfide or iron mercaptide. It is likely that the organosulfur has been
physically adsorbed on the surface andno cleavage or decomposition has occurred since VPS 15
is a stable polysulfide with inactive sulfur.

6.1.2.7 TPS 44

Figure 6.23 Wear track formed from TPS 44-containing Li-base grease

The wear track (Figure 6.23) of this chemistry shows plowing grooves running in a
direction parallel to the sliding direction and few cavities that suggest the occurrence of abrasive

wear.
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Figure 6.24 EDS spectrum performed on the wear track with grease chemistry TPS 44 (Inset:
SEM image of the wear track)

The EDS spectrum (Figure 6.24) shows the presence of S on the wear track The
elemental map (Figure 6.25) suggests the presence of some sulfur on the wear track of the steel
ball after running the Four-ball wear test at standard ASTM D 2266 conditions of 40kg/1200rpm/1
hour suggesting that either TPS 44 or its decomposition products have been adsorbed on the
surface since TPS 44 contains higher amount of active sulfur (18 weight percent); though the
amount of sulfur on the wear track is not significant enough better the wear performance of the
grease with TPS 44(WSD= 0.64mm) than when the grease is used without the additive (WSD of

Li-base grease= 0.70mm).
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Figure 6.25 Elemental map of sulfur on the wear track formed from TPS 44 -containing Li-base

grease
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Figure 6.26 EDS spectrum performed on the wear track with grease chemistry TPS 44+ PTFE +
ZDDP (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.26) gives first-hand information of the presence of various
elements on the wear track, as Zn, P, O, and S. The distribution of these elements can be

observed through the elemental maps.
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Figure 6.27 Elemental maps of the various elements found on the wear track formed from TPS
44+ ZDDP + PTFE-containing Li-base grease

The maps (Figure 6.27) suggest that zinc phosphates patches are formed. In the regions
deprived of zinc phosphate, iron sulfide-rich areas can be seen. Since this additive is an active

sulfur carrier, it forms iron sulfide layers under the given test conditions and provides adequate
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wear and EP protection. The proposed mechanism of antiwear/EP action for oraganosulfur
compound is such that the organosulfur compound is initially adsorbed on the iron surface and
iron mercaptide is formed due to cleavage of the S-S bonds. It is, however, not certain whether
decomposition occurs before initial adsorption or vice-versa. When loads approach EP
conditions, much higher temperatures are reached in the contact zone, and cleavage of the S-C
bond occurs to form an inorganic sulfur-containing layer [51].

6.1.2.9 VL AZ

Figure 6.28 Wear track formed from VL AZ-containing Li-base grease

The wear track (Figure 6.28) for this grease chemistry is similar to that obtained for

samples exhibiting abrasive type of wear with presence of plowing grooves and few cavities.
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Figure 6.29 EDS spectrum performed on the wear track with 3% VL AZ in Li-base grease. (Inset:
SEM image of the wear track)

The EDS spectrum (Figure 6.29) shows presence of some amount of sulfur and zinc on

the wear track suggesting the presence of the additive or its decomposed product on the surface.
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Figure 6.30 Elemental maps of the various elements found on the wear track formed from VL AZ-
containing Li-base grease

It can be speculated from the elemental maps (Figure 6.30) that the additive was
physically adsorbed on the surface and could have decomposed to form zinc sulfides that is

responsible for giving good wear numbers..
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Figure 6.31 EDS spectrum performed on the wear track with grease chemistry ZDDP+PTFE+VL
AZ. (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.31) done on the wear track of one of the three stationary
balls after running the ASTM D2266 on the Four-ball wear tester for the grease chemistry
containing 5% (3%ZDDP, 2% PTFE) and 3% VL AZ, reveals the presence of Zn, P, S. O.

Considering the atomic percent of P, it remains unchanged in both cases and it comes
from the decomposition of ZDDP (since VL AZ contains no P). The amount of Zn and O are
slightly higher in the case of ZDDP+PTFE, while the amount of S recorded is somewhat higher in
VL AZ+ZDDP+PTFE.

The zonal distribution of the various elements in VL AZ+ZDDP+PTFE is shown in the
elemental maps (Figure 6.32), obtained individually for all the plausible elements in the wear

track:
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Figure 6.32 Elemental maps of the various elements found on the wear track formed from VL AZ+
ZDDP + PTFE-containing Li-base grease

As can be observed from the maps (Figure 6.32), Zn, P and O occur in distinct areas on
the wear track suggesting the formation of zinc phosphates (ZP) from the decomposition of
ZDDP. In these regions, the Fe regions appear dark with little or no Fe. However, Fe and S occur

at similar areas, and suggest the presence of iron sulfides. The maps also suggest the formation
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of trace amounts of iron sulfates which are more abrasive than the sulfides and phosphates, thus
detrimental to the tribofilm formation.

6.1.2.11 VL 622

Figure 6.33 Wear track formed from VL 622-containing Li-base grease

The wear tracks (Figure 6.33) suggest the occurrence of abrasive wear and mild
adhesive wear.

The EDS spectrum (Figure 6.34) shows the presence of elements of Sb, P,S on the wear
track as is given in the figure. The spectrum suggests that the additive is physically adsorbed on

the surface of the steel balls. No further conclusions can be drawn from the spectrum obtained.
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Figure 6.34 EDS spectrum performed on the wear track with grease chemistry VL 622 (Inset:
SEM image of the wear track)

The distribution of these elements can be observed through the elemental maps (Figure
6.35). The maps show the presence of some amount of S, P, Sb, suggesting the adsorption of
the additive on the surface of the steel balls. However, much conclusion cannot be drawn from
the elemental maps and more sophisticated characterization techniques are required to predict

the nature of formation of films.
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Figure 6.35 Elemental maps of the various elements found on the wear track formed from VL
622-containing Li-base grease

The elemental maps (Figure 6.35) show distinct regions of P, S and O suggesting the
various compounds that could have been formed of sulfides, phosphates or even antimony
phosphorodithioate. Antimony phosphorodithioate incorporated into greases as a solid additive
imparts outstanding extreme-pressure properties and is considered to be a candidate additive for

use under extremely high loads where conventional solid lubricants are found to be inadequate
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[57]. This could explain good wear numbers obtained for this chemistry (0.47mm) and weld load

of 400kgs.
6.1.2.12 ZDDP+PTFE+VL 622
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Figure 6.36 EDS spectrum performed on the wear track with grease chemistry ZDDP+PTFE+VL
622 (Inset: SEM image of the wear track)

The EDS spectrum (Figure 6.36) reveals the presence of Sh, S, O and traces of Zn, and

P on the wear track. The elements have not been marked on the EDS spectrum since they are

present in insignificant amounts on the tribofilm.
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Figure 6.37 Elemental maps of the various elements found on the wear track formed from VL
622-containing Li-base grease

The elemental maps (Figure 6.37) show strong signals of P and S in certain distinct
regions of the wear track. Presence of S, P, O and Zn at similar locations suggest that there
might have been formation of some amounts of zinc sulfates and zinc phosphates. Zinc
phosphates have a positive influence on the wear and EP properties of the grease, whereas zinc

sulfates adversely affect the wear performance. The presence of two cations could suggest a
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competition for surface. It could be hypothesized that VL 622 could have formed antimony
thioantimonate [Sb(SbS,)], which is a known lubricant additive in oils and greases. However, the

presence of ZDDP has some antagonistic effect on the wear behavior of VL 622.

6.1.2.13 VL 672

Figure 6.38 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing VL 672

The SEM images (Figure 6.38) of the wear track suggest the occurrence of abrasive and
adhesive wear. The presence of grooves, fine wear debris and surface microcracks are indicative
of abrasive wear, whereas the pull-outs at the edges of the track suggest adhesive wear and

loosely adherent film.

134



Figure 6.39 Elemental maps of the various elements found on the wear track formed from VL
672-containing Li-base grease

The elemental maps (Figure 6.39) suggest the formation of phosphates on the film
formed by VL 672 (Ashless amine phosphate) in Li-base grease. The high wear and low weld
load numbers could be due to a loosely adherent film and the occurrence of severe adhesive and
abrasive wear.

6.1.2.14 VL 672+ ZDDP+ PTFE

Figure 6.40 SEM images of the wear track formed through a Four-ball wear test (ASTM D 2266)
from a Li-base grease containing VL 672+ ZDDP+ PTFE
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The SEM images (Figure 6.40) of the wear track for this grease chemistry is suggestive
of abrasive showing grooves with some debris formation.

The EDS spectrum as shown in Figure 6.41 reveals the presence of elements Fe, O, P
and traces of S and Zn in the wear track. More on the distribution of the elements on the wear
track can be seen on the elemental maps obtained for the individual elements through the “Multi-

toolbar” option of the “Revolution” software for EDS analysis.
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Figure 6.41 EDS spectrum performed on the wear track with grease chemistry ZDDP+PTFE+VL
672 (Inset: SEM image of the wear track)
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Figure 6.42 Elemental maps of the various elements found on the wear track formed from
ZDDP+PTFE+VL 672-containing Li-base grease

The elemental maps (Figure 6.42) suggest the presence of trace amounts of Zn on the
wear track. S,P, O and C occur at similar zones. The zones showing higher signals from S are
also the zones with absence of Fe. This eliminates the possibility of formation of iron sulfides. The

sulfur could be present as zinc sulfides (in traces), or as organosulphates (or simply as
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organosulfur). Phosphorus could be present as organophosphates or iron phosphates, imparting
some antiwear property to the grease. This is in accordance with the theory held by Wan et al.
[59] who suggest that P-containing additives can form a FePO, surface film by adsorption and
reaction of the phosphate with the surface. They also suggest that the preferential adsorption of
the amine on to the surface reduces the adsorption and reaction of AW agents with the surface.
This serves to explain the presence of trace amounts of Zn when an amine phosphate with 0% S
is used. The only source of Zn and S, in this grease chemistry, comes from the decomposition of
ZDDP. According to the EDS quantitative data, the atomic percents of Zn and S are equal

(~0.45%) suggesting the formation of zinc sulfides as ZnS.
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CHAPTER 7

CONCLUSIONS

The present study lays the groundwork for understanding various tribological aspects of

greases. This chapter summarizes the outcomes important to the study of additives in greases.

1.

MoS, has detrimental effects on the film formed on the steel surface, such that the
hard and rough edges of the particles themselves serve to rip off the film. Moreover,
the lubricating action of MoS; is realized only when the hexagonal planes of the
molecule come parallel to the contact point. Increasing the amount of MoS,,
increases the wear and lowers the weld load numbers.

As an effort to replace the black powder (MoS,) due to its increasing cost and poor
AW/EP behavior, the synergistic combination of ZDDP and PTFE was utilized to
develop greases with superior AW/EP performance. ZDDP-PTFE when used in lower
concentrations (3 and 2 percent respectively) provided superior wear and weld
performance compared to MoS, greases. Additionally, increasing the amount of
ZDDP and PTFE enhanced the AW/EP results.

Although ASTM Standard D 2266 has been used to screen the performance of
greases, yet the actual bearing conditions may vary significantly with load, rpm and
duration of test such that the activation of chemistries is load-driven, the rpm dictates
the entry of grease into the contact point and the test duration dictates the durability
of greases. Results indicate that the performance of greases varies with the test
conditions and this would prove to be very useful for designing greases for extended

operating conditions.
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The weld load numbers obtained for Blend-H were the highest (620kgs) as compared
to Blend-L that gave weld load numbers of 400kgs. Thus, ZDDP-PTFE synergism
has been established to give superior EP/AW properties to grease.

5. On addition of Blend-L to the VL additives, VL 622, which showed good wear
numbers when used alone in the Li-base grease without Blend-L, is antagonistic to
ZDDP. This could be attributed to the presence of two metal cations in the grease
formulation such that there is competition of surface. The EP action of VL 622 is
independent of the ZDDP content and depends solely on the PTFE content. The
formation of sulfides of antimony which are thermally stable and have layered
structure could be responsible for good wear behavior [64].

6. All of the other VL additives behave in synergism with ZDDP and form sulfides
and phosphates in distinct regions on the wear track.

7. Blend-L demonstrates strong synergism with VL SB (sulfurized olefin) and the

combination of Blend-L and VL SB produces excellent wear and weld load behavior.
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CHAPTER 8

SUGGESTED FUTURE WORK

After performing the elementary tests and characterization, there are some suggestions
that would contribute to future work and were beyond the scope of the present research work.

e The chemical composition of the films through more sophisticated characterization like

XANES should be performed.

Since there are interactions (antagonistic and synergistic) that occur between additives in
greases, it is important to study the chemical composition of the lubricant films formed. This
would give an insight into the chemical interactions that may have occurred between additives or
between the additives and surface.

e The mechanical properties of the films should be investigated through nanomechanical
indentation tests.

Abrasive wear results from a cutting action by (1) a rough, hard surface sliding against a
softer surface or (2) contaminant hard particles trapped between the sliding surfaces. In previous
work, it has been established that to cut, the hardness of the cutting agent should be greater than
about 1.2 times that of the material cut. Thus, by performing nanomechanical tests, correlations
between abrasive wear and material properties like hardness, modulus could be established.

o The effect of ball-milling on the particle size of MoS,, hence its lubricating action, should
be carried out.

Since that hard and rough edges of the MoS, were considered to be the factors
responsible for poor wear performance of greases with MoS,, ball-milling of the MoS, particles

could be performed, since ball-milling would generate powders of fine sizes at a relatively low
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cost and thus, the dependence of particle size on the lubricating behavior of MoS, could be

established.
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PROTOCOL FOR GREASE PREPARATION
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PROTOCOL FOR GREASE PREPARATION

GREASE BLENDS WERE PREPARED (IN WEIGHT PERCENT) IN BATCHES OF 200

GRAMS.
For preparation of (1) and (2) chemistries as was stated in the preceding section,
measured amount of Lithium-base grease was taken in a 4.5 quart container and 3 or 5
weight percent of MoS, (or 3% Vanlube additives) was carefully added to the container
and stirred with a spatula, ensuring that the particles do not stick to the walls of the
container. Mixing was done according to the specifications as mentioned in (g) below.
Depending on the compositions to be blended (whether (3) or (4)), required amount of
ZDDP was measured on a weighing scale (sensitive up to 4 decimal places) and
proportionate amount of PTFE was added. The mixture was thoroughly mixed with a
spatula to obtain uniform composition. Blend L or Blend H was added to the grease
taken in a container and mixed as specified in (g) below.
For preparing chemistry (5), MoS2 is first added to the base grease and then followed
by PTFE. Finally, proportionate amount of ZDDP is added and the mixture is stirred with
a spatula for rough mixing and preventing the particles to fly off when final mixing is
done in a Kitchen Aid Blender.
(6) can be prepared by adding the required amount of additives (3%) to the base
grease and subject it to mixing.
For (7), first the concentrate of Blend L is prepared and the appropriate amount is
added to the base grease, following which the additive is added and stirred with a
spatula for rough mixing. Final mixing is done as described in (g).
(7) is prepared by added the measured amount of PTFE to the base grease after which

the additive is added and the mixture roughly stirred before subjecting to final mixing.

144



The final mixing is done in a 4.5 quart capacity Kitchen Aid Blender of power rating 250
watts. The blender is run at a speed of 4 for approximately 30 minutes and then turned
off to scrub the walls of the container. The blender is restarted and blending is done at
speed 6 for 1 hour. The total blending time is 1.5 hours.

After blending is done, the formulations are stored in containers with appropriate
labeling. The formulation is ready to be tested. (To ensure no contamination, the

containers and hardware are cleaned thoroughly with hexane and acetone).
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APPENDIX B

PROTOCOL FOR RUNNING THE FOUR-BALL WEAR/EP TESTS AND CLEANING
METHODOLOGIES
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In order to generate consistent and reproducible outcomes, a test protocol was followed

in the laboratory. Details of the test protocol are as follows:

10.

11.

12.

LOADING THE SAMPLE/WEAR TEST
Chrome-plated % inch diameter stainless steel balls (Bearing Quality Aircraft Grade
E52100 Alloy steel) were ordered from McMaster Carr and cleaned thoroughly with
hexane.
The required grease formulation was taken and the grease-cup in the four-ball tester was
filled to 2/3"™ the amount. While filling, care must be taken that there are no air-bubbles.
Three of the four cleaned steel balls are carefully placed in the grease-filled cup, ensuring
that the balls are in contact with each other. The balls are held in place through a Clamp
ring.
Now the clamp ring is placed slowly such that the steels balls do not come out of the
orifice provided in the ring. Otherwise, repeat the above steps till the balls remain
clamped by the ring in the grease cup.
The grease cup is filled with more grease matching the height of the ball-holder
assembly.
This whole assembly is placed in the body specimen clamp.
The next step is spin the locking nut onto the thread by hand and hand tightened. The
box spanner is placed onto the nut and tightened using a torque bar to prevent the
movement of the balls.
Insert a fresh cleaned ball in the collet and feel the ball snap into place by hand.
Insert the collet into the end of the shaft.
The thermocouple lead is connected to the thermocouple plug and the door is closed.
Clip the protective cover onto the vertical columns before proceeding — this is for the
safety of the operator. The test will not run if the cover is removed.

The machine is now ready for the 4-Ball test.
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13. Using the software ‘Compend’, decide whether the data has to be recorded on the data
file and select the appropriate file name for the lubricant/grease being tested.
14. The load, rpm and duration of test are set as desired by the experiment.

15. Start the test by pressing START.
EP TEST

FOR PERFORMING THE WELD POINT (EP) TEST, THE STEPS 1 THROUGH 13 ARE
PERFORMED. HOWEVER, THE THERMOCOUPLE LEAD IS NOT CONNECTED TO THE

PLUG.
START THE TEST BY PRESSING START.

A VARIABLE TABLE WILL BE PROMPTED TO THE USER INTO WHICH THE REQUIRED

LOAD IS PLACED.
APPLY THE CLUTCH BRAKE DURING THE LOADING PHASE OF THE PROGRAM.

THE CLUTCH BRAKE (BLACK HANDLE ON THE TOP OF THE TEST SHAFT) IS TIGHTENED
DOWN ONTO THE TOP OF THE CLUTCH. THIS IS DONE TO HAND-TIGHT AND PREVENTS
THE SHAFT FROM ROTATING UNTIL THE CLUTCH IS ENGAGED BY THE TEST SEQUENCE

FILE.

THE TEST STOPS AUTOMATICALLY AFTER 10 SECONDS. HOWEVER, IF WELDING
OCCURS (AS INDICATED BY THE FUMES FROM THE BALL POT OR INCREASED NOISE OF
THE MOTOR) THE TEST MUST BE STOP IMMEDIATELY TO AVOID DAMAGE TO THE

MACHINE.

UNLOADING THE ASSEMBLY

1. After the test, unplug thermocouple lead and plug (if they are plugged)
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Remove the whole four-ball assembly before proceeding to the next step and the three
stationary balls are retrieved.

Remove the ball collet from the test shaft by inserting the long handled extractor rod into
the top of the shaft (above the clutch) and screw down the extractor rod.

If the shaft rotates while unscrewing, then hold the shaft still by using a C spanner,
inserting the nose of the spanner into one of the holes in the shaft at the bottom end.
Tighten the extractor rod until the collet falls out. Remove the extractor rod at this point.
Remove the old test ball from the collet by inserting the punch provided into the hole at
the rear of the collet.

Turn upside down and push the punch up into the collet - the ball should pop out.

If it does not move, place the collet, ball downwards, on the Holding Block and the punch

with a hammer.

FINAL CLEANING
Clean the machine off the grease using hexane and get it ready for the next test.
For running consecutive tests, it should be ensured that the whole machine assembly
cools down to room temperature.
Clean the test balls thoroughly for post-test analysis.

If the test produces objectionable odor, use hood.

149



REFERENCES
[1] C. J. Boner, "Manufacture and application of lubricating greases," in Manufacture and
Application of Lubricating Greases Anonymous Reinhold Publishing Corp, 1954,
[2] B. Bhushan. (2000, Modern Tribology Handbook, Volume 1.
[3] Dowson D., History of Tribology ,2nd ed.London : Professional Engineering Publishing, 1998,

[4] Http://ocw.mit.edu/NR/rdonlyres/Mechanical-Engineering/2-800Fall-2004/EDEBOAEE-FEB5-

48DD-B3AD-83F2422FAF07/0/chl trib_intro.pdf.

[5] K. E. Bannister, Lubrication for Industry (Handbook). ,1st edition ed.New York: Industrial Press
Inc., 1995,

[6] D. A. Lauer, "Tribology - key to lubricant selection,” Tappi Journal, vol. 79, pp. 169-174, Feb.
1996.

[7] Stachowiak Gwidon W. and Batchelor Andrew W., Engineering Tribology. ,3rd ed.Oxford, UK:
Elsevier Inc., 2005,

[8] A. Z. Szeri, Tribology : Friction, Lubrication, and Wear . Washington: Hemisphere Pub. Corp.,
1980,

[9] "http://webphysics.davidson.edu/facultyy/dmb/PY430/Friction/stick-slip.html,"

[10] "http://www.accessmylibrary.com/coms2/summary 0286-13565903 ITM,"

[11] B. Hamrock J, S. R. Schmid and B. Jacobson O., Fundamentals of Fluid Film Lubrication.
United States of America: McGraw-Hill, 1994,

[12] B. Bhushan and B. K. Gupta, Handbook of Tribology :Materials, Coatings, and Surface
Treatments. , vol. 1, New York: McGraw-Hill, 1991, pp. 1088.

[13] D. M. Pirro and A. A. Wessol, Lubrication Fundamentals. ,Second ed.Marcel Dekker, 2001,
pp. 523.

[14] L. Hamnelid. Http://www.elgi.org/joomla/WGroups/Inntroduction _to Rheology.pdf

150



[15] Www.usaallamerican.com/htmltbgreaseamorecomprehensive.doc.

[16] C. J. Boner, Modern Lubricating Greases. Scientific Publications Ltd. (Broseley), 1976,

[17] P. R. McCarthy, NASA Symposium Cleveland, Jan. 1972.

[18] A. C. Horth, L. W. Sproule and W. C. Pattenden, "Friction reduction with greases," NLGI
Spokesman, vol. 32, pp. 155, 1968.

[19] T. Mang and W. Dresel, Lubricants and Lubrication ,Second ed.GmBH: Wiley- VCH, 2007,
pp. 850.

[20] L. R. Rudnick, Lubricant Additives: Chemistry and Applications. ,First ed.2003, pp. 735.

[21] A. Somayaiji. (2008, A study of the antiwear behavior and oxidation stability of fluorinated zinc
dialkyl dithio phosphate in the presence of antioxidants. ProQuest Dissertations and Theses
(Electronic Resource Collection)

[22] H. A. Spikes. (2004, The history and mechanisms of ZDDP. Trib. Lett. 17(3), pp. 469-489.
[23] S. L. Lawton and G. T. Kokotailo, Inorg. Chem., 1869.

[24] E. S. Yamaguchi, R. L. Primer, S. R. Aragon and E. Q. Labrador. (1998, Dynamic light
scattering studies of basic diisobutyl zinc dithiophosphate. Tribol. Trans. 41(2), pp. 233-240.

[25] Willermet PA, Dailey DP, Carter lll RO, Schmitz PJ, Zhu W., "Mechanism of formation of
antiwear films from ZDDP," Tribology International, vol. 28, pp. 177, 1995.

[26] Z. Yin, M. Kasrai, M. Fuller, G. M. Bancroft, K. Fyfe and K. H. Tan. (1997, Application of soft
X-ray absorption spectroscopy in chemical characterization of antiwear films generated by ZDDP
part I: The effects of physical parameters. Wear 202(2), pp. 172-191. Available:

http://dx.doi.org/10.1016/S0043-1648(96)07272-9

[27] K. K. Papock, S. E. Krein, A. B. Vipper, B. S. Zuseva, A. P. Zarubin and M. S. Smirnov,
"Synergistic Effect of Various Additive Combinations on Motor oil Performance," 7th World
Petroleum Congress, April 2 - 9. 1967.

[28] H. A. Spikes. (1989, Additive-additive interaction and additive-surface interaction in

lubrication. Lubrication Science 2(1), pp. 3-23.

151



[29] "http://www.hwpetro.com/ fileCabinet/TexacoData/Marfak-MP2.pdf,"

[30] "http://www2.dupont.com/Teflon_Industrial/en_US/assets/downloads/h58358.pdf,"

[31] "http://www.climaxmolybdenum.com/TechLib/ParticleBulletinMoSulfide _1107.pdf,"

[32] R. Holinski and M. Jungk. (2000, New solid lubricants as additive for greases - "polarized
graphite”. NLGI Spokesman (National Lubricating Grease Institute) 64(6), pp. 23-27.

[33] J. P. Antony, B. D. Mittal, K. P. Naithani, A. K. Misra and A. K. Bhatnagar. (1994,
Antiwear/extreme pressure performance of graphite and molybdenum disulphide combinations in
lubricating greases. Wear 174(1-2), pp. 33-37.

[34] A. Mistry and R. Bradbury. (2002, Investigation into the effect of molybdenum disulphide and
graphite on the load carrying capacity of a grease. NLGI Spokesman 66(3), pp. 25-29.

[35] R. L. Elsenbaumer, D. P. Owen, P. B. Aswath, H. Shaub, R. Mourhatch and K. Patel , "High
performance lubricants and lubricant additives for crankcase oils, greases, gear oils and
transmission oils description/claims,” TX US 20090036336, 2009.

[36] J. Gansheimer and R. Holinski. (1972, April). Study of solid lubricants in oils and greases
under boundary lubrication. Wear 19(4), pp. 439-339.

[37] T. J. Risdon. (1986, Evaluation of MoS, in newer grease thickener systems, NLGI
Spokesman 50(6), pp. 211-214.

[38] E. Ballester, M. Sui and C. Fillion. (2001, Effect of PTFE patrticle size on wear and coefficient
of friction. NLGI Spokesman 65(6), pp. 22-27.

[39] M. Sivik, J. B. Zeitz and D. Bayun, NLGI Spokesman, vol. 66, pp. 20-24, 2002.

[40] A. Tamashuasky, "The effect of Graphite type, purity and concentration on the Performance
of a Clay FilledPolyalpha Olefin Grease Based on four ball wear (ASTM 2266) with coefficient of
friction and load wear index(ASTM D2596)," NLGI Spokesman, vol. 50, pp. 211-214, Sept. 1986,.
[41] K. Patel, P. B. Aswath, H. Shaub and R. L. Elsenbaumer, "High Performance Lubricant

Additive," 20070093397, 20070093397, April 26th, 2007.

152



[42] P. Aswath, R. Mourhatch, K. Patel, S. Munot, A. Somayaji and R. Elsenbaumer, "A Design of
Experiments Approach to Develop a Better Grease," NLGI Spokesman, vol. 71, pp. 8-16, 2007.
[43] P. Cann, H. A. Spikes and A. Cameron. (1983, Thick film formation by
dialkyldithiophosphates. ASLE Transactions 26(1), pp. 48-52.

[44] A. M. Barnes, K. D. Bartle and V. R. A. Thibon. (2001, A review of zinc
dialkyldithiophosphates (ZDDPS): Characterisation and role in the lubricating oil. Tribol. Int. 34(6),

pp. 389-395. Available: http://www.sciencedirect.com/science/article/B6V57-43FW970-

F/2/5574d908655569a6dbf265425ed9207¢

[45] P. B. Aswath and R. L. Elsenbaumer, "Method to Synthesize Fluorinated ZDDP," US
20060281644, December 14th, 2006.

[46] A. G. Papay, "Antiwear and Extreme-Pressure Additives in Lubricants,” Lubrication Science,
vol. 10, pp. 208, 1998.

[47] T. Sakamoto, H. Uetz, J. F6hl and M. A. Khosrawi. (1982, 4/1). The reaction layer formed on
steel by additives based on sulphur and phosphorus compounds under conditions of boundary
lubrication. Wear 77(2), pp. 139-157.

[48] O. Rohr. (1994, Sulfur. the ashless additive. NLGI Spokesman 58(5), pp. 20-27.

[49] G. Akdogan, T. A. Stolarski and S. Tobe. (2002, Wear of metal/PTFE coatings in rolling line
contact. J. Mater. Sci. 37(23), pp. 5013-5019. Available:

http://dx.doi.org/10.1023/A:1021031531247

[50] E. Ballester, M. Sui and C. Fillion. (2001, Effect of PTFE patrticle size on wear and coefficient
of friction. NLGI Spokesman 65(9), pp. 12-17.

[51] Y. Yamamoto and S. Gondo. (2002, Frictional performance of lithium 12-hydroxystearate
greases with different soap fibre structures in sliding contacts. Lubr Sci 14(3), pp. 349-362.

[52] H. Spedding and R. C. Watkins. (1982, Antiwear mechanism of ZDDP's - 1. Tribol. Int. 15(1),

pp. 9-12. Available: http://www.sciencedirect.com/science/article/B6V57-47XG7BW-

R8/2/8395fecbc8638a813d19a3896158f81e

153



[53] H. Uetz, M. Khosrawi and J. Foehl. (1984, Mechanism of reaction layer formation in

boundary lubrication. Wear 100(1-3), pp. 301-313. Available: http://dx.doi.org/10.1016/0043-

1648(84)90018-8

[54] C. McFadden, C. Soto and N. D. Spencer. (1997, Adsorption and surface chemistry in

tribology. Tribol. Int. 30(12), pp. 881-888. Available: http://dx.doi.org/10.1016/S0301-

679X(97)00075-3

[55]"http://www.arkema.com/pdf/EN/products/thiochemicals/thiochemicals arkema 1-

overview2008.pdf,"

[56] "http://www.arkema-inc.com/index.cfm?pag=120,"

[57] J. P. King and Y. Asmerom. (1981, Investigation of extreme-pressure and antiwear properties
of antimony thioantimonate. ASLE Transactions 24(4), pp. 497-504.
[58] I. M. Hutchings. (2002, Abrasion processes in wear and manufacturing. Proc. Inst. Mech.

Eng. Part J 216(2), pp. 55-62. Available: http://dx.doi.org/10.1243/1350650021543898

[59] K. Komvopoulos, V. Do, E. S. Yamaguchi and P. R. Ryason, "Effect of sulfur- And
phosphorus-containing additives and metal deactivator on the tribological properties of boundary-
lubricated steelsurfaces," Tribol Trans, vol. 46, pp. 315, July. 2003.

[60] N. J. Mosey, T. K. Woo and M. H. MAv.ser. (2005, Mechanism of wear inhibition by ZDDP
lubricant additives - insights from molecular scale simulations. American Chemical Society,
Division of Petroleum Chemistry, Preprints 50(3), pp. 332-335.

[61] J. M. Martin, J. L. Mansot, |. Berbezier and H. Dexpert. (1984, Nature and origin of wear
particles from boundary lubrication with a zinc dialkyl dithiophosphate. Wear 93(2), pp. 117-126.

Available: http://dx.doi.org/10.1016/0043-1648(84)90064-4

[62] S. Palios, P. M. Cann and H. A. Spikes, "Behavior of PTFE suspensions in rolling/sliding
contacts," in the Third Body Concept: Interpretation of Tribological Phenomena D. Dowson, C. M.
Taylor, T. H. C. Childs, Z. Dalmaz, Y. Berthier, L. Flamand, J. M. Georges and A. A. Lubrecht,

Eds. Netherlands: Elsevier, 1996, pp. 141-151.

154



[63] K. Parekh, "Interactions between antiwear agent and novel additive in engine oils," ProQuest
Dissertations and Theses, 2005.

[64] J. R. Soulen, "Complex antimony sulfideas lubricant additives" PA/ USA 3965016, 1976.

155



BIOGRAPHICAL INFORMATION

Arunya Suresh was born in Ajmer,Rajasthan (India) and did her schooling from schools
located in different parts of India. She secured admission at Malaviya National Institute of
Technology, Jaipur, Rajasthan (India) and graduated with a Bachelor of Technology degree in
Metallurgical Engineering. She received the Gold Medal for academic excellence in her
undergraduate program. In her undergraduate years, she had the opportunity to carry out
Summer project at IIT, Roorkee in Shape Memory Alloys and developed keen interest in
Materials Science. After serving at Accenture Ltd. (India) for a year and a half, she came back to
school to pursue Master of Science at the University of Texas at Arlington in Materials Science
and Engineering. She considers herself extremely fortunate to carry out research in the field of

Tribology and Lubrication, under the tutelage of Dr. Pranesh Aswath.

156



