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Abstract

The effect of organic Friction Modifiers (FMs) on friction properties at steel and paper
clutch materials is investigated, and their working mechanisrasassessed by the

observation of reaction and adsorption filflosned on the surface.

FMs are essential additives for drivetrain lubricants to manage friction properties.
Recently developed fuel efficient transmission systems such as Continuously Variable
Transmission (CVT) require precise and complicated frictiorirobn As a result it is
extremely important for the detailed behaviour of the FMs and in particular their

reactions with the surfaces to be elucidated.

In this study, friction properties of organic friction modifiers, oleic acid, oleyl alcohol
and glyceol monooleate, were evaluated by TE77 and MTM using steel and paper
specimens, which simulate two major components of CVT; a steelpllidy
mechanism and a paper clutch system. The surface films on thtegtostaterials were
studied by SEM, EDX, XP&nd ATRFTIR to assess the influence of the FMs.

The results indicate that the friction properties are strongly affected by the substrate
material and test temperature as well as the chemical structure of the FMs. In addition,
interactions between the FMmd the other additives play an important role for the
friction modification mechanism. In order to discuss the working mechanism of the
FMs, the relationship between the friction properties and the chemical nature of the
surface films was considered. Fhetmore, the chemical structure of the FMs and its

formulation suitable for CVT fluids are discussed.



Table of Contents

ACKNOWIEAGEMENT ... ..o e e e e e e e e e e emanne s i
ADSITACT ..o Il
Table Of CONTENTS .....coo i seeere e iii
LISt Of TADIES ...ceeiee e rmee e iX
IS A T U USSP Xi
LiSt Of PUDICALIONS ...t XViii
Chapter 1- INtrOdUCTION ......oooiieiiiiieieee e e 1.
I I = 7= Tod (o {0 [T OSSP 1
2 © ] o 1=l 11V PSSP 4
1.3. RESEarClONTIDULION......coiiiiiiiiiii e 4
1.4. THESIS OULINE ... e e e e e e e e e e e s s 5
Chapter 27 Literature REVIEW .........cccoiiiiiiiiiiiiieeee e 7
2.1. BaCKgrOUNG........cooiiiiiiii ettt 7
2.1.1. Historyof TribDOIOgy.......ccooiiiiii e 7
2.0, 2. FIICHON. ...eettie ettt ettt e e e e enemr e e 7
2.1.3. LUBFICALION...ceeiiiiieiee e e et e e e 8
2.2. Lubrtcation Technology in Automotive SyStems..........cccceeeeeeeesceecvvnnnnnnnnn. 10
2.2.1. Lubrication in ENQINES.........cooiiiiiiiiiieeee e e 11
2.2.2. Lubrication in TransSmIiSSION SYSIEMIS........uuuuiriiiiiiiiieeeireieeeeeeeeeeeeeeens 12
2.2.3. Conventional Automatic Transmission (AT).....ccccvviiieeeieiiiimmmeriiineenn, 15
2.2.4. Continuously Variable Transmission (CV.I)........cccooeiiiiiiiiiiiccciiiieeeeeees 18
2.3. Automatic Transmission FIuid (ATE)......coooiiii e 19
2.3.1. FOrmulation BaSIS.......ccuuiiiiiiiiiiiiiiime e 19



2.3, 2. BaASE Ol e 20

2.3.3. Viscosity Modifier (WVM)....ccoooeiiiiiiieeeeeeeeeeee e e 21
2.3.4. Zinc Dialkyl Dithiophosphate (ZDDP)..........ccooooiiiiiiiiicce e 21
2.3.5. Molybdenum Dithiocarbamate (MODTC).......cccoovviiiiiiiiiiieeeiee e, 21
2.3.6. Organic Friction Modifier (FM)..........coooiiiiiiiiieeee e 22
2.3.7. Phosphorous ARINEAr AQENL......ccceeiiieieeeeiieeeeieeee e e e 23
2.3.8. Metal Detergentl. ... ...cie i i e e eeeecc et eree e e e 23
2.3.9. DISPEISANT.....ciiiiiiiieieee et eneeae 24
2.3.10. AI-OXIABNT .....euiiiiiiiiiiiie ettt e e e e e e e e e e e 24
2.4. Literature Review on Working Mechanism of FMS...........ccccceeiiiiiieecnnnnns 25
2.4.1. Adsorption Film Formatian..............cceeeeiiiiiieeeie e 25
2.4.2. Interaction with Other AddItIVES...........ooooiiiiiiiiiieee e 30
2.4.3. Application to ATF and CVTE.........ooo e 32
2.5. RESEAICH TAIGEL ... eeeiiiiiiiiiii e eeeas 35

Chapter 3 -Experimental Procedures and Analysis of Starting Oils and Surface37

3.1. Operating Conditions of the CVT COMPONENIS.............eevvvmmmmiccreeeeeennnnnns 37
3.2, TET7 THDOESE....cciiiiiiiiiii et rmee e emm s 38
3.2.1. INtrodUCtiON 0 TETZZ. ..ot 38
3.2.2. TE77 TeSt SPECIMENS.......uuvuriiiiiiieeeeeceeeriiiiiiieieeeeeeeeeeeesneieeeneneeeeeenenn 40
3.2.3. TE77 TesSt CONIIONS..........uuuiriiiiiiiiiiieeeiiiiiiieereee e e e e smeeeee e e A2
3.2.4. Data Sampling Of TETZ.........uuiiiiiiiiiieeee et 43
3.2.5. Treatment for TE77 PesSt SPECIMENS..........cvvvvvviiiiieei e 45
3.3. Mini Traction Machine (MTM) TribOteSt.......ccooveiiiiieiiiiii e 46
3.3.1. INtroduction 10 MTM.....cooiiiiiii e 46
3.3.2. MTM TeSt SPECIMENS .....uuuiiiiiiiiiiiiiiiiieesriieeeeeeeeeeeeeeeeeeeeessmmeeeeeeeeeeeee AT
3.3.3. MTM Test CONAItIONS......cevviiiiiiiieiiiiiiiieeeeeee e A8
3.4. Test Oil FOrmMUIAtION..........ooiiii e e e 50



3.4.1. Friction Modifiers (FIMS).....ccciiiiieiiiiiieieeeeeeee e eaenees 50

3.4.2. BASE FIUIAS.......oiiiiiiie e eeeee e 51
3.4.3. TeSt Oil Preparation.............. e meee e 52
3.5. Surface ANalysisS TECNNIQUES..........uuuiiiiiiiiiiiieeeeieieeeeeee e 52
3.5.1. White Light Interferometry..........ccoovvviiiiiiiiieeee e 52
3.5.2. SEMIEDX.c.iiiiiiie ettt ettt a e e 53
3. 0.3 X P S e 54
.54, ATRFTIR e e 57
3.5.5. Summary of Surface ANalySIS..........coooiiiiiiiiiiiem e 62
Chapter 47 Resultsi TE77 Steel Contact TEStS.........ouvvvviiiiiiiiii e 64
4.1. TE77 Steel Contact Tests at 10Q%C.........cccuuvvrmmiiiimemiiiiiiie e eeemes 65
4.1.1. Friction COEffICIENL........coiiiiiit et ee e 65
4.1.2. Wear Measurement DY WLL. ..., 68
4.1.3. Wear Track Observation by SEM.........ccccoooiiiiiiiiccciiiiiiii e 71
O B ) QAN g = 1)V =P 13
4.1.5. XPS Analysis (PAO Formulations)............ccccuvvvvvriiimmmeiiiiiiiiiiiieeeeeeeeeea D
4.1.6. XPS Analysis (CVTF Formulations)............oooooiiiiimmnn e 78
4.1.7. ATRFTIR ANAIYSIS... it iiieeeeeeiieeeieeeitieeee e et s s 81
4.18. Summary of TE77 Steel Contact Tests at 100.°C..........ooovvviiivieeneen.n. 84
4.2. TE77 Steel Contact Tests at 40°C . .....oouuiiiiieeeiieemriee e ammee 85
4.2.1. Friction COEffiCIENL........cciiiiiiiiere e 85
4.2.2. Wear Measurement DY WLL..........ieee 388
4.2.3. Wear Track Observation by SEM..........ccccooiiiiiiiiiccciiiiiiiiie e 90
4.2.4. EDX ANAIYSIS....ouiiiieiiiiie ettt eene e 91
4.2.5. XPS ANAIYSIS.....ciiiiiiiiiii ettt e et e e e e aae 93
4.2.6. ATRFTIR ANAIYSIS....ciiiiieeeeieiiieeieeeiitieeme e e e e e e et s s 96
4.27. Summary of TE77 Steel Contact Tests at 40.°5C.........ccccvvvviiiieeminnnns 99



Chapter 57 Resultsi TE77 Paper Contact TeStS...........ccevevvvvvvviniireeeeeennnnnnns 100

5.1. TE77 Paper Contact Tests at 100°C.........ooviiiiiiiiiieiie e 100
5.1.1. Friction COeffiCIENE.......cooii it 100
5.1.2. Friction Force Wave ANalySiS.........ccooiviiiiiiiiiimmmn e 102
5.1.3. Wear Track Observation by SEM.........ccccooiiiiiiiiiecciiiciiieie e 105
5.1.4. EDX ANAIYSIS....uuuuiiiiiiei et eeeeie et eeeeenne e 108
5.1.5. XPS Analysis (PAO Formulations)...........cccoevvvviiviieeeee e, 110
5.1.6. XPS Analysis (CVTF FOrmulations)..............uuueueiiiiccmeeeeerinnninnnnnnn 112
5.1.7. ATRFTIR Analysis (PAO Formulations)...........ccccceeeeeeeiiiiieeennieeeeeeen 114
5.1.8. ATRFTIR Analysis (CVTF Formulations)...............couvvvvviiceeceennnnnns 117
5.1.9. Summary of TE77 Paper Contact Tests at 100°C.............ccovvvvieeen.. 119

5.2. TE77 Paper Contact Tests at 40°C........cooooiiiiiiiiiiieei e 121
5.2.1. Friction COeffiCIENE.......cooiiiiiiiie e 121
5.2.2. Friction Force Wave ANAIYSIS.........cueviiiiiiiiiiiieeneiieeeeeeeeeeeeee e 123
5.2.3. Wear Track Observation by SEM.........ccccooiiiiiiiiiccciiiiiiieie e 125
5.2.4. EDX ANAIYSIS....uuuiiiiiiiii it eeeeie ettt emne e 126
5.2.5. XPS Analysis (PAO Formulations by-#&pha)...............ccoooiiiiiiiennnnn 128
5.2.6. XPS Analysis (CVTF FOrmulations)...........ccccceeeeiiiiiiccceeieeeeeeeeee 131
5.2.7. ATRFTIR ANAIYSIS....cciii i e eeeieieeeeeeeteeee et 133
5.2.8. Summary of TE77 Paper Contact Tests at 40°C...........ccovvvvviiecennnn. 137

5.3. TE77 Durability Tests at 100°C........cccooeiiiiiiiiieeee e 138
5.3.1. Frictional Properties.............uuuueeeiiiiiieeeiiiiiiiiieeeeeee e e e e e s e 139
5.3.2. Wear Track Observation by SEM.............ccooiiiiimmmniiii 141
5.3.3. EDX ANAIYSIS.....uuiiiiiiiiiiiiiiiiiiii ittt 142
5.3.4. XPS ANAIYSIS. ... ————— e 143
5.3.5. ATRFTIR Analysis for the Paper Plates...........cccccoooeeiviieemneiiiieneen, 146
5.3.6. ATRFTIR Analysis for the Lubricants..............cccoooiiiimmmnniniiiieee 147
5.3.7. Summary of TE77 Paper Durability Tests at 100°C..............ccceenee. 149

Vi



Chapter 67 Resultsi MTM Paper Clutch T eStS........cccovvvvveveiiviiiiiicmmreeeeeeeeiinnns 151

6.1. MTM Initial PerformancCe...........cccvuiiiieiiiiiemee e 151
6.1.1. Frictional Properties...........ccuuiiiiiiiiiiieeeeieeeeee e 152
6.1.2 ATRFTIR Analysis for the MTM Paper Plates..............cccccviiiimennnnnne 155

6.2. MTM Durability Performance................uuiiiiiiieeceeiiiiiis e s eeeen 158
6.2.1. Friction Performance at the Standard Sequence.................coeeeeuneine 158
6.2.2. Friction Performance at the Combined Sequence............cccoeeevveeeee 163
6.2.3. ATRFTIR Analysis for Lubricants after Durability Test..................... 166
6.2.4. ATRFTIR analysis for Papd?lates after Durability Test.................... 171

6.3. Summary (MTM TriDOtESIS).......uuiiiiiiiiiiie e 173

Chapter 71 DISCUSSION.......cciiiiiiiiiiitittrees et eeenss bbb reeeeeeeaeeeas 177

7.1. Frictional Requirements of the CVT..........cccoiiiiiiiiiieemiieeeeeee e 177

7.2. Appropriateness of the Methodology.........ccuvviiiiiiiiiieeei e 179
T.2.0. NOVEILY.....cce et e e e e e e e e e e e aeene s 179
7.2.2. Comparison between TE77 and MIM...........cooovviiiiiiiee e, 180

7.3. An Overview of the Distinctive FM Effects.............ooooiiiiieenn s 182

7.4. Working Mechanism of Oleic Acid at 100°C.........coovviiiiiiiiiiieaniiieeeeeeen, 184

7.4.1. Interaction between Oleic Acid and the Additives on Steel Surface 184

7.4.2. Chemical Nature of Olefcid on Paper Surface............cccceeeeiieiiiennns 185
7.4.3. Summary on the Working Mechanism of Oleic Acid....................... 187
7.5. Working Mechanism of GMO...........cccccuiiiiiiiiiieee e 189
7.5.1.Activation Mechanism of GMQ..........ccoooiiiiiiiiiiiicce 189
7.5.2. Chemical Nature of GMO on Paper Surface at 100°C.................... 190
7.5.3. Dependence of GMO Behaviour on Temperature..........c.ccceeeeeveeen... 192
7.5.4. Summary on the Working Mechanism of GMO.................ccoevvieeeennn. 194
7.6. Application of FMS t0 CVTE......ccouiiiiiiiiiiiiire e 194

vii



Chapter 81 Conclusions and Future WOorK............ccccovvvviiiiiiiiene e 196
8.1, CONCIUSIONS....eeiiiiiiiiiiiiie e bbb enensanen 196
8.2, FULUIE WOTK. ...ttt et e e e e e e ennne 200

8.2.1.Interaction Mechanism between Oleic Acid and the Other Additives200

8.2.2. Activation Mechanism of GMQL..........cciiiiiiiiiiiieee e 200
8.2.3. Effect of the Polar Group Structure of the EMSs...........ccoovvivivieeeee. 202
8.2.4. Effect of the Hydrocarbon Chain Structure of the EMs................... 202

8. 2. 5. FMsdé Behaviour on t he..Rap.e0d2 Mat ¢

R I BN CES. ... e e e e e 204

viii



List of Tables

Table 21. Characteristics oOf lUbriCation PhASES..........uuuiiiiiiiiiiccecir e 9.
Table 22. Friction performance commonly required by transmission systems..................coeceee... 14
Table 23. Steel/steel friction COETfICTB FESUIS .........evviiiiiie e 34
Table 24. Effect of the additives on the frictional performances of CVIFE...............cccccciieee e 35
Table 31. Typical operating condition of the CVTF COMPONENLS.........ueeiiiiiiiiiiieeciiiiiiiieeeeeeeeeenn 38
Table 32. Materials and dimensions of the TE77 test SPECIMENS..........ccccecvvieeeee e e e 40
Table 33. TE77 teSt CONUILIONS .....ciiiriiiiiiiie it eer e s rme e e 43
Table 34. Detail of the MTM teSt SPECIMENS.........uuuiiiiiiei e eceeei e e e e e a7
Table 35. MTM triboteSt CONITION..........viiiiiiiiiiie e smee e 48
Table 36. Test Oil fOrMUIALIONS............uiiiiiii e e 51
Table 37. XPS instruments used for the analysis..........ccccoouiiiiiieenii e 56
Table 38. Tribotest specimens used for the surface analySes.........ccccovvviiieeeiiiieiiiiiiieee e 62
Table 41. Outline of the Results chapters (ChaptelBd...........ccceeevieiiiiiiiiee e, 64
Table 42. XPS survey spectra inside the wear track on thetpesTE77 stdeglatesafter testing PAO
formulations (100 °C, 60 MINULES)........ccuuuuuruuieiesceceiiieaeseeeeeeeeeereeeenrmnmreseeenraneaeees 75
Table 4 3. XPS survey spectra inside the wear track orptisttest TE77 steel platester testing CVTF
formulations (100 °C, 60 MINULES)........ccuuuuuruuieiesceceiiieseseeeeeeeeeeeeeernrmnmreeeernra s 78
Table 4 4. Summary of TE77 steel/steel contact at 100°C............ooiiiiiiciiee e ereeeee 84
Table 45. XPS survey spectra inside the wear trackhenposttest TE77 steel plate§l0 °C, after 60
MINUEES SHIAING TESL).....eeiiiii et e 93
Table 46. Summary of TE77 paper/steel contact at 40°C........ccccuuvveiiiiimeerieiieieeeeeeeee e e eneeeeees 99

Table 51. XPS survey spectra on the wear track of the-fesstpaper plates after testing PAO

formulations (100 °C, 60 MINULES)........ccevuuuiuiiiieiieeeiiisee e e e e eeeeeeeeeerrennreeeeaerenna s 110
Table 52. XPS survey spectra on the wear track of the-fes$tTE77 paper plates after testing CVTF
formulations (100 °CBO MINULES).......uuureeieeiiiiiiieeeeae e et e e e sttt e e eesme e e s snbraeeeeeean 112
Table 53. Summary of TE77 paper/steel contact at 100°C.........ccooeiiiiiiiicccee e 120

Table 54. XPS survey spectra on the ptesst paper plates after testing PAO formulations (40 °C, 60
L0010 1 =2 OO PPPPPPPPPRPPN 129

Table 55. XPS survey spectra on the ptest paper plates after testing the CVTF formulations (40 °C,

B0 MUNMUEIES) ...ttt et e e e e nenb et e e e e ee e 131
Table 56. Summary of the TE77 paper/steel contact at 40°C..........ccccuuiiiiimeen e 138
Table 57. XPS survey spectra on the paper plates after the durability test at.100°C................. 144
Table 58. Summary of TE77 durability test under paper/steel contact at 100°C...........ccoeevrreuees 150



Table 61.
Table 62.
Table 63.

Table 71.
Table 72.
Table 73.
Table 74.

Summary oMTM friction tests (Base fluids and oleyl alcohol).................ccoovcceeeeen. 174
Summary of MTM friction tests (OleiC aCid)......uuvvevierieieeeiiiiicceeeee e 175
Summary of MTM friction testS (GMQ).........uuiuuiiiiiieeiierieeeiiriierrererr e e e e e e e e eeerrereeeeeees 176
TE77 and MTM sliding test conditions for the paper plate..........cccocvviiiieencieiiniinnnnn. 182
Overview of the FM effect evaluated by the tribotestS.......cccccevveeiiiiiccc, 182
Factors that affect the effect of oleic acid at®@O0...........coccvveeriiierincnniee e 187
Factors thieaffect the effect of GMO at 10C..........ccoviieeiiiiii e 194



Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

List of Figures

1-1. Global CQregulation for PASSENGET CAIS........ccceeeeiiii i it eeee e 1
1-2. Energy consuption in lightduty VEhICIES.............cooiiiieeen e e 2
1-3. Transmission components which requires frictional CoONtrol.............ccvvvvvieeeeniiiiins 3.
1-4. TRESIS STTUCTUIE.....eiii ittt ittt e ettt e e ettt e e s e e e e s s e e et e e e e e s aanbnneeee s 6.
2-1 Stribeck curve and friCtioN FEQIMES.......uuuiiiiiiiiiiee e cceeee e e e e e e 9
2-2. Schematic view of lubrication Phases...........ccccciiiiiieen e 10
2-3. Schematic image of the internal cCOMbUSHIONIBEAIG .............uuvrriieeeieeieeeiieiiiirereeee e e e e e e eae 11
2-4. Friction regime of engine COMPONENLS..........uvuiiiiiiii e e e ennr e s 11
2-5. Development of the transmISSIBIfICIENCY ...........eviiiiiiiiiii e 13
2-6. Schematic layout of the FR (Frtioengine Rearmive) AT ...oocevviiieiiiiiiieiee e 15
2-7. Layout of the torque conVerterBTNaniSML.. ... 16
2-8. Schematic diagram of the locip clutch control system...........cccccvviiiiiiieeeniiiice 16
2 9. Frictional property at the loelp clutch (1V characteristics).........uuuvveeieiiieiiiiiiceeiieeieeeeenn, 17
2-10. AT gear shift mechanism (shift clutches and a plagegaar)...............ccccevevvvvivieeeeeveeeennns 17
211 Schematic 1ayit Of CVT ..o e e e eeeee e e e e et e e e s eeenrnanns 18
2-12. Schematic image of the bgltlley mechani® in CVT .........oooiiiiiiiieicceei e, 19
2-13. Configuration of elements and ring assembly of Gel belt.............ccccceeeeiiiiiiceeeieeennn. 19
2-14. Typical formulation of automotive lubricants.............oooiviiiiicee e, 20
2-15. API categories Of DAase STOCKS.........coiiiiiiiiii e 20
2-16. Typical molecular Structure of PIMA..........ooiiiiiiii e 21
2-17. Typical molecular structure 0f ZDDP..........c...uiiiiiiiiiiieeeeieee e 21
2-18. Typical molecular structure of MODT.C........uuviiiiiiiiiiiieeie e 22
2-19. Schematic image of organic FABSOIPLION..........cooiiuiiiiie e 22
2-20. Typical molecular structures of phosphorams-wear agent...........cccceveveeeeeiiieeeieeeeeeeneenn, 23
2-21. Typical molecular structure of metal detergent.............cooeovivieeee e, 23
2-22. Schematic image of ovrased detergent...........eeeie i iieeee e 24
2-23. Typical molecular structure of dispersant (Fislybutylene succinimide, PIBS)).............. 24
2-24. Typical molecular structure of afdKidantS............cooooi i 25
2-25. Dependence of friction coefficient on polar group and mosoukight............ooccvveeeeeennns 26
2-26. Hardy monolayer boundanfodel........... ..o 26
2-27. The friction of stearic acid films formed on@atsurface...........ccccovviiiiiiiiccn i, 26
2-28. Residual film formed bynineral oil and cyclohexane SOIOiS ...............ccccevieiiiiieenninnenen. 27

Xi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2-29. Schematic image of stearic acid films accordmthe ordered liquid model..................... 27
2-30. EHD film thickness vs speed for 0.1wt% stearic acid in hexadecane........................... 28
2-31. Friction coefficient of three types of specimen lubricated with three tydebridants ........ 29
2-32. TOFR-SIMS analysisof GMO onthe posttest DLC SPECIMEN.........ccoiiuriiieeeriiiiienniieeeeeeenes 29
2-33. Schematic diagram of ZDDP reaction fillmnaposition...........ccccocviivieiiiicemniiieee e, 30
2-34. Stribeck curves for friction MOAETS ...........cooiiiiiiiiiiiee e 31
2-35. Relative TOFSIMS intensities derived from the FMS..........ccccoviiiiiiiceee e 31
2-36. p-V characteristics for blends of dodecanoic acig@nd hexanoic acid ¢F.................... 33
2-37. Schematic illustration of the proposed decomposition and adsorption pod&éds........... 33
2-38. XPS spectra of tribofilm on the pesStSPECIMENS........uuviiiiiiiiiiiieeie e 34
2-39. Schematic illustration for the research target.........ccccoee e, 36
3-1. Photos of the TE77 reciprocating tester used for this StUdY...........occuveiiiieaceeeiiiiiieeeenns 39
3-2. Schematic image of the TE77 test configuration...............ccooimemriiiiie e 40
3-3. Dimensions of the TE77 teSt SPECIMENS.......cccoiiiiiiiiiiiire it AL
34. Appearane of the TE77 paper Plate.........ooovuiiiiiiii e 41
35. Friction Force Wee Index (FFWI) analysis of PAO afAO with oleic adil ...................... a4
1 T Y ] T ] (=] =T RSO PP PR 46
37. Schematic image of MTM tribotest using the paper clutch plate...........ccccoevveveceeeieeneennn. a7
38. Photo image of the MTM paper coated diSC.......ccoieieeiiiiiiiieiee e a7
39. MTM friction MeasuremMent SEQUENCE ........uurietieeiitireeitee et e e st e e e beenesee e e e e s s annneeeeas 49
3-10. Calculation of p ratio from the-\ CUIVE...........ooiiiiiiiiiiieeee e 49
311. Molecular structures of the organic friction Modifiers..........ccccoviiiiiiceci 50
3-12. 3D profile image of the wear track on the ptestTE77 steel plates BLI ...................... 53
313. SEM image of the TE77 paper platier testing PAO+aCid.........cccccvvvveeeieiiiiiccceeieeeeee 54
314. XPS repeatability about C 1stdBed SCaN............ocevvviiiiiiiiiiccceiicie e 55
315. XPS repeatabilitpbout O 1s dailed SCan................uvvviiiiiiiccceiiiis e 55
316. Correspondence of the XPS spectra between Rretze and KAlpha ..............cccoeeeeee. 56
317. Photo images Of ATHETIR ... reee e e et e s e e e e eneeas 57
318. Schematic diagram of the ATIRTIR MeasUremMent.............ccevvvviviiiiieemeeeeeeeiee e 57
319. IR spectra of the FMs, (a) oleic acid, (b) oleyl alcohol, (€) GMQ...........cccoeeeeiiccernnne 58
320. IR spetra of the base fluids, (a) PAO, (b) CVTF base fluid............cccccvvviimenriniiiicinns 59
321 IR spectra of the CVTF additiVES..........ooiiiiiiiiiii i 60
322. IR spectra of the tribotest SUDSIIAIES.......cvviiiiiie e 61
3-23. Detection of oleic acid in the CVTF base fluid using difference IR spectra................... 61
324. Schematic image on the penetration depth of the instruments.................ooeeee 63

Xii



Fig. 41. Friction coefficienof steelsteel contact measured by THPAO formulation, 100°C.......... 65

Fig. 42. Electrical contaatesistance of steel/siezontact during the TE77 teSBAO formulation,

Fig. 4-3. Friction coefficient of stefdteel contact measured by THCAVTF formulation, D0°C) ....... 67
Fig. 44. Electrical contact resistance of steel/steatact during the TE77 tegfSVTF formulation,

0 [0 @ T PR OTPRURTI 67
Fig. 45. TE77 friction coefficient of steel/steel contat00 °C, after 60 minutes t@st..................... 68
Fig. 46. Wear depth fithe posttest TE77 steel pind00 °C, after 60 minutes test)..............cc.ccueee. 69
Fig. 47. Wear volume of the posestTE77 steel ping100 °C, after 60 minutes test)......................Z0
Fig. 48. Wear scar 3D imagesidhe postest TE77 steel pirafter testing PAO formulations (100 °C,
LT 41T T =1 T RPN 70
Fig. 49. Wear scar 3D imagesidhe postest TE77 steel pirafter testing CVTF formulations (100 °C,
L0 ][ (= 71
Fig. 410. Relationship among the wear depth, the wear radius and the theoretical contact radius based on
Hertzian CONtACE tNEOLY.......iueiiiii e 71
Fig. 411. SEM images of the postst TE77 steel plates 200 °C(PAO formulations)...................... 72
Fig. 412. SEM images of the pogtst TE77 steel plates at 100 @CVTF formulations).................... 72

Fig. 413. EDX elemental analysis inside wear trackhe posttest TE77 steel platedter testing PAO
formulations (100 °C, 60 MINULES).........cuuuuuiiiiiiieeeceeeiie e e e e e e eee e srnnnn e e e e eeeeee oD

Fig. 414. EDX elemental analysis inside wear trackhaf posttest TE77 steel platedter testing CVTF
formulations (100 °C, 60 MINULES)........cccuviuiiiiiiiiescceeiiiesie s e e e e e eeeeeeevevnimnmreeesssnnnnnnn e e kD

Fig. 415. XPS C 1s spectra inside the wear track on thetpesiTE77 steghlatesafter testing PAO
formulations (100 °C, B MINULES)........uuiieiiieeeeeieieiieeeeeeeeeeeeeeiiss e e e e eseessnseeeeeeeeeeenssseenn D

Fig. 416. XPS O 1s spectra inside the wear track on thetessTE77 steel platester testing PAO
formulations(100 °C, 60 MINULES)......coiiuriiieeeiiiiiieeeiieeeeeesitieeee e e s sibeeesereeeeeesssnnneeeeesssne ol

Fig. 417. XPS C 1s spectra inside the wear trackienposttest TE77 steel platafter testing CVTF
formulations (100 °C, 60 MINULES).......oicuritiieiiiiiiirreieee et siireesreee e sireee e e e D

Fig. 418. XPS O 1s spectra inside the wear trackhenposttest TE77 steel platester testing CVTF
formulations (100 °C, 60 MINULES).........cuuuiuiiiiieie e cceeiiie e e e e e e e eeeeees 80

Fig. 419. ATR-FTIR spectra on wear track tife posttest TE77 steel ptesafter testing PAO
formulations (100 °C, 60 MINULES).........cuuuiuiiiiieie e cceeiiie e e e e e e e eeeeees 82

Fig. 420. ATR-FTIR spectra on wear track of the ptsst TE77 steel plates after testing CVTF
formulations (100 °C, 60 MINULES).........cuuuiuiiiiieie e cceeieie e e e e ee e e eeaeees 83

Fig. 421. Friction coefficient of stefdteel contact measured by TE77 (PAO formulations, %10°C..85

Fig. 422. Electrical contact resistance of steel/steel airdaring the TE77 tests (PAO formulations,

Fig. 423. Friction coefficient of stefdteel contact measured by TE77 (CVTF formulation, 40°C..86
Fig. 4 24. Electrical contact resistance of steel/stemtact during the TE77 tests (CVTF formulation,

L0 O PP P PP PTP RPN 87
Fig. 425. TE77 friction coefficient of steel/steel contad0(°C, after 60 MiNULAS...........coeeevrereeeee. el 87
Fig. 426. Wear depth of the postst TE77 steel pins (40 °C, after 60 minutes)...............ccccuvveeenn. 38

Xiii



Fig. 427. Wear volume of the posest TE77 steel pins (40 °C, after 60 minutes).........cccccvvereenee. 88

Fig. 428. Wear scar 3D imagesidhe postest TE77 steel pinsfter testing PAO formulations (40 °C,
B0 MUNULES). ... e e e e e eii e e i e s s eeee s e e s e s e e e e sea e et e eeeeeeeeeeessansstesseeeeeeeaaaaaaeaanens 89

Fig. 429. Wear scar 3D images on the ptestt TE77 steel pins after testing CVTF formulations (40 °C,
B0 IMINULES). ..ttt ettt reeee ettt e et e e s rmme e e et e e s e st b b e et e e s smmee s asbb e e e e e e s annneneeeens 89

Fig. 430. SEM images of the pogtstTE77 steel platefor thePAO formuations (40 °C, 60 min)....90
Fig. 431. SEM images on the pettg TE77 steel plates for the CVT#ermulations(40 °C, 60 mif ..91
Fig. 432. EDX analysis on the pogtst plates for the PAO oils (40 °C, 60 minutes)...................... 92
Fig. 433. EDX analysis on the postst plates for th€VTF oils (40 °C, 60 minutes)............ccccuvvees 92
Fig. 434. XPS C 1s and O 1s spectra for the PAO with oleic agithe wear track after the 40t€st. 94
Fig. 435. XPS C 1s spectra for the CVTF formulatsoon the wear trackfter the 40°C TE77 test....95
Fig. 436. XPS O 1s spectra for the CVTF formulations on the wear afiekthe 40C TE77 test......96
Fig. 437. ATR-FTIR spectra for the PAO formulations on the weeack after the 40°C TE77 test...97
Fig. 438. ATR-FTIR spectra for the CVTF formulations on the werack after the 40°C TE77 test.98

Fig. 51. Friction coefficient of paper/steel contact measured by TE77 (PAO formulation, 100°10)1
Fig. 5-2. Friction coefficient of paper/steel contact measured by TE77 (CVTF formulation, 100°@)

Fig. 5-3. TE77 friction coefficient of paper/steel contact (after 60 miNULES)............eveeiiiieceennnnn. 102

Fig. 54. Friction force waves of the PAO formulations during the TE77 paper/steel sliding test at 100°C,
.................................................................................................................................... 103

Fig. 55. FFWI (friction force wave index) for the PAO formulations at 100°C............ccccoovvvieenes 103

Fig. 56. Friction force waves of the CVTF formulations during the TE77 gsigel sliding test at
1010 I PRSP 104

Fig. 57. FFWI for the CVTF formulations at 1007C...........ccooiiiiiiiiieereee e 104

Fig. 58. (a) SEM image and (b) EDX mapping (@Nnd Si Ka) .........coeeiiiiiiiiiiiiceecee e 105

Fig. 59. SEM images of the pegtstTE77 paper platefor PAO formulations (100 °G30 min) ........ 106
Fig. 510. SEM images of the postst TE77 paper platésr CVTF formulations (100 °C, 60 m)n...107
Fig. 511. EDX elemental analysis on the fresh TE77 paper plate and on the wear track of-testpost

plates after testing the PAO formulations (100 °C, 60 MiNWES)..........ccceevririermcuneneen. 108
Fig. 512. EDX elemental analysis on the fresh TE77 paper plate and on the wear track of-testpost
plates after testing hCVTF formulations (100 °C, 60 MiNULES)...........cvvvvveeeeeieiceeinnnn. 109
Fig. 513. XPS C 1s spectra on the wear kra€ the posttest paper platesfter testing PAO formulations
(G010 g O o0 3 11 111 1= RS 111
Fig. 514. XPS C 1s spectra on the wear kra the postest paper ptasafter testing CVTF
formulations (100 °C, 60 MINULES).......cccetiiiiiiiieeeiieee et e e sitree e e reeee b e e nnebeeas 113
Fig. 515. ATR-FTIR spectra on the wear track of the ptesit papeplates after testing PAO
formulations (100 °C, 60 MINULES).......ccceiiiiiiiieeeiiieee ettt e et e e reeessibree e e nnebeeas 115
Fig. 516. ATR-FTIR difference spectra of the PAO formulatig@=O region)...........cccccveveeernnunnn. 116
Fig. 517. Comparison between the IR peak of the pure FMs and theégsbgtaper plates............... 116

Xiv



Fig. 518. ATR-FTIR spectra on the wear tiaof the posttest paper platesfter testing CVTF
formulations (100 °C, 60 MINULES)....uuuuuiriiiiiieiieeieeceeeeeeeere e e e e e ae e e e e e e s e e s vmmreeeaaeaeeeeeaeeaenas 118

Fig. 519. ATR-FTIR difference spectra of the CVTF formulations (C=0 region)..............ccccuuue 119

Fig. 520. Comparison between the IR peaks of the CVTF additives (PMA and dispersant) and-the post
test paper plate after testing the CVITE ... 119

Fig. 521. Friction coefficient at the paper/steel contact measured by TEA® formulation, 40°¢..121
Fig. 522.Friction coefficient at the paper/stemintact measured by TE77 (CVTF formulation, 40F22

Fig. 523. TE77 friction coefficient of paper/steel contact (after 60 MINULES).........ccvvvveeeericeennnnns 122
Fig. 524. Friction force waves for the PAO formulations at paper/stadihglitest (40 °C............... 123
Fig. 525. FFWI for the PAO formulations at 40°%C.........ccoooiiiiii i re e 124
Fig. 526. Friction force waves for the CVTF formulations appr/steel sliding test (40 ¥C........... 124
Fig. 527. FFWI for the CVTF formulations at 40°C...........uuuiiiiiiiiiiiceceiiiiieeeeer e e e s e e e e e e s srneeeeeeee s 125
Fig. 528. SEM images of the poestst TE77 paper ples for PAO formulations (40°C).................. 125
Fig. 529. SEM images of the pogtst TE77 paper plasdor CVTF formulations (40°C)................. 126

Fig. 530. EDX elemental analysis for the fresh TE77 paper @atithe posttest plates after testing
PAO formulations (40°C, BMINUIES).......ccoiiriiiieeiiiiie et 127

Fig. 531.EDX elemental analysis for the fresh TE77 paper plate and thegsbstiates after testing the
CVTF formulations (40°C, 60 MINUEES)........utieiiiiriiiieeiiteesiiiieeeee e e e rmmee s seineeeeas 128

Fig. 532. XPS C 1s spectra for the pdsst paper plates after testing PAO formulations°@060
minutes) a) PAO, b) PAO + oleic acid, c) PAO + oleyl alcohol, d) PAO + GMQ......130

Fig. 533. XPS C 1s spectra for the pdsst paper plates after testing the CVTF formulations (40 °C, 60
minutes) a) CVTF, b) CVTF + oleic acid, ¢) CVTF + oleyl alcohol, d) CVTF + GM@32

Fig. 534. ATR-FTIR spectra for the pos$est paper plates after testing®Aormulations (40°C, 60 m)n

................................................................................................................................... 134
Fig. 535. ATR-FTIR difference spectra for the PAO formulations (C=0 region)..........ccoeeeeeennee 135
Fig. 536. Comparison of the IR spectra for the pure FVd the postest paper plates................... 135
Fig. 537. ATR-FTIR spectra for the posést paper plates after testi6y TF formulations (40 °C, 60

10110 ) PP PRP PP 136
Fig. 538. ATR-FTIR difference spectra of the CVTF formulations (C=0 region)..............cvvuunn. 137
Fig. 539. TE77 initial and durability teSt SEQUENCES..........uvuueiiiei it cceeeiie e 139

Fig. 540. Friction coefficient during the TE77 durability test at paper/steel contact at 1002C.....140
Fig. 5-41. FFWI during the TE77 durability test at paper/steel contact at 100°C.................ceuveeee 140
Fig. 542. SEM images of the postst paper plates after the 100°C durability test....................... 141
Fig. 543. EDX elemental analysifor the postest paper platafter the durability test of PAO+GMQ42
Fig. 544. EDX elemental analysis, the pdsst paper plates after the durability test fdfTE+acid and

LAV I €117 [ I | 00 143
Fig. 545. XPS C 1s spectra for the paper plates after the durability test at 100°C..................... 145
Fig. 546. ATR-FTIR analysis on the paper plate aftee tlurability test for PAO+GMQ................ 146

Fig. 547. Comparison of the ATIRTIR spectra on the pestst paper plate after the initial and the
durability test Of PAO+HGMOQL........uuiiiiiiiiiiiieiii ettt e e e e e e e e e aaaaaaaeeeas 146

XV



Fig. 548. Peak identification of PAO+GMO pesist paper plate after durability test................... 147

Fig. 549. ATR-FTIR difference spectra of the pesst oils subtracted from the fresh ails............ 148
Fig. 6-1. p-V characteristics of the PAO formulations at 100°C measured by MTM................... 152
Fig. 6-2. p-V characteristics of the CVTF formulations at 100°C measured by MTM.................. 153
Fig. 6:3. p ratio (1 at 0.2 m/s divided by p at 0.50 m/salculated from MTM results at 100°C......153
Fig. 6-4. p-V characteristics at 40°C measured by MTM..........cvviviiiiiiiiicccciiiieeiieeeeee e 154
Fig. 65. u ratio (1 at 0.@ m/s divided by p at 0.50 m/salculated from MTM results at 40°C....... 155

Fig. 66. ATR-FTIR difference spectra of the passt MTM paper plates after the 100°C initial
measurement (PAO formulations)...........cccccuuiiiiiimeei s eeess e e 156

Fig. 6-7. ATR-FTIR spectra comparison between the PAO+acid-fass$tplate and pure oleic acid156

Fig. 6:8. ATR-FTIR spectra comparison between the PAO+GMO-pestplate and pure GMO.....157
Fig. 6:9. ATR-FTIR difference spectra of the pdasst MTM paper plates after the 100°C initial
measurement (CVTF fOrmulations)...........oocuuviiieiiemmriie e 157
Fig. 6-:10. Sequences for the MTM paper clutch durability teSL..........cooviiiiiieeciieeee 158
Fig. 611 p-V characteristics during the MTM dability test for PAO+acidinder the standard sequence
.................................................................................................................................... 159
Fig. 6-:12. p-V characteristics during the MTM durability test for CVTF+acid under the standard sequence
.................................................................................................................................... 160
Fig. 6-:13. u ratio during the MTM durability tegor the oleic acid formulationgnder the standard
51T [ B[] Tt PP PRTUTPPON 160
Fig. 6-14. p-V characteristics during tHdTM durability test for PAO+GMQunder the standard
51T [ B[] Tt PP PPPRTTTPPIN 161

Fig. 6-15. p-V characteristics during the MTM durability test for CVTF+GMO under the standard

Fig. 6-16.  ratio during the MTM durability test for the GMO formulations under the standard sequence
at (@) 100°C aNnd () 40°%C. .. .ueeee et reeee ettt e e s e e e e e e e e e s annae e 162

Fig. 6-:17. p-V characteristics during the MM durability test for PAO+acidinder the combined sequence

Fig. 6-18. p-V characteristics during the MTM durability test for CVTF+acid under the combined

Fig. 6-19. p ratio during the MTM durability tesor the oleic acid formulationsnder the combined
TS0 (1= o[l RSP PPPPPTTRPRPPIN 164

Fig. 6-20. p-V characteristics during the MTM durdiby test for PAO+GMO under the combined
ST<T0 (1= o[l PP PPPPPTTRPRPPIN 165

Fig. 6:21. p-V characteristics during the ™M durability test for CVTF+GMQunder the combined
1= | D 1] oot TR TP PUOPPPPPTPPPTNt 165

Fig. 6:22. u ratio during the MTM durabilityest for the GMO formulationsnder the combined sequence

Fig. 6:23. Difference ATRIR spectra of the post durability test lubricants (PAO+acid) subtracted from
the freSh Oil SPECIIUML....ccoiiiiiiiii e 167

XVi



Fig. 6:24. Difference ATRIR spectra of the post durability test lubricants (CVTF+acid) sutettlafcom
the fresh Oil SPECIIUM........iiiiiiiie e e e e s v e e ae s 168

Fig. 6:25. Difference ATRIR spectra of the post durability test lubricants (PAO+GMO) subtracted from

the fresh Ol SPECIIUM......ooiiiiii e 169
Fig. 6-26. Difference ATRIR spectra of the post durability test lubricants (CVTF+GMO) subilafcten
the fresh Oil SPECHIM .......ooii i 170
Fig. 6:27. Difference ATRIR spectra for the posest MTM paper plates after testing the oleic acid
formulations(subtraction by the fresh paper spectrum)..........ccccocovviiiiieeneiiniiienee s 172
Fig. 6:28. Difference ATRIR spectra for the posest MTM paper plates after tegy the GMO
formulations (subtractiohy the fresh paper Spectrum).........ccccceeevviiiiiiccciceveeee e 173
Fig. 7-1. Overview of thECVT COMPONENLES.......cciiiiiiiiiiiieiieeeiiie e e e 178
Fig. 7-2. Frictional requirements at the leak clutch and the befiulley at CVT...........cccvveieeninnnee. 178

Fig. 7-3. Schematic images of ideal behaviour of the FMs on the steel and paper surface........ 179

Fig. 7-4. Comparison between FFWI and p ratio for the initial performance tests at 100°C and 80°C

Fig. 7-5. Two mechanisms for the adstonm of fatty acids onto steel.............ccccevvvvvviieeereeeeevennnn. 184
Fig. 7-6. Schematic representation of the chemical nature of the oleic acid at tika=.100.............. 188
Fig. 7-7. Schematic representation of the chemical nature of GMO on.steel...............ccceveeeee... 190
Fig. 7-8. Schematic representation of the chemiedlre of GMO on paper at 1M ........................ 192

Fig. 7-9. Hysteresis of gV property of PAO+GMO after 16 hours of MTM durability test with the
COMDINET SEOUENCE. .....eiiiieiiitiei ettt srmeee bbbt e e e s ab b e e e e e s smnee s senaeeeeas 193

Fig. 81. Schematic representation about the GMO activation mechanism to be discussed......201

Fig. 82. Molecular structures of methyl oleate and ethylene glycol monoaleate........................ 202

Xvii



List of Publications

1) Onumata, Y., Zhao, H., Wan@., Morina, A. and Neville, A.0Interactive Effect
between Organic Friction Modifiers and Additives on Friction at M&ashing V
belt CVT Componeris Tribology TransactionjVaiting for the reviewer scores

2) Onumata, Y., Zhao, H., Mrina, A. and Neville, ABehavior of Organic Friction
Modifieres at Metal Pushing -Welt CVT Components Different Temperature

Condi tTribwmlogy bettersReady for submission

XVili






Chapter 1 - Introduction

1.1. Background

Reduction of CQ emissiors has been a worldwide concern fdealng with global
warming. Thetotal amount of CQ discharged from automobilegéps increasingue

to expanding demarsdon cars in the world, especially in emerging countries
Consideringthe situationin EU, the CO, emissios from road transport have been
increased by 22.6% in the period of 1990 to @Gind passenger cars alone are
responsible for around 12% dtiie emissions[1]. For the purpose of reducin@O;
emissions, legislation hdseen regulatedll over the worldas shown inFig. 1-1. EU
established thstrictest targetwhich requires 130 grantf CO, per kilometre (g/km)
by 2015 and 95g/km by 2021 as a fleet averdgeew card?2]. In order to achieve the
targets, ar manufacturerseed to keep developing new technolodasmprovingfuel

efficiency.
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The methodology for improving the efficiency can be divided into twoedy of
approaches. The firgs friction reduction at the componentbhe friction loss at the
engine andhe transmissionazupies more than 10% of the energy consumption in cars
as shown inFig. 1-2. Engine oils and transmission fluids ardeleato contribute to
decreamg the lossby reducing the viscosity as well as the friction on the substrate
surfacg 3-5]. Although tis approach has been successfully applied to a large number of
commercial lubricantghe further improvement could be difficult considering negative

influenceson the reliability, such as wear and fatigue B¢

Wheels
12% Air Pumping

6% Axle & Transmission
Braking & Coasting 22.5%
6%

Piston Skirt
25%

Engine Friction 7.5% Crank shaft

Axle & Transmission 5%

Friction 3% Valvetrain
6% Piston Ring

19%

Accessories 4%

Cooling Bearings
29% 22.5%

Fig. 1-2. Energy consumption in lighduty vehicleq7]

The second way is development of novel Highl efficient systems. In casd engines,

one of the recent successful exampke a combination ofid ownsi zi ngo and fAdi
i njectiono t ec hhgndidamtlgimpmaved theehgine dfficidnaf8, 9].

However,asa new technology usually leadséo new i ssue, it caused a p
speedpré g ni t i o.mt haé he€nRdvgaled that certadditives in engine oil have

influence on LSP[10-12], and research on the new engine oil forrtiates dealing

with LSPI is in progresall over the world. The advancadtomotivesystens generally

requireadditionalpropertiedor the lubricans.

The circumstance is simait in terms of the transmissiomn addition to traditional
systems, Manual Transmission (MT) or conventional Automatic Transmission (AT),
fuel-efficient transmission systems have been developed rece@timtinuously
Variable Transmission (CVT) has a steel {mltley gear shiftmechanism, Wwich
enablesthe engineto run at the most efficient conditiofil3-15], while Dual Clutch
Transmission (DCT) has two separate clutches for odd and even gear sets in order to
minimise the shift time for better efficien¢¥6]. The issues are that they require much

2



more complicated and sophisticated friction control than the traditional systems as
shown inFig. 1-3. For example,he technical challenge ftine CVTis the management

of bothsteel and paper clutch frictions usiogly one lubricant. The steel friction at the
belt-pulley should be kept higher, while the paper clutch requires friction modification.
The behaviour of lubricant additives must be understood sufficiently in order to satisfy

the opposite frictional requiresnts at the same time.

AT (Automatic Transmission) MT {Manual Transmission)

» Shift clutch » Synchronizer
» Lock-up clutch
Components with
friction control

CVT [Continuously variable} DCT (Dual Clutch Transmission)
transmission » Synchronizer
» Lock-up clutch » Shift/ Lock-up clutch®
> Steel belt-pulley (* depending on the system)

Fig. 1-3. Transmission components which requires frictional control

In summary, friction control is a key technology for improving the transmission
efficiency, and the lubricants are expectedichieve it. One type of additiveo called
Friction Modifier (FM), plays an important role ote friction managment Although
it has been commonly and widely formulateccommerciallubricantsfor a long time,
the working mechanism has néieen undrstood sufficiently to satisfthe complicéed

friction control required byhe advanced system

This study aims to elucidate the workinggchanism oFMs in a CVT fluid (CVTF).

This knowledge isimportant for car and lubricant industries for designingghhni
performance CVTFsvhosefrictional properties at steel and paper clutch material
optimised In addition, it @n alsobe utilised fordevelopng other transmission fluids
with the paper clutch system becatise behaviour of the FMs ateel is als@ssential

for the reliability of the steel componeijis/].



1.2. Objectives

The main objective of this researishto elucidate the working mechanism of Friction

Modifiers (FMs).The following approaches were taken for achieving the purpose;

1) Lubricant formulation

1 To investigate theelationship between the friction modificatieffect and the
polar groupstructurein three types of organic FMs (oleic acid, oleyl alcohol and
glycerol moneoleate)

1 To understand interactive effect between the Favild other additives on the

frictional properties
2) Sliding condition

1 To observe the behaviour of the FMs on the different substrate; the steel and the
paper clutch material
1 To investigate the influence of test temperature and the sliding duration on the

frictional performance
3) Surface analysis

1 To assess the chemical nature of the adsorption and reaction film on #tegpost
specimen surface

1 To detect the FMs on the surfae@ad estimate the working mechanism based on
the chemical structure

1 To link theassumeddsorptionand reaction film structuren the surface with
the frictional properties

1 To elucidatehe mechanisrhow the FMs, other additives ansliding conditiors

affect the frictional properties and the surface chemical nature.

1.3. ResearchContribution

The knowledgegained from this study is essential figvelopingthe CVTFs withthe
superior frictional performance3his technologyhelps to improvethe efficiency and
driving comfortof the CVT system, promoting a market share¢hef fuetefficient cars

equipped with the CVITherefore, it is able to contributereducingthe CQ emission.



Furthermore, this research is also us&futnhance the efficiency afl the typesof the
lubricated systems. The FMs are capable of reducing theidrictoss between the
sliding surfaces, so that an appropriate formulation of the FMs can lead to a better
efficiency. In this case, it i;iecessaryo confirm if the FMsdo not cause a negative
effect on theother performances, such as antear or antfatigue performance, since

the FMs sometimes compete with the other additives. The insight oimténactive

effect of the additives, which wasvestigated in this study, also contributestte

lubricant formuiations satisfying both the higéfficiency and the reliability.

1.4. Thesis Outline

The thesis structure is illustrated in Fig41land he contentsare summarisedas

follows;

Chapterl i Introduction
Chapter2i Literature Review

M CVT mechanism and the CVTF formulation are summdrise

1 Literature Review on the working mechanism of FMs are introduced
Chapter3i ExperimentaProcedurs/ Analysis of Starting Oiland Surfaces

1 Test oil formulations, tribotest conditions and surface analysis techniques
are explained
1 ATR-FTIR gectra ofthe starting oilsadditivesand substrate surfacese

shown
Chapterd i Resultsi TE77 Steel Contactests

1 TE77 fiction test resultsat the steel/steel sliding configuration are
presented
1 The chemical naturend topographyon the postest steelsurfa@ are

assessedsing surface analysis techniques
Chapter 5 Resultsi TE77 Paper Contadtests

1 TE77 test results at the paper/steel sliding configuration are predented

the initial and durability performances



1 The chemical nature and topography on fha-test paper plates are

investigated, and the post durability test oils are also assessed using ATR
FTIR

Chapter 6 Results’ MTM Paper Clutch Tests

1 Friction propertie®f the FMs on th@aper clutch are evaluategt MTM
1 Posttest paper plates amabricants are assessed

Chapter7 i Discussion

ChapteB i Conclusios and Future Work

Chapter 1 - Introduction

A 4

Chapter 2 -
Literature Review

!

Chapter 3 — Experimental
Procedure and Analysis of

Starting Oils and Surfaces Paper/steel
| contact
Steel/steel ¥
contact Chapter 5 — Results
- TE77 Paper Contact Tests

Chapter 4 — Results
TE77 Steel Contact Tests

¥
Chapter 6 — Results
MTM Paper Clutch Tests
I

|

Chapter 7- Discussion

Chapter 8 — Conclusions and
Future Work

Fig. 1-4. Thesis structure



Chapter 27 Literature Review

The basicof tribology and the application to an automotive field are introduced in this
chapter. It is followed by the review of literature on the topic of this study, the friction
modification at automatic transmission systems, and the olitgirzand target of tls

study arepresented.

2.1.Background

2.1.1. History of Tribology

Tribology is a science of interacting surfaces in relative motion, and the word origins
from the Greek word Atribod whi chternmeans
relationship with tribology because the rubbing occurs everywhere anything moves.
There renains a picture in ancient Egypt, which illustrated a man pouring lubricant in
front of a sledge to move a stone statue smo¢it8} Then in middle ages, Leonardo

Da Vinci studied friction and found an important observation; the force of friction is
detemined only by the weight of an object and doubled when the weight is ddailed

19.

I n spite of this |l ong history, the word
was coined by the British physici®d# Dav
estimated economic loss derived from tribological phenomena (friction, corrosion and
wear) and concluded that its waste reached £515 million at 1965 yayexl]. This
report., famously known as the fAJogin repc
industry and resulted in the foundation of several National centres of tribology in the
UK and later all over the world.

2.1.2. Friction

The classical empirical friction laws in dry condition was firstly discovered by
Leonardo Da Vinci in 18 centuy as stated above, and then rediscovered by Guillaume

Amontons in 1% century[18, 19, 22-24] as follows;

1 The force of friction is proportional to the applied load.

1 The force of friction is independent of the apparent contact area.
7



This relationship is @sented in the simple equation below;

0 0
whereF is the force of frictiony is coefficient of friction (©F) andP is the applied
load. Later in 18 century, Charleg\ugustin de Coulomb indicated additional empirical

assumptions;

1 The maximum statiriction force is higher than dynamic friction force.

1 Dynamic friction force is independent of the sliding velocity.

The friction force arises from the microscopic forces between the actual contact surfaces,
which consist of molecular adhesion derived frdam der Waals and electrostatic force,

and mechanical abrasion by elastic and plastic deformation. Therefore, u, coefficient of
friction, depends on wide range of parameters; composition of contacting materials,
surface roughness, sliding condition (estiding velocity or contact pressure) and

environment (e.g. temperature or humidity).

2.1.3. Lubrication

Dry direct rubbing between substrates possibly leads to deadly wear or adhesion. To
reduce the friction for preventing the mechanical failure, fluid or solid is generally
applied between the surfaces as lubricant. While refined mineral base stock issthe mo
popular as the lubricant, various kinds of fluids or soli@S] (e.g. synthetic oils,
greases, solid lubricants or gases) are applied suitable for the sliding condition and the
environment. The lubricant enables to separate the surfaces of the slitistgates
completely or at least partially, resulting in achieving lower friction coefficient and
longer life of mechanical parts.

The AStribeck curveo, named after Richard St
rubbing phases corresponded to theisgj condition as shown in Fig-2[24, 26].

According to the Stribeck curve, the sliding could be divided into four regions based on

the viscosity of lubricant, sliding velocity and contact pressure. The horizontal axis of

the Stribeck curve irepresented as follows;
0 4N
wherev is the relative velocityg is the viscosity of fluid ang is the contact pressure

between the surfaces. This relationship indicates that the contact mode changes to a
milder phase (right side) when the slidingveldcy or t he | ubricantds Vvi

8
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or the applied load decreases. The characteristics of each regime are summarised in
Table 21.

4 Boundary , Elasto-
Lubrication;  hydrodynamic
2 (BL) i Lubrication
S . | (EHL) |
-l:l ! 1 |
o | ! !
fe | ! I
L 1 : :
‘S l ! ! Hydrodynamic
- | ! ! Lubrication
2 ' : : (HL)
1 |
£ : l
Q . I
S . .
(ML) !
(speed x viscosity)Yload= vn/p
Fig. 2-1 Stribeck curve and friction regimes
Table 21. Characteristics of lubrication phases
Form of Lubrication Characteristics
Hydrodynamic (HL) The lubricating film is sufficiently thicker (typically-5
500um) than the surface roughness of sliding substr
and separates the surfaces completely. Géteaviour of
lubrication is determined simply by the Reyno
equation.
Elastohydrodynamic The film thickness is thinner than that in HL (typica
(EHL) 0.5-5um), and the elastic deformation of contacting so
and the increase of l ubr
condition play an important role to separate the surfac
Mixed (ML) ML is the transition phase between HL/EHL and [

regimes in which two types of lubrication, fluid film a
solid contact, affect simultaneously. The film thicknes
typically 0.0252.5um.

Boundary (BL) In BL phase, the coefficient of friction sharply increa
(around 0.1 or higher) because of a large numbe
contacts between solids. The asperity, chem
compgaition an the substrate surfacand the formulatec
additives in the lubricant have significant effect on
lubrication.




From a view of oil flmformation and surface roughness of substrates, the lubrication

phases are described based on dafi

where s is film thickness parametehmi, is the oil film thickness{; a n d, aré

Q

Q

” ”

m

t hi

roughness of relative sliding surfac@$is parameter increases along with the thicker

oil film and the smoother surfaces. The relationship between the film thickness

parameter and lubrication conditions are described as follows;

1 s>3; HL or EHL (adequate oil film thickness between sudists)

f 1 s@ 3 ;ML (partially solid contact)

1 s<1,; BL (fully solid contact)

Slidi\ng parts Oi/l film

7] [ — —
HL or EHL ML BL
(A>3) (1<A<3) (A<

Fig. 2-2. Schematic view of lubrication phases

2.2.Lubrication Technology in Automotive Systems

There are a large number of lubricated componerasitomotive vehicles where a wide

ckness

range of lubricants are applied to manage an appropriate lubrication, such as engine oil,

transmission fluid, brake fluid, power steering fluid, refrigerating oil for the air

conditioneror grease[23, 24, 27]. Among them, the engine oil and the transmission

fluid are the most major lubricants considering the roles as well as the sales volumes.

In this section, the lubrication in engines and transmissions is briefly described and

compared for the better understandinghaf lubrication mechanism in this study, which

focuses on the Continuously Variable Transmission (CVT). The requirements for the

lubricants used in the engine and the transmissions are introduced, and then the typical

lubricant formulation and additivesifthe automatic transmission are explained.
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2.2.1. Lubrication in Engines

A schematic image of a typical internal combustion engine is shown in-BifR4£ 28

30]. There are three major rubbing parts in the engine, the valve train, the piston and the
crank shaft, and they are in different friction regimes. Boundary lubrication is dominant
at the valve train between the cam and a valve lifter, while an oil film separates a shaft
and a bearing completely at the crank shaft. At the piston, the lubricaimadition
stretches from mixed to hydrodynamic lubrication because the velocity of piston
changes widely in its reciprocating motion. The sliding conditions are summarised in

the Stribeck curve as shown in Figd2

J‘ } Valve Train

Piston

» QOil Film
Piston Ring
} Crank Shaft
Oil
Film

Bearing \-/

Fig. 23. Schematic image of the internal combustion engine
(figure courtesy of JX, JX Nippon Oil & Energy Corporation)

=1 l l l

& BL | ML! EHL HL

o ' l l

ks : : !

o | : Piston ring =——

Y= | | :

S| €=—>\ | €&——Crank shaftmm——3
3 Valve | | | (bearing)

2 train ! ! !

“6 : I 1

o : : !

o >

(speed x viscosity)/load

Fig. 2-4. Friction regime of engine components
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The following are themajor functions requiretom the engine oil.

1 Lubrication
Prevent wear and seizure. Considering the efficiency loss, viscosity (especially
at high speed and high temperature) is important at the crank shaft and piston
ring, while tribofilm compositions formed by the additives are significant at the
valve train.

1 Detergency/antoxidation
Cleanse combustion products inside the engine and neutralize degradation
products. Due to high combustion temperature, a large number of combustion
and degradation products are produced in the engine. Therefore,eexcell
detergency and antixidation performance are required for the engine oil.

1 Cooling
Adsorb and disperse the combustion heat. The heat transfer from the combustion
chamber (high temperature) to the oil pan (relatively low temperature) is
conducted by thengine oil.

1 Sealing
Prevent the combustion gas to diffuse through the piston. The lubricant around
the piston ring enables to separate the combustion chamber and the crank case

completely, which prevents compression leakage.

Global engine oil standardseamanaged by mainly three organizations; API (American
Petroleum Institute), ILSAC (International Lubricant Standardization and Approval
Commi ttee) and ACEA (European A@3totnsobi | e Man.t

allowedto supplyanengineoil with the certain approval into the corresponding engine.

2.2.2. Lubrication in TransmissionSystems

The role of the transmission systems is to convert the engine torque and rotational speed
suitable for the driving condition. They can be divideditvo categories, manual
transmission (MT) and automatic transmission. Furthermore, the automatic transmission
is classified into three major types based on its torque conversion system; conventional
automatic transmission (AT), continuously variable tnaigsion (CVT) and dual clutch
transmission (DCT). The MT has a large market share in Europe, while ATs are major
in the US and Japanese market probably due to the difference in the driving conditions
and the <car ma n (32, 83.tTher &Vd &s a dignifecane dhares in
12



Japanese market, amslexpanang the share mainly in Asian developing countfigd4-
36]. For the purpose of improving the efficiency, all the transmissions keeps to be

upgraded16] as shown in Fig.-5.

demand-onented actuatorics variable
capacity pump, Hybnd design kit
High spread, clutches

DAT converter

Mechatronic

Light weight / thin sheet / Al-Mg
regulated converter clutch
Damper systems

Elektronic transmission control '
Lock-up converter clutch : N
-3 & m Fuel economy (up to - 70 %) B

Torque-/performance improvement
Dynamic/driving performance increase >
Higher comfort & better switch quality 7
intelligent & adaptive drive prog /

|

'

\ liss AT Converter Automatic Transmission HT Hybrid Transmission Time
AMT Automatisiertes Schaltgetriebe IVT Friction-gear transmission

Fig. 2-5. Development of the transmission efficiency (reprinted ffh6h)

General requirements for transmission lubricants are compatiedse of engine oils as

follows;

9 Lubrication
Friction control is necessary for all the transmission systsrshown in Table
2-2. It means friction property needs to be controlled appropriately for the torque
transfer mechanism, while lower friction is simply preferable for engine oils.
Additionally, in some case, certain types of gears require a higheveatiand
extremepressure performance than the engine components.

91 Detergency/antoxidation
Transmissions are operated under the milder environment than engines due to
lower temperature. However, extremely longer drain interval that sometimes
reaches whole car life (e.g. 200,000 km drain interval) is required.

1 Cooling
The heat generated at thieding components is transferred by the lubricants,

and released to the outside through the transmission case.

13



1 Sealing
Some axial shafts or components are sealed by a combinational work of oil seals

and the lubricant.

Table 22. Friction perfemance commonly required Igansmissiorsystems

Transmission types Components and required performances
Manual Transmission (MT - Synchronizer/gear (brass/steel)
high torque capacity, low stick torque
Conventional Automatic | - Lock-up clutch (steel/paper)
Transmission (AT) high torque capacity,-\¥ characteristics
- Shift clutch (steel/paper)

high torque capacity, low shift shock
Continuously Variable - Steel belt/pulley (steel/steel)
Transmission (CVT) high torque capacity
- Lock-up clutch (steel/paper)

high torque capacity,-\¢ characteristics
- Shift clutch (steel/paper)

high torque capacity, low shift shock
Dual Clutch Transmission| - Shift clutch (steel/paper)
(DCT) high torquecapacity, low shift shock
- Synchronizer/gear (brass/steel)

high torque capacity, low stick torque

Different from the engine oils, the automatic transmission fluids (ATF, CVTF or
DCTF) do not have global standards issued by international organgaflthough

some car manufactures have their original approvals, such as DEXRON by General
Motors or MERCON by Ford Motor compaf¥7], the genuine lubricants are generally
designed as suitable for the specific transmissions due to the significardraifen the

system layouts based on the strategies of each car company. Therefore, it is necessary to
modify and adjust the transmission fluid formulations, as a r@deder lubricant, to

meet the requirements of the specific system. Deep understaatutdog the working
mechanism of the lubricant additives is highly demanded for developing superior

automatic transmission fluids quickly and efficiently.

14



2.2.3. Conventional Automatic Transmission (AT)

The mechanism of the AT is briefly explained before the CVT because they have same
clutch systems in common; the leak clutch and the shift clutcf24, 32, 38]. Both
systems are operated by a combination of paper clutches and counter steel plates.

Theschematic layout of the AT is illustrated in Fig62The rotational torque generated

in the engine is input form the right side of the figure, and transferred through the torque
converter which corresponds to a manual clutch plate in the MT. Then, wer
converted into the rotational speed and torque appropriate for the driving condition at
the shift clutch and planetary gear mechanism. A suitable set of the gears can be
selected automatically managed by the hydraulic contrdl dime AT fluid (ATH
lubricates all the components inside the AT and also works as hydraulic fluid for the

shift control.

Lock-up clutch

Shift clutches Planetary (paper/steel contact)
(paper/steel contact) gear S\t ‘
— —

engine

Hydraulic control unit

Torque converter

Fig. 26. Schematic layout of the FR (Front engine Rear drive) AT
(figure courtesy of JX)

The lockup clutch is installedniside the torque converter for the fuel efficient control
of the torque converter as shown in Figz.at consists of a combination of the paper
clutch and the counter steel plate. The working mechanism of theuppckutch is
explained in Fig. B. Thetorque converter is fully filled with ATF. It works as a fluid
coupling at low speed condition for amplifg the engine torque and absorbing the

rotational fluctuation. Once it reackat high speed, generally over 60 km/h, the dapk

15



clutch engages (I&eup) to connect the input shaft and the gear shift mechanism

directly in order to prevent churning loss caused by the ATF inside the torque converter.
Furthermore, partial torque transmission through the-logk c¢cl ut ch, -so <call ed
contr ol @&datthesnteomediate apeed region for additional fuel efficig3@y

The friction management is necessary for the smooth sliding control of tha@igock

clutch system, and previous studies based on mathematical appriet;Has revealed
thatarelabns hi p bet ween the sliding spe¥®¥d and t he
characteristicso, i's essenti al f oM at he smoot
positive [tV relationship is preferable, and a negative curve should be avoided since it

terdstocausesed x ci t ed vi bration at the clutch, SO C¢

Torque converter clutch

(Lock-up clutch) Torque converter

Fig. 27. Layout of the torque converter mechanism

(photos courtesy of JX)

Low High
B R

Clutch position Off

Driving speed

Engaged

Lock-up
clutch
Lubricant
. Fluid coupling Direct torque
Operation (Torque amplification) transfer
Efficiency Low Middle High

Fig. 2-8. Schematic diagram of the lockp clutchcontrol system
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A Negative; |
Vibration , &b

(shudder)

CoF

Positive; OK

Sliding speed

Fig. 2-9. Frictional property at the loelp clutch (1V characteristics)

The second component, the shift clutch, consists of combination of paper clutches and
steel plates. It enablethe gearsto shift automaically by connecting the certain
planetary geaset with the use of the shift clutch mechanism. In terms of the frictional
control, it is necessary to prevent shift shock and shorten the gear shiftinpd8me
Although the operating speed and accelenatiatio for the clutch engagement are
significantly different from the lockip clutch, the FMs generally work in the similar
manner; reducing the friction at low sliding speed leading to smooth clutch engagement
[43]. Therefore, this study focuses on thetch performance at the loalp clutch for

the observation of the FM behaviour on the paper material.

Planetary gear

l?ﬂ:@
{ ) O Shift clutch

Fig. 2-10. AT gear shift mechanism (shift clutches and a planetary gear)

(photos courtesy of JX)
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2.2.4. ContinuouslyVariable Transmission (CVT)

The CVT equips a steel bgiulley mechanism for the shift change, instead of the
planetary gears in the AT. A schematic layout of the CVT and thepbldty
mechanism are illustrated from Fig-12 to Fig. 213. The beklpulley mechanism
works similar to the shift mechanism of a bicycle. Both the primary and the secondary
pulley are able to change the wrapping radius of the steel belt independently by
adjusting the distance between sheaves, which realises continuously vgembshift.

This operation has an advantage that makes it possible to run the engine in a highly

efficient condition[44].

The CVT also has a torqueroeerter and shift clutch system addition to the belt
pulley. Therefore, the CVTF needs to satisfy thetional requirements at the paper
clutch systems as well as at the steel-pelley. It is challengingbecause higher
friction coefficient is preferable at the steel bhamliley to transfer large amount of
torque, while friction modification is necesgaat the clutches to prevent shud{i4s,
46).

[ Shift clutches ]

(paper/steel contact) Torque

Primary  sespesphee, 1\ iy converter

From
engine

Secondary

Lock-up clutch
pulley

(paper/steel contact)

Steel
belt

“ e /
Steel belt-pulley
(steel/steel contact)

Final reduction gear

To
wheels

Fig. 2211. Schematic layout of CVT (reproduced fr¢a4])
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Secondary pulley

Torque output

Torque input

Primary pulley

Fig. 212. Schematic image of the bglulley mechanism in CVT
(figure courtesy of JX)

Width of rings

Multi-layered ring

Ring assembly

Body $

Neck

\ V-surface angle ! V-surface
Innermost layer of rings / Lower part of body

Saddle surface

Fig. 2-13. Configuration of elements and ring assembly of CVT steel belt
(reprinted from{47])

2.3. Automatic Transmission Fluid(ATF)

2.3.1. Formulation Basis

The automotive lubricants generally consist of base oils, viscositjfiers (VMs) and

the other additives as shown in Figl2 The viscosity of the lubricants is mainly
determined by the base oil and the viscosity modifier, while the additives contribute to

other properties, such as amtar, extremeressure, amnxidation, deforming or
friction modification [48]. In this section, the basis of the base oil and the other

additives typically formulated in the automotive lubricants is briefly introduced for the

better understanding of the test oil formulations in thig\s
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Additives 10~5% » v' Friction modifier (FM)
Viscosity 20~5% v’ Anti-wear agent
Modifier v Metal detergent
v’ Dispersant
v’ Anti-oxidant
Base Oil 70~90% v’ Seal swell agent
v’ Corrosion inhibitor
v Anti-foaming agent

Fig. 2-14. Typical formulation of automotive lubricants

2.3.2. Bas&il

Base oils can be roughly divided into two types, refined mineral base oils and synthetic
oils [25]. American Petroleum Institute (API) categorifi@sm into 5 groups (Groupi|l

V) as shown in Fig.-45. The mineral base stocks are classified as Group | to 11l based
on their performance attributed to chemical compositions of crude oils and the refining
process. Group IV and V are for synthetic oilso@ IV is PolyU-olefin (PAO), which

is generally synthesised by oligomerisation eflecene, and all the other synthetic

stocks (such as ester or ether) are categorised as Group V.

A factor, Viscosity Index (VI), is commonly used to explain the tempezatu
dependence of lubricant viscosity. A high VI means low temperature dependence,
which is useful to improve effici@y because it enabléise churning losso be reduced

at the low temperature while keeping thick oil film at high tempergtifie

Category | Sulfur, % Saturates, % | Viscosity Index
GroupI | > 0.03 |and/or| <90 80~119
Group II | =0.03 and =90 80~119
Group III| =0.03 and =90 =120
Group IV Poly-a-olefin (PAO)

Group Vv All others not included in Group I ,II,II or IV

|Low Sulfur, Low Satur@ [Increase Viscosity Im@

Group / Group 77 Group

Fig. 2-15. API categories of base stocks
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2.3.3. Viscosity Modifier (VM)

The VM is a polymer that enables to increase viscosity and VI of lubricants. Poly
methacrylate (PMA) is widely used for the automotive lubricants due to the@upié

film thickening and VI I mproving effect.
generally between 10,000 and 1,000,000, which is selected to meet the requirements of

the lubricants such as viscosity, shear stability or pour point.

(|?H3
CH2—C

|

COOR n

Fig. 216. Typical molecular structure of PMA

2.3.4. Zinc Dialkyl Dithiophosphate (ZDDP)

ZDDP is one of the oldest and probably the most famous addjg@sinitially, it was
formulated as an antixidant, and later the superi@nttwear was known. It is
commonly used in the engine oils, and the working mechanism and the reaction film
formed by the ZDDP have been intensively studied. However, in spite of the excellent
performances, the ZDDP is not generally formulated in thenzatio transmission
fluids due to the negative effect onetlpaper clutch performancDDP tends to

damage the paper clutch materedding to the shortdife [51].

RO\P/S S\P/OR
AN AN

/n
RO/ N e

S OR

Fig. 217. Typical molecular structure of ZDDP

2.3.5. Molybdenum Dithiocarbamate (MoDTC)

MoDTC is categorised as the friction modifier and essential for the engine oil to
improve the fuel efficiency. It is able to form molybdenum disulphide (Me8lid
laminar films with extremely low friction coefficient on theetal structure. Same as the
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ZDDP, the MoDTC is also difficult to be formulated into transmission fluids because

the Mo$S film decreases the clutch torque capacity significantly.

Fig. 218. Typical molecular structure of MoDTC

2.3.6. OrganicFriction Modifier (FM)

The organic FMs are frictiereducing agents that do not contain metal elements, such
as Mo, Zn or Ca. The chemical structure of the FM is the same as surfactants, which
consists of one or multiple polar groups (e.g. acid, ester, alcohol, amine or andde) a
one or multiple hydrocarbon chains. It is supposed to form the adsorption film attaching
its polar groups onto substrate. The film works as a cushion and enables to prevent the

solid contact between the sliding surfaces, resulting in low friction coefti

The working mechanism of the organic FMs is the main topic of this research, and
rel evant theories and previous studies are

Literature Review on Wor king Mechani sm of FMso.

Van der Waals
forces

Long, nonpolar chains Van der Waals

forces
4>

Dipole—dipole

interactions
Polar heads P

Adhesive
hydrogen bonding

Oxidized and hydroxylated metal surface

Fig. 219. Schematic image of organic FM adsorption (reprinted %2}
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2.3.7. Phosphoroug\nti-wear Agent

Organic phosphorous components (e.g. phosphate, phosphite or thiophosphate) are
generally formulated as an amiear agent. They are able to reacttbe substrate
surface together with the other additives, forming a reaction film including phosphorous.
The reaction film tends to be harder than the film without P, so that good at improving

the antiwear performance of lubricants.

I
AP PN
R,07 | TOR; R,07 | TOR;
Phosphate Phosphite

Fig. 2-20. Typical molecular structures of phosphorous-amar agent

2.3.8. MetalDetergent

The role of the metal detergent is to neutralise and disperse degradation products. The
major chemical structures are selected from sulfonate, salicylgibenate, while the

metal element is basically calcium or magnesium. For the better neutralisation
performance, a metal carbonate core is usually applied to increase the base number,
which is called as an owdased metal detergent. The core is dispetsednetal

detergent molecules as shown in FigR2

OH
/\ \
| S 2 I 2
NN A I b "
o
Z Y 5

Metal sulfonate Metal salicylate

Fig. 221 Typical molecular structure of metal detergent
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\ n CaCO3

n MgCOa '

7N

Fig. 222. Schematic image of owased detergent

2.3.9. Dispersant

The dispersant is formulated for dispersing sludge into the lubricant in order to prevent
sediment formation. Polisobutylene succinimide (PIBSI) is widely used due to the
excellent dispersing performance as well as the low production cost. In addii®n, i
commonly known that the dispersant also has an influence on the frictional performance
[53]. It tends to affect forming an adsorption film at the higher sliding velocity region
than the FMs, because the molecular weight of the dispersant is conyitkngdr than

the FM.
O 0
IB 1 PIB
N
N N
n
O 0

Fig. 223. Typical molecular structure of dispersant

(Poly-isobutylene succinimide, PIBSI)

2.3.10. Antioxidant

The antioxidants prevent oxidation of lubricants by acting as a radical scavenger. An
aromatic amine and a hindered phenol types are generally used for the automotive
lubricants. They are able to trap and stabilise harmful radicals, which are produced

under severe thermal condition, by donating a proton at the amine or the phenol group.
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It is considered that the argkidants do not have a significant effect on the friction or

the reaction film formation due to the low polar chemical stru¢tde

. OH
Amine type Phenol type

(Alkyl diphenyl amine)

G

Fig. 2-24. Typical molecular structure of ardkidants

(Di-tert-butyl metylphenol)

2.4. Literature Review on Working Mechanism of FMs

2.4.1. Adsorption Film Formation

Friction reduction has been of interest of engineers in order to decrease frictioaal loss
well as to prevent damage of tools or machines. The history of the studies on the
adsorption film formed by the FMs is summarised in this section for the better

understanding of the application to the transmission fllE857].

In the 1920s, the presec e o f Aoi |l i nes s doindepandent Bthet ai n
viscosity, was noticed. The lubricants possessing-tdragn oxygenated compounds,
such as vegetable oils, showed better lubrication at low sliding $p8edHardy[59,

60] studied this phenomenon and indicated that the effect of oiliness depends on a type
of polar group and molecular weight of the component as shown in-Biy.Eased on

the resllts, he suggested a monolayer theory at boundary lubrication condition (Fig. 2
26). It insisted that polar molecules are capable of forming monolayer with low shear
strength on sliding surfaces, which is effective to reduce friction. Moreover, Bowden
[6]1] studied the durability of the adsorbed film by the use of LangBlokgett fims

of stearic acid deposited on steel. The result showed that a single layer was effective
only at initial, then the friction started to increase just after a few cycles (2@. 2

This result implied that the FMs ne¢al beconstantlysupplied ontdhe surfae in order

to keep low friction, because the adsorption film on the surface could be consumed by

sliding.
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Fig. 2-26. Hardy monolayer boundary model (reprinted frich, 62])
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Fig. 2-27. The friction of stearic acid films formed on steel surface (reprinted [ai
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On the other hand, there have been some reports indicating the presence of multilayer

adsorption. Fuk$63] measured the film thickness formed by naphthenic mineral oil

(MS-20) and cyclohexane on steel and observed the stable film ranging between 50 and

350 nm as shown in Fig.-28. It is much thicker than expected from monolayer film

formation, therefore, it implied the existence of multilayer. Interestingly, the thickness

increased significantly when stearic acid was added into the oils. A& rexamired

t he

previous

studi es and

propos®dThior det

model also indicated the multilayer adsorption; -liad dimers are formed by a

hydrogen bond between polar groups of the additive, and they stack onto the surface

monolayer to construct multilayer films.
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Fig. 2-28. Residual film formed by mineral oil and cyclohexane solut[68k

(reprinted from{56])
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Fig. 229. Schematic image of stearic acid films accordindn&drdered liquid model

[56]
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Recently, Spikes[64-66] performed in-situ measurement of the adsorption film
thickness on steel using ultrathin film interferometry. The observed film thickness
ranged from a few nanometres (monolayer) to tens of nanometnelilgyers)
influenced by various factors; the chemical structure or the purity of the FMs, test
temperature or humidity. Fig-20 shows the effect of humidity on the adsorption film
formation of stearic acid. The linear line in the graph is the filmkttgss calculated
based on the EHL theory. Although stearic acid was capable of forming the adsorption
film even in dry conditios as the film thickness is above the theoretical value, the
humidity promoted the film formation up to 10 nm. This result could be a reasonable
insight for the argument on fAmonol ayer vs
film is significarly affected by externaldctors. herefore, the film thickness should

stretch fromthe monolayer to the multilayeegions even formed with the same FM.
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Fig. 2-30. EHD film thickness vs speed for 0.1wt% stearic acid in hexadecane

left; dry condition, right; wet condition (reprinted frdi®6])

The working mechanism and the chemical nature of the FMs on the substrate surface
have been discussed intensively. YoshH@lg investigated the friction of oleic acid and

oleyl alcohol on dferent substrates; bearing steelCad DLC and taC DLC, and
concluded that the type of the substrates has a significant effect on the friction reduction
as shown in Fig. -31. Kalin [68] also reported the similar results in the research
evaluating the féect of an alcohol FM on steel and DLC substrates. Atomic Force
Microscopy (AFM) was utilised to detect the adsorption film of the alcohol on the
surface, and the correspondence with the friction coefficient was successfully explained.
Kano [69] studied he mechanism of ultralow friction caused by glycerol monooleate

(GMO) on DLC surfaces. The Time of Flight Secondary lon Mass Spectrometry (TOF
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SIMS) analysis of the posest DLC specimen detected carboxylic acid only on the

wear track (Fig. 282), and thg concluded the tribochemical decomposition of GMO

should be the reason of the ultralow friction. Furthermore, there are a large number of

attempts to observe the detailed chemical nature on the surface with the use of latest

surface analysis techniquesjch as neutron reflectometfyO, 71], sum frequency

generation spectroscody2] or temperaturgorogrammed desorption and reflection

adsorption infrared spectroscofig].
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Fig. 231. Friction coefficient of three types of specimen lubricated with three types of
lubricants, (a) at 50 mm/s, (b) 0.01 mm/s (reprinted ff6rh)
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2.4.2. Interaction with Other Additives

In commercial lubricants, various kinds of additives are formulated together with FMs.
Some of the additives form the adsorption or the reaction film onuthetrate surface,
which possibly has synergistic or antagonistic influence on the effect of the FMs.
Therefore, the lubricants are necessary to be designed taking into account the

interactions between the FMs and the other additives.

A large number of repts have focused on the interaction with the ZDDP reaction films
due to the wide range of the ZDDP application to the commercial lubricants represented
by the engine oils. The chemical composition and geometry of the ZDDP reaction film
and the chemical reion mechanism have been of interest of many reseai&:i&s-

78]. It is generally confirmed that the ZDDP forms the characteristic reaction film with
padlike structure which mainly consists of Fe/Zn phosphate structures as shown in Fig.
2-33.

Organic sulphides/ZnDTP
Zn polyphosphate N

more Fe,
shorter
chain

phosphates

glassy Fe/Zn
phosphate

FeS/ZnS —»

Fig. 2-33. Schematic diagram of ZDDP reaction film composition (reprinted {&0})

Miklozic [79] investigated interaains between several FMs a@d@®DP. The friction
results depended on the chemical structure of the FMs; whilenydllemide or
octadecylamine presented consistent friction reduction effect, polycondensed fatty
acid/ester (PFA) lost the effect completely in the presence of ZDDP as shown in Fig. 2
34. In addition to the friction coefficient, the reaction film thicknessl surface
roughness were also affected by the interaction. Rdi®0] formulated
polyamidoalcohol, alkenoic ester and oleylamine in the figdiynulated engine oil
including ZDDP, and the influence on the film formation and the friction was
investigated Interestingly, the results showed an opposite trend to the study by
Miklozic; the ester FM was able to reduce the friction even with ZDDP while the amide
and the amine FM decreased the effect. Moreover, Tasd&hi82] reported the

influence of ZDDP ad the test temperature on the FM effect of GMO using a
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DiamondLike Carbon (DLG coated specimen. Althougbompetitive interaction
between ZDDP and GMO avenot observedn most of the test conditienthe ZDDP
appeared to inhibit the FM effect of GM#Dly at 40°C.

On the other hand, Mura$@3] studied the interaction between the FMs and phosphites.
The test oil systems are relatively similar to the typical automatic transmission fluid
because the phosphites were applied as arnaati agent insteadf the ZDDP. The
chemical nature of the FMs assessed using-BOWS suggested that the adsorption of
palmitic acid and GMO were strongly inhibited by the phosphite, while oleyl amine
presented a synergetic effect on the adsorption with the specific pleospBRi as
shown in Fig. 235.

As a result of overviewingrevious works, itg clearthat the interaction mechanism of
the FM is very complicated and affected by various factors; the other additives,

substrate materials or the test environment.
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Fig. 2-34. Stribeck curves for friction modifiers, left; in base oil, right; ZDDP blends
(reprinted from{79])
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Fig. 235. Relative TOFSIMS intensities derived from the FMs, PA,; palmitic acid,
OA,; oleyl amine, GM; GMO, TBPI/DBPI; Tri/dn-butylphosphite (reprinted frof83])
31



2.4.3. Application to ATF and CVTF

The friction properties need to be satisfied for designing AFFSVTFs. For example,
a positive 4V characteristic is required for the ledp clutch system as mentioned in

n2.2. 3. Conventional Aut omatic Transmission (

Kugimiya [54] investigated the effect of the typical ATF additives on th& p

performance, ahthe trend of each additive was summarised as shown below;

- Viscosity modifiers (VMs) or antbxidants;Minor impact on the performance
- Dispersants or metal detergents; Increase the friction at high sliding speed
region

- FMs and P amtivear agents; Decase the friction at low sliding speed region

Further study focusing on the dispersants and the metal detergerftdlovasd, which
suggested thathe dispersant with long poly isobutylene chains and the-lwased
calcium sulfonate with large CaG@ore crystals are effective to improve the friction
coefficient at high sliding velocity for the betterficharacteristic$53]. The effect of

the chemical structure of the calcium sulfonate was also reported by Toli§dma
implying that the CaCg@corewas capable of keeping the surface roughness of the paper
clutch, which seemed to be a key factor to keep high friction coefficient at the high
sliding speed.

In terms of the effect of the FMs, Ingrdi®5] discussed the effect of the FMs on the
frictional properties using Mini Traction Machine (MTM). The tV characteristics of
acid, amide and amine FM with different lergythf saturated carbon chaindC Cis)
were evaluated, and confirmed that the lorgein lel to the lower friction coefficient

at lowv speed as expected from the classical reports. It is notable that a negdtive u
relationship appeared when the FM withy @1d G chains were mixed as shown in Fig.
2-36, suggesting that the homogeneity of the adsorption film is essential fapesd
friction behaviour. The mechanism achieving the positiv |gurve was also
investigated by Ingrarf86, 87], and implied that the rough surface asperity of the paper
clutch is one of the key factors, which enablee systemto stay in the boundary
lubricaion condition tmough a wide rarge of operating speexd There are several
studies that support this assumptj86-90].

The working mechanism and the chemical nature of the FMs on the paper surface were

investigated in detail by Zhafbl, 91-93] with the se of several surface analysis
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technigues; Xay Photoelectron Spectroscopy (XPS), Attenuated Total Reflectance
Fourier Transform Infrared spectroscopy (AHRIR), EnergyDispersive Xray
spectroscopy (EDX) and TGEIMS. The specimen after the sliding tesre assessed,
and the observed chemical nature was discussed related with the friction results. The
durability of three FMs, a fatty amide, a fatty imidazoline and a fatty amide, onVhe p
characteristics was investigated, and the surface chemicat medisrassumed as shown

in Fig. 237 based on the friction and surface analysis results. The mechanism of the

excellent frictional durability of the amide FM could be explained.
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Fig. 2-36. p-V characteristics for blends dbdecanoic acid (z) and hexanoic acid
(Ce) (reprinted from85])
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Fig. 237. Schematic illustration of the proposed decomposition and adsorption process
FM1,; fatty amine, FM2; fatty imidazoline, FM3; fatty amide (reprinted f{@2])
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The friction at steel/steel contact is also important for the application to CVTFs.
Derevjanik[94] reported an influence of the FMs and the detergents on the steel/steel
and paper clutch/steel frictional performances. Tabig shows the steel/steéiction
results. Although FMs generally reduséeel fricton, some combinations presest
synergistic ect; for example, FM promoesthe friction reduction effect significagt

in the presence of the deteng® The clutch / performance also sh@anteractive

effects between the additives.

Narita[95-98] investigated the effects of the amtear agent and the metal detergent on
the steel/steel friction aiming for the apptica to CVTFs. The friction results showed
that the combination of the hydrogen phosphite and thelmaged calcium sulfonate
increased the friction coefficient by 8% synergistically compdcedhen they were
added independently. The XPS analysis of the-fasétspecimen detected formation of
pyrophosphate on the surface as shown in F8g, 2vhich is considered as the sea

of the high steel friction.

Table 23. Steel/teel friction coefficient results (reprinted frd4])

DET
NONE | A B C D E
M
NONE | 0.130 | 0.126 | 0.125 | 0.124 | 0.129 | 0.128
F 0.123 [ 0.111 [ 0.116 | 0.116 | 0.124 | 0.125
G 0.123 [ 0.120 | 0.121 | 0.125 | 0.123 | 0.123
H 0.113 [ 0.121 [ 0.112 [ 0.116 | 0.120 | 0.119
| 0.125 | 0.117 | 0.117 | 0.117 | 0.121 | 0.120
J 0.128 [ 0.121 | 0.121 [ 0.125 | 0.126 | 0.128
Sample | HPDE: Hydrogen phosphite + Ca sulphonate DE:Ca sulphonate HP: Hydrogen phosphite
Comments| GuEGs STow |  CotPos1mser | ooooe M7V | TePO. 1a3sey
Ca,P,0, 347.6eV 1 Ca,P,0, 133.8¢V
Taloun m Calcmm Phosohons
XPS 347.1eV ! |33.xev__ 4860V 1327eV_
Profiling 347.8eV H | 47 ey Individual
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Fig. 2-38. XPS spectra of tribofilm on the pesist specimens (reprinted frd®i7])

34



2.5. Research Target

This study aims to develo@VTFs with excellentfrictional perfamance whichis
capable of improving fuel efficiency. THermulation of the additives important, and
they must be designed appropriately and precisely to meet the advanced frictional

requirements.

The independent effect of the additives on thetional properties of the CVT is
summarised in Table-2Z The FM is essential tachieve a positive ¥ property
However, it generallgonverselyeduce the steel friction requad at the belpulley. In
addition, it seems to be difficult to cover thieel friction sufficiently by simply adding

the other additives, because thegn compete with the FMworseningthe @V
characteristicsTherefore, it is necessary to optimise the interactions between the FMs
and the other additives ®imultaneouslysaisfy both of therequirementsThe ideal

solution should be the control of the FM to work only on the paper clutch material.

Table 24. Effect of the additives on the frictional performances of CVTF

EM Metal Anti-wear Dispersant
detergent agent
Steel/steel friction . ) ) +
(belt-pulley)
U-V characteristics +4++ + + +
(lock-up clutch) low speed high speed low speed high speed

+++; essential effect, +; positive effect, -; negative effect, --; signififant negative effect

Looking at previous workt seems the topics can be separated into two types as shown

in Fig. 239. The first, pattersA arethe studies focusing on the effect of the additives

on the frictional performance of the paper clutch, which is represented well by the series
of reports ly Zhao [91-93]. The postest specimens were assessed to evaluate the
chemical nature on the paper surface, and the behaviour of the additisassumed

based on the tribotest and the surface analysis results. However, the discussion on the
steel friction is necessary considering the application to the CVTFs. On the other hand,
the target of pattern B is CVTFs &s the work by Derevjani{94]. The frictional
properties were evaluated using both steel and paper specimens, and the effect of the

addiives on the CVTF componentsasinvestigated. In this case, further information
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on the surface chemical nature is essential in order to discuss the interactions among the

additives.

Therefore, this study combinesabetwo approaches. The frictional performaraf the

FMs are evaluated on both paper and steel substrates, then the surface ofteést post
specimens is assessed in order to observe the chemical nature of the additives on the
tribofilm. The friction and surface analysis results are discussed tdaie the
chemistry of interactions among the FMs and the other additives, and the working

mechanism of the FMs and the optimal formulations for the CVTF are proposed.

Target Substrate Friction Surface
components materials property analysis

Pattern A

p-v i
~ - characteristics
Analysis-A
Belt-pulley
Analysis-B

" Patiern B * This study |

ATF Lock-up clutch —  Paper clutch

Analysis-B
CVTF :

Fig. 239. Schematic illustration for the research target
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Chapter 31 Experimental Proceduresand

Analysis of Starting Oilsand Surfaces

In this chapter, experimental procedures applied in this research are introduced. It aims
to elucidate the behaviour of organic Friction Modgi€¢FMs) on steel and the paper
clutch for the purpose of formulating CVTFs with superior frictional performance.
TE77 reciprocating tester and Mini Traction Machine (MTM) were used to simulate the
sliding contact at the steel bgltilley mechanism and tHeck-up clutch system in the

CVT. The postest matdals were assessed usiagwhite light interferometer (WLI)

and SEM for the observation of the surface morphology, XPS, EDX andFATR to
investigate the chemical nature on the substrate surfaceRT$@eltra of the fresh test

oils and additivesand the fresh specimen surfage also shown in this chapter to

prepare for the discussion on the pest samples.

3.1. Operating Conditions of the CVT Components

This research focuses on the working mechanism of the FMs at the stgrlllesiiand

the lockup clutch in the CVT. They are the major components which require the
friction control [99, 10(. The belt-pulley mechanism is a heart of the CVT system,
which realises the continuously variable gear shift effective to improve fuel efficiency
of the transmissior44]. On the other hand, the lock clutch system is equipped
inside the torque converter, and working to reduce the churning loss at high speed
driving condition [101, 102. The friction at the steel bghulley is preferably kept
higher because the torque is transferred through the steel/steel contact between the belt
and the pulley. Low steel friction possibly leads to macroscopic slip of thpiigeit03

104]. On the other hand, the friction at the paper clutch needs to be modified to achieve
the positive gV characteristics, otherwise noise and vibration so called shudder would
arise [43]. The issue is that the opposite requirements needbeosatisied
simultaneously using only one lubricqdts, 46, 105. It is necessary to optimise the

formulation of FMs for controlling these frictional properties.

The tribotests need to simulate the actual sliding condition at thguikdy and the

lock-up cluch. The typical materials and the operating conditions are summarised in
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Table 31. In terms of the &lt-pulley mechanism, thbelt and pulley are often made
from bearing steel (Cr high carbon steel) and Cr/Mo carburised steel considering a
balance of hamkess and anfatigue performance, though, there are the other options
depending on the CVT systerfif06-109. The contact pressure between the belt and
the pulley is generally controlled at around 1.0 GPa, and the microscopic sliding
happens when the belitates around the pulleys due to their configuration. Narith
Priest [9597] repated series of studiesn the steel friction of CVTFs. TE77
reciprocating testwerecarried out at around 1®Pa and 0.2 m/gsing abearing steel

ball anda Cr steel plate, and wasconfirmed that the friction results showed a good
agreement with those acquired using an actuaigudiey system.

On the other hand, the paper clutch material generally consists of some fibre materials
(cellulose fibre, aramidibre or carbon fibre) and diatomite earth (mainly consists of
SiO,) as a filler, compacted with phenol re§@®d, 11(. The counter steel plate is made
from cast iron or steel. The condition applied for the {opkclutch sliding control is
commonly lesshan 2.0 m/s and 3.0 MP83, 111, 117.

Table 31. Typical operating condition of the CVTF components

Component Steel belt/pulley Lock-up clutch
- Paper clutch
- Belt elements Fibre (cellulose, aramid, carbon)
Bearing steel (Cr high carbon) Filler (diatomite earth)
Typical material Binder (phenol resin)
- Pulley
Carburized steel (Cr/Mo) - Counter steel plate

Cast iron or steel

Operating conditions

Sliding speed ~0.2m/s ~2.0m/s
Pressure Around 1 GPa 0.5~ 3 MPa
Temperature RT ~ 150°C RT ~ 150°C

3.2. TE77 Tribotest

3.2.1. Introduction to TE77

TE77 is a reciprocating friction tester produced by Camé&iont, Ltd, Wokingham,
UK. It enables to perform tribotests in wide ranges of sliding geometriesidiat,

cylinderon-flat, discon-flat or ballon-flat), therefore, there are a large numinér
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literatures investigating friction or wear properties with the use of this maghirge

116. Small dimension of the specimens is another advantage of the TE77. It is possible
to perform the tribotest only with smalized and simplshaped specimens,hich

allows to prepare the modified special specimens easily (e.g. a surface [dddled
non-steel[116 or a paper plate). This feature is also a motivation for this study because
the posttest specimens can be analysed witheatitting process. The pesdst clutch

plate used for standard lab tests, such as LYERI], is generally too large to be
assessed in the highly vacuumed analysis chamber equipped at SEM/EDX or XPS.
Because the cutting process possibly causataminatioron the surface, the specimen
should be passed to surface analysis directly. In addition, a large paper plate has an
issue on remaining oil inside the material because it is usually difficult to remove the oll

completely when the specimen size becomegtarg

The issue is the sliding configuration at the p#gteel contact. While theris a large

body of previous researchpplying reciprocating tribometers to measure steel friction

[75, 97, 117, 118, only a few attempts have been done to evaluate thehciuction
performancg119. The actual clutch engagement is performed under pure sliding, so
that the TE77 1 s n o\ propemethabieessentidl to dissussatheu a t
friction performance at the clutch. Therefore, Mini Traction MacliM&M) was also

utilised using a paper coated disc in order to solve the issue, and correspondence
between the TE77 and MTM was discussed. A detail of th&Ntibotest is explained

in alater section.

Fig. 3-1. Photos of the TE77 reciprocating tester used for this study
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Fig. 3-2. Schematic image of the TE77 test configuration

3.2.2. TE77 Test Specimens

The detail of test specimens used for the TE77 is shown in Tabén@8 Fig. 33.

The properties of the steel pinand the steel plate were determined to simulate the steel
belt-pulley contact. The pin made from AISI 52100 steel represents the belt, while the
AISI 4140 steel plate mimic the pulley material. The end of the pin issdah8 mm

radius achieving the typical contact pressure at 1.0 GPa.

Table 32. Materials and dimensions of the TE77 test specimens

Steel Pin-1 Steel Plate Steel Pin-2 Paper plate
Contact mode Steel/steel (point contact) Paper/steel (point contact)
_ Steel belt-pulley Lock-up clutch
Simulated part
Belt Pulley Steel plate Wet cluch
Material AIS| 52100 AIS| 4140 AIS|1 52100 JASO M 349
Cr carbon steel Cr/Mo steel Cr carbon steel paper clutch
Cylinder (domed) Cylinder (domed)
Dimensions @ =6mm, L = 20mm Plate @ = 6mm, L = 20mm Plate
7x7x3mm 7x7x3mm
r of dome = 8 mm r of dome = 16 mm
Hardness Hrc =58 - 62 Hrc =58 - 62 Hrc =58 - 62 -
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On the other hand, the combination of steel?iand the paper plate are prepared to
simulae the lockup clutch engagement. The JASO M 349 standard paper ¢iitéh

was selected as the paper material for this study. A photo and schematic image of the
paper plate is shown in Fig-8 The composition of the JASO paper is cellulose fibre,
aramd fibre, diatomite earth and phenol resin. The standard JASO paper clutch was cut
into an appropriate size as the TE77 plate specimen. The steegih a domed end

at 16 mm radius, which appears to be almost flat, was used in order to arrange the

contact pressure as close as possible to the actuapdiutch sliding condition.

Steel pin-1 Steel pin-2 Plate
?
ﬁ 7 mm
i —\
i «yg
I3 S i S
&, 3 g 3 f
Rﬁ 3 fgi 3 3mm[
g ;3: L
Iy 7
o . __ /.

— | S
=6 mm ¢ =6mm

Fig. 33. Dimensions of the TE77 test specimens

Approx.
3 Imm each

Steel core
plate

Paper
plates

Fig. 3-4. Appearance of the TE77 paper plate
(left; photo,right; schematic image)
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3.2.3. TE77 TesConditions

The test load was determined as to simulate the typical contact pressure at-the belt
pulley and the loclkup clutch at the CVT. The following equations were used to
calculate the maximum Hertz contact g@® between the TE77 pin and the plate {ball
onHflat contact geometnyj19, 24];

(Eq. 31)

(Eq. 32)

where Pmax is the maximum Hertan contact pressure is the applied loada is the
contactradiusandi s t he radi us o EardBes; apdismepresendt o med end.
the physical parameters of the pin and the pl

respectively.

E = 206 GPa and = 0.3 were adopted for the steel pimdahe platd12(Q, while E =

130 MPa ana = 0.1 for the paper plafd21, 127]. It is notable that the parameter of

the paper clutch differs significantly depending on the material and the measurement
method.

Based on the equations (Eg:13and 32), the maximum contact pressure at the
steel/steel and the paper/steel contact is calculated as shown in Fablghie the
steel/steel contact pressure has a good agreement with the actymlllbglicontact,

that of the steel/paper is 6.0 MPa which is shghigher than the typical clutch
engagement condition up to 3 MPa due to the point contact configuration of the TE77.
However, the contact pressure at 6.0 MPa is much less than the pressure applied for the
clutch durability tesf123, so that it shouldbe possible to evaluate the FM effect on the
paper without any negative effects, such as physical damage, caused by the high contact

pressure.

The TE77 tests were carried out at both 100°C and 40°C in order to investigate the
influence of the test tempewae on working mechanism of the FMs and the other
additives. The sliding speed was determined at 0.20 m/s (5.0 mm stroke at 20 Hz). As
mentioned in session 3.1, which is appropriate for simulating the stegbutiel

contact[97], and also suitable to alate the effect of the FMs on the paper clutch. If
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the test oil reduces the paper frictionlaw speedof 0.2 m/s, it is able to lead to a

positive iV property preferable for smooth and comfortable clutch engagda@nt

The volume of the test oil wal5 ml, which is sufficient amount to cover the plate

specimen surface. Hence, the tests were perfornfédligtfloodedo condition.

Table 33. TE77 test conditions

Steel/steel contact Paper/steel contact
Test specimens Pin-1/ steel plate Pin-2 / paper plate
Load 265N 165N
Pressure (Pmax) 1.0 GPa 6.0 MPa
Temperature 100°C or 40°C
Sliding speed 0.20m/s (20Hz, 5mm)
Test duration (initial) 60 minute
Test duration (durability) - 12 or 24 hour

3.2.4. Data Sampling of TE77

The test duration fothe initial performance testas60 minutes. The friction force was
sampled every one minute for one second with 0.001 second sampling interval, so that
1,000 raw friction data were collected every minute of the 60 minutes sliding test. The

raw data wer@veraged and adopted as the friction coefficient result.

For the steel/steel contact, Electrical Contact Resistance (ECR) between the steel pin
and the plate was sampled together with the friction force. It was used to estimate the
film formation on the el substrate as the reaction film generally has higher resistance

than steel.

Moreover the shape of the friction force wave at the paper/steel contact was discussed
aimed at the evaluation of the frictional property lik& |(characteristics. The frictio

wave sampled between 31 and 60 minutes were averaged, then processed to calculate
the factor named Friction Force Wave Index (FFWI). Fi§.shows an example of this
procedure; the paper/steel contact test at 100°C using PAO and PAO with 0.85 wt%
oleic acid. The wave of PAO (Fig.-3(a)) shows spikes at around 10 and 30 ms when

the sliding direction of the pin became opposite, while PAO with oleic acid ()3

presents a smoother wave shape without any obvious spike. It is considered that the
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force spikes arose when the paper contact was not smooth due to the absence of
effective FMs. This result implies that it would be possible to discuss the paper clutch

K-V performance by the comparison of the height of the spikes.

(a) PAO
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(b) PAO with oleic acid
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Fig. 3-5. Friction Force Wave Index (FFWI) analysis of (a) PAO and (b) PAO with
oleic acid for the TE77 paper/steel taxct test at 100°C
(left; averagedriction force wave, rightwith factors for FFWI calculation)

For the quantitative comparison, ti@ctor, Friction Force Wave Index (FFWI), is
introduced. It represents the extent of the spike and is calculated by the division of the
spike height (Spiksus1, Spikus2, Spikennusl and Spikginus2) by the intermediate
value (Centrgysand Centrginug as shown in Fig.-3. The contribution from each spike

is averaged as show in EG33

oon® MO0 M0  sv0le s $v R0 s
O0w O-
T 0Qe 01 Q HOE 01 >

(Eq. 33)
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The higher the spikehe higher the FFWI value. For example, The FFWI of PAO (Fig.
3-5(a)) is over 1.0 due to the significant spikes, while that of PAO+acid (Fa¢h)3 is
less than 1.0. The FFWI is calculated for all the TE77 paper/steel contacatesthe
correspondence with thei characteristics measured by MTM is discussed.

Long-term performance of some test oils at paper/steel contact was investigated for the
purpose of observing degradation of the FMs caused by thetdomgsliding and
themal load. The durability test lasted for 12 or 24 hours, and carried out at the same

condition as the initial performance test.

3.2.5. Treatment for TE77 Posttest Specimens

It is important how to treat the petsst materials in order to obtain corracid definite

surface analysis results. In this research, the TE77 specimens were processed as below;

<Steel pins and steel plates>
1) Rinsed with heptane sufficiently

2) Wrapped with aluminium foil, and kept inside a resealable plastic bag

<Paper plates>

1) Rinsed with heptane continuously until oozing out of the oil from paper plate stops

2) Vacuumed in a standard vacuum chamber at 2>P&0for 10 hours

206) For the samples submitted Rador3hBuss ana
were applied additionally

3) Wrapped with aluminium foil, and kept inside a resealable plastic bag

A major concern was if it would be possible to analyse the-tpstt papers
appropriately using SEM/EDX or XPS which requires a high vacoondition for the
measuement. As mentioned in the déaitsection regarding the surface analysis procedure,
this treatment worked well; SEM/EDX analysis was performed under the environmental
mode at 30 Pa, and XPS analysis was successfully carried oet stattdard vacuum

condition without any issue.
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3.3. Mini Traction Machine (MTM) Tribotest

3.3.1. Introduction to MTM

MTM (PCS Instruments, UK) was utilised to evaluate the frictional performance of the
paper clutch. The MTM tribotest is generally perfedwith a steel disc and a steel ball

at ballon-disc configurabn. The MTM enableghe disc sliding speed and the ball
rolling speedto be controlledndependently, so that it is widely used to simulate the
lubrication wlere sliding/rolling ratio has agnificant influence on the reaction film
formation, such as the valve train in engifigg 79, 80].

The procedure to measure the/pperformance of the paper clutch using MTM was
established by Ingrarf85, 87]. Two arrangements shown below werstalledto the

MTM followingl ngr amdés reports;

1) Pin on disc modé This mode is necessary for pure sliding control of the ball by

stopping the rotatioal motionof the bé.

2) Zero force sampling MTM basically calibrate the zero force using the positive and
the negative traction force under the standard operation mode.
This method is not possible at the pure sliding mode, so the
zero force is sampled before every measurement for the

calibration.

MTM configuration isshown in Fig. 3. A paper coated disc &tached inside the test
chamber, and the chamber is filled with the test oil on the friction measurement. A

schematic image of the MTM test is shown in FiJ. 3

Fig. 36. MTM tribotester (left; appearance, right; inside test chamber)
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Load

Pure sliding

’ Steel ball

Paper coated disc

Fig. 3-7. Schematic image of MTM tribotest using the paper clutch plate

3.3.2. MTM Test Specimens

The detail of MTM test specimens is shown in Tablé 3 The 3/ 4606 Al SI
ball is a standard tespecimen supplied by PCS Instrument. The paper coated disc was
provided from the sponsor, JX Nippon Oil & Energy Corporation. The JASO M 349
paper clutch material is coated on the steel plate which is designed to be the same
dimension as the MTM standargd A photo of the paper disc is presented in Fg. 3

The steel and the paper materials are the same as the TE77 specimens for the purpose of
comparing the test results between the MTM and the TE77.

Table 34. Detail of theMTM test specimens

Steel ball Paper coated disc
Contact mode Paper/steel (point contact)
_ Lock-up clutch
Simulated part
Steel plate Paper cluch
Material AISI 52100 (Cr carbon steel) JASO M 349 (paper clutch)
Dimensions 3/4" ball (Ra < 0.01 pum) Plate (46 mm diameter)

Fig. 3-8. Photo image of the MTM paper coated disc
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3.3.3. MTM TestConditions

The detailed MTM test conditisraresummarised in Table-8. The load was set at 3.0

N, which is the minimum load of MTM, in order to arrange the contact pressure close to
the actual condition. The maximum contact pressure calculated based on the equations
shown in A3.2. 3. TE77 Tes tn cantact gréssure,o3r20 wa s
MPa). This value is similar to that applied in the TE77 paper/steel contact test, and also
almost the same as the pressure applied in the reference report by [i@glam
Therefore, it should be reasonable to evaluate the clut¢hcharacteristics at this
pressure condition. The friction test was carried out at both 100°C and 40°C in order to
investigate the influence of the test temperature on the effect of the FMs.

The test oil volume for the MTM test was 40 ml. This amount wég&nt to cover

the paper plate surface, so that the friction tests were carried ouifullyafloodedo

condition.

Table 35. MTM tribotest condition

Paper/steel contact

Steel ball (AISI 52100)
Paper coated disc (JASO M 349)

Test specimens

Load 30N

Pressure Pmax; 4.8 MPa, Pmean; 3.2 MPa
Temperature 100°C or 40°C

Sliding speed 0.01 ~ 2.4 m/s (3 min/ each speed step)
Run-in condition 30 min, 3.0 N, 1.0 m/s, 100°C or 40°C

The schematic image of the MTM test sequence is illustrated in Fg.TBe pV
measurement iproceededy the runin process at 1.0 m/s, 3.0 N for 30 minutes. The
measurement is carried out for 3 minutes at each speed step, and the friction data
sampled during the last 1 minute are used to calculate the friction coéffiTiesm

sliding speed applied for this study is determined following the refef@btas below;

0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, 0.29, 0.30, 0.35, 0.40,
0.45,0.50, 0.55, 0.60, 0.70, 0.80, 0.90, 1.0, 1.2, 1.4, 1.6, 1822, 2.4 (m/s), 30 steps

in total
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The test starts from the lowest speed (0.01 m/s) to the highest speed (2.4 m/s), then goes

back to 0.01 m/s considering the influence of the hysteresis.

H-V measurement, 3 min / each speed

N
B
T

=
o
|

Sliding speed, m/s

—_— -
Time
Fig. 39. MTM friction measuremerdgequence
A factor AO rati oo i S i ntroduceWcurfes r t h

obtained from the MTM measurement. It is calculated as a division of the friction

coefficient at 0.01 m/s by that at 0.50 m/s as shown below;

1 O0QEg T g 7 (Eq. 34)

As shavn in the schematic image Fig. 310, the p ratio less than 1 means a positive
M-V curve, while that more than 1 means a negative curve. The lower the p ratio, the
better paper friction property. There a@me attempts to use the friction ratio for the
guantitative evaluation of the loalp clutch performance as shown in previous reports
[91].

CoF

0.01 0.5
Speed, m/s

Fig. 3-10. Calculation of p ratio from the-M curve

49



3.4. Test Oil Formulation

3.4.1.Friction Modifiers (FMs)

Three organic FMs are chosen for this study; oleic acid, oleyl alcohol and glycerol
monooleate (GMO). The chemical structures are shown in Fd. Bhey have a same
oleyl hydrocarbon chain and different type of polar groups,rlaogglic acid for oleic

acid, a hydroxyl group for oleyl alcohol and an ester group and two hydroxyl groups for
GMO. They are widely applied to commercial transmission fluids, and there have been
a large number of reports regarding their effect on steklpaper clutch surfacgs4,

81, 83]. However, the discussion on the working mechanism in CVEEmSs to be

insufficient

Information of the FMs on the suppliers and assay is shown below;
1 Oleic acid - Tokyo Chemical Industry Co., LTD (TCI), productiondeyp O0011,
assay > 85 %
1 Oleyl alcohol - SigmaAldrich, production code; 369314, assay > 85%
1 Glycerol monooleate TCI, production code; G0082, assay > 40%

Each of the FMs is formulated at the same molar concentration, 0.03ymolteder to
arrange the number of the FM molecules in the test oil to be same. The weight
concentrations of oleic acid, oleyl alcohol and GMO are 0.85, 0.81 and 1.07 wt%,
respectively, which are reasonable dosage levels compared with the previous studie
focusing on the effect of FM32, 79-81, 83].

oleic acid — oleyl alcohol —
OH
o OH
glycerol mono-oleate OH
(GMO) —
OH
0
o]

Fig. 311. Molecular structures of the organic friction modifiers
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3.4.2. Base Fluids

Two different types of base fluidre prepared for this research; ptkplefin (PAO)

and a model CVTF PAO is a synthetic base stodynthesised generally by
polymerization reaction of-tlecene and contains few impurities. It is chosen for the
purpose of investigating the pure effectlod FMs without any influence from the other
additives or contaminants. On the other hand, the CVTF base fluid consists of PAO as
base oil and following typical CVTF additivg45]; a phosphorous antvear agent (P;

300 ppm), an overbased calcium sulforda¢ergent (Ca; 300 ppm), a pasobutenyl
succinic imide dispersant (3 wt%), a pohethacrylate viscosity modifier (8.5 wt%)
and antioxidants (amine and phenol types; 1.0 wt% in total). The combination effect of
the FMs and the additives on the frictad properties was investigated with the use of
the CVTF base fluid.

The detailed test oil formulations are shown in Tablé. 3t is expected that the
behaviour of the FMs could be different between the PAO and the model CVTF

formulations due to the intaction with the other additives.

Table 36. Test oil formulations

PAO formulation, wt%

PAO PAO PAO
PAO +acid +alcohol +GMO
base oil PAO4 100 99.15 99.19 98.93
L oleicacid | _._.._.|.. 085 oo
______________________________ oleylalcohol | |08 | .
GMO* 1.07
* glycerol mono-oleate
Model CVTF formulation, wt%
CVTF CVTF CVTF
CVITF +acid +alcohol +GMO
base oil PAO4 87.05 86.2 86.24 85.98
viscosity modifier PMA* 8.5 8.5 8.5 8.5
anti-wear agent DBP** 0.20 0.20 0.20 0.20
detergent OB sulfonate 0.25 0.25 0.25 0.25
dispersant PIBS|*** 3.0 3.0 3.0 3.0
..antioxidant amine type __ | | 0.5 ... 0.5 . ]... 0.5 .. 0.5 ...
phenol type 0.5 0.5 0.5 0.5
M ..Oecacid | | 0.85 L
oleyl alcohol 0.81
GMO 1.07

* polymethacrylate, ** dibutyl phosphite, *** poly isobutylene succinimide
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3.4.3. Test Oil Preparation

PAO was purchased from ExxonMobil Chemical (product name; SpectraSyn 4), while
the model CVTF base fluid was supplied by JX Nippon Oil & Energy Corporation. The
FM was added into the base fluid following the procedure below;

1) Measure the precise wetglf the FM and the base fluid in a 200 ml glass beaker.
2) Put a PTFE magnetic stir bar in the beaker.
3) Heat and stir the mixture on a hot plate for 1 hour. The oil temperature and the

stirring arecontrolled at 60°C and 800 rpm.

The finished oils were ebr and did not show any sediment. They were put in plastic

containers and stored in an oil cabinet at room temperature.

3.5. Surface Analysis Techniques

3.5.1.White Light Interferometry

The wear scar on the pdsist TE77 steel spewens was measurday a white light
interferometer(WLI), NPFLEX (Bruker Corporatin). The advantage of th&/LI is

nortcontact measurement which enables to prevent physical damage on samples.

The steel pins and plates after the TE77 steel/steghct testvereassessed usj WLI.
Although the wear were observed on all the ftest pins, some of the steel plates did

not show clear wear scar as shown in Fid23Especially, the CVTF formulations did

not have the detectable wear track on the plate in all the test conditierie the anti

wear agent contained as the CVTF additive. The difference between the pin and the
plate can be attributed to the contact configuration. Because the domed top of the pin
kept contacted through the sliding test, it resulted in the clearsamdre wear.
Therefore, the antivear performance was evaluated using the-fasststeel pins. The

wear depth, wear volume and the 3D surface image were collected and compared.

On the other hand, the pestst TE77 paper plates and the steel pins dfeepaper/steel
contact tests did not present any clear wear track on the both surface due to the low

contact pressure.

52



<«

a 0.28 0.56 0.84 112 mm~
-~ L

a 0.28 0.56 0.84 112 mm

B

Fig. 312. 3D profile image of the wear track on the pestt TE77steel plates
measured byLI (test oils, left; PAO+GMO, right; CVTF+GMO)

3.5.2. SEM/EDX

Scanning Electron Microscope (SEM) and HyeDispersive Xray Analysis (EDX)
were performed using Carl Zeiss EVO MA 15 (Carl Zeiss AG). The-tesstTE77
steel and paper plates were assessed to investigate the surface mggrpimolathe

elementatomposition of the filmnside the wear track.

In terms of the steel plate analysise plate washed by heptane was mounted on the
sample holder with conductive carbon tape. The SEM/EDX asalygs carried oun
standard conditian(chamber pressure of less than®1®a, accelerating voltage of 20

kV), anda Secondary Electron (SE) imga was acquired. On the other hand, the paper
samples caused charging at the standard condition due to the porous structure storing
moisture and the remaining oil inside as well as the low electrical conductivity of the
paper. In order to deal with thesue, the paper samples were-fpeated following the
procedure shown in A3.2e5t Bpezcti memtsof o
intensively, and the paper surface was carbon sputtered before the analysis. In addition,
SEM/EDX analysis was conducteunder an environmental mode at 30 Pa of the
chamber pressure, and the images were sampled usingSBattkred Electron (BSE)
mode. Fig. 3.3 shows the SEM images of the same paper plate sampled using the two
methods. The right figure acquired at theismvmental mode obviously shows correct
paper clutch morpholog86, 110, 124-124].

The elements on the wear track were also assessed by the -Bisggisive Xray

spectroscopy (EDX) equipped in the SEM facility. The measurement depth of the EDX
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is aroundl pm, therefore, the EDX results could reflect the chemical compositions of

the tribofilm formed on the substrate surface.

Fig. 313. SEM image of the TE77 paper plate after testing PAO+acid

(left; SE image at the standard neodight; BSE image at the environmental mode)

3.5.3. XPS

X-ray Photoelectron Spectroscopy (XPS) analysis was carried out to estimate the

chemical nature of the FMs and the other additives on thetgsisTE77 plates. The

two XPS instruments at NationelIP SRC XPS Usersdé Service (NEXUS)
Theta Probe and HAlpha (Thermo Fisher Scientific, Inc.), were used for this study. A

sampling depth of the XPS is generally a few fi87], therefore, the results reflect

information on the uppermost steelrfsice, which includes the adsorption film formed

by the FMs.

The XPS spectra were acquired using a monochr
size was determined at 150 um for the steel plate and at 400 um for the paper plates,

which was decided basexd the width of the wear track. The survey scan and C 1s and

O 1s detailed scans were performed, and the acquired spectra data were analysed by

CasaXPS software. The peak positions were corrected by fitting the binding energy of

saturated hydrocarbon detied in the C 1s detailed scan spectra at 285.0188130.

The peak positions detected on the substrates were identified based on the previous

studies; for stedbl, 92, 93, 131-143 and for the paper materidlsl, 92, 93, 144-15Q.

Some test samplegere measured twice, and good repeatability was confirmed for both
steel and paper plates. For example, the XPS C 1s and O 1s spectra of the TE77 steel
plate after testing CVTF at 100°C are shown in Fig43and Fig. 315, respectively.
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The spectra wereampled at two different positions on the wear scar of the same sample.

A very good repeatability is confirmed for the peak positions and the intensities.

T T
%1 288 285 3 31 88 285 82
Binding Energy (£V)

Binding Energy (aV)

CPoai# | Rt | Rz
a) SHC,; 285.0 eV (83.8 %Area) SHC; 285.0 eV (82.8 %Area)
b) 286.4 eV (11.1 %Area) 286.5 eV (12.6 %Area)
c) 288.2eV (5.1 %Area) 288.3 eV (4.7 %Area)

Fig. 314. XPS repeatability about C 1s detailed scan
(TE77 posttest seel plate, 100°C, Test oil; CVTF)

537 534 531 528 537 534 531
Binding Energy (V)

(Peak# | Run1 | Run2

a) 529.8 eV (10.7 %Area) 530.0 eV (11.2 %Area)
b) 531.2 eV (68.1 %Area) 531.2 eV (68.4 %Area)
c) 532.7 eV (21.2 %Area) 532.8 eV (20.4 %Area)

Fig. 315. XPS repeatability about O 1s detailed scan
(TE77 posttest steel plate, 100°C, Test oil; CVTF)
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The XPS measurement for only the TE77 paper plates after testing the PAO
formulations at 40°C was carried out using-Apha instead of Theta Probe, as
summarised in Table-3, due to a technical trouble on Theta Probe. Theta Probe equips
a high performance detector appropriate for the surface chemical nature analysis, while
K-Alpha has a wder angle resolution. The same beam source and the spot size were
applied for the both instruments. For the purpose of confirming the correspondence, the
C 1s spectra of the petst paper (100°C durability test, 12 hours, test oil; PAO+GMO)
were comparg as shown in Fig.-36. Although the spectrum acquired withAdpha

shows higher 2) 5) peaks due to the wide angle resolution, the peak positions showed a
very good agreement. Therefore, it is possible to discuss the spectra measured by K

Alpha togethewith those by Theta Probe.

Table 37. XPS instruments used for the analysis

TE77 steel TE77 paper plates
plates 100°C initial 40°C initial 100°C duraiblity
PAO formulations Theta Probe Theta Probe K-Alpha Theta Probe
CVTF formulations Theta Probe Theta Probe Theta Probe Theta Probe

a) Theta Probe b) K-Alpha
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1) SHC; 285.0 eV (82.2 %Area) SHC,; 285.0 eV (67.7 %Area)
2) 285.6 eV (11.7 %Area) 285.9 eV (19.1 %Area)
3) 286.7 eV (3.4 %Area) 286.7 eV (8.1 %Area)
4) 287.9eV (1.4 %Area) 287.9eV (2.8 %Area)
5) 289.3 eV (1.4 %Area) 289.2 eV (2.3 %Area)

Fig. 316. Correspondence of the XPS spectra between Theta ProbeAiptia
(TE77 posttest steel plate, 100°C, 12urs durability, Test oil; PAO+GMO)
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3.5.4. ATRFTIR

AttenuatedT otal ReflectanceFourier TransformednfraRed spectroscopy (ATRTIR)
produced by PerkinElmer, Inc. was utilised to observe the adsorption and reaction film
on the surface of the petstmaterials. Spectra were acquired by the use of a Perkin
Elmer Spectrum 100 FIR Spectrometer with a universal attenuated total reflectance

(UATR) accessory. Photos of the instrument are shown in FAg. 3

Fig. 317. Photo images of ATHFTIR

(left; overall view, right; enlarged view of UATR accessory)

Fig. 318 shows the schematic diagram of the AFRIR measurement. The ATR
crystal material is germanium which is capable to collect data from 5,58GaB00
cm™. The crystal has a small contact area formed by the flattened point of a cone, which

ensures a 100 um diameter contact area andimmerdlection in the optical pass.

Sample

Contact area
100 pm diameter)

IR beam ATR crystal

Fig. 318 Schematic diagram of the ATRTIR measurement
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The spectrum was sampled between 4,000 and 65busimg 12 scans for the surface
measurement and 4 scans for the bulk fluids/additives. Each measurement was repeated

at least twice in order to confirm the reliability of acquired spectrum.

The IR spectra ofhe FMs, the base fluids, the other additives and the substrates are
summarised in this chapter. The peak identification was done following the chart books
[151-155. Fig. 319 shows the IR spectra of the FMs. The presir, d andg mean
stretching, irplate deformation and owif-plane deformation, respectively. The specific

peaks derived from the polar groups are detected as follows;

(a) oleic acid Strong C=0 stretching bond attributed to carboxylic acid at 1,708 cm
(b) oleyl dcoholi Medium GO stretching bond attributed to hydroxyl group at 1,050
cm*
(c) GMOi Medium C=0 stretching bond attributed to ester bond at 1,720 andl
medium GO stretching bond at 1,050 &nfprimary alcohol) and at 1,170

cm’ (ester and secondary alcohol)

(a) Oleic acid
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(b) Oleyl alcohol
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(c) Glycerol monooleate (GMO)
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Fig. 319. IR spectra of the FMs, (a) oleic acid, (b) oleyl alcohol, (c) GMO
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The IR spectra of the base fluids, PAO and the model CVTF, avensimoFig. 320.
While (a) PAO has the peaks only derived from hydrocarbon structure, (b) CVTF base
fluid shows some additional peaks attributed to the CVTF additives, however, the peak

intensity of the additives are weak due to the low dosage.

(a) PAO
100
Y"

80t L_Jh /
R 5 (C-H) /

60 8 (C-H long chain)

ao ibl E v(CH) | | Bl

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm-1

(b) CVTF base fluid

100

w0 | vic=o) | I
PMA, ester [ v (C-0) \\\
“ PMA

60 v (C=0) v (P-0)

Dispersant, imide Anti-wear agent
40 . L .

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm-1

%T

Fig. 3-20. IR spectra of the base fluids, (a) PAO, (b) CVTF base fluid

Fig. 321 shows the IR spectra of the CVTF additives. Considering the formulated
amount and the peak intensity, the important peaks for the discussion should be as

follows;

(a) viscosity modifiei C=0 bond at 1,730 cfrand GO bond at 1,150 cth
(b) dispersarit C=0 bond attributed to imide group at 1,700tm
(c) P antiwear agent P-O-C bond attributed to phosphite structure at 973 cm

Finally, the IRspectra of the fresh tribotest specimens are presented in-ER).TBie

steel plate does not have any peaks, while the paper plates shows some specific peaks
attributed to the fibres and the diatomite earth (silica). It is notable that a wide and
strong @ak derived from € group (cellulosdibre) and SiO group (diatomite earth)
stretches between 1,100 and 1,000"cffhis adsorption makes it difficult to detect
hydroxyl group adsorption on the paper surface, so that it is necessary to focus on the
adsorption of carbonyl group between 1,750 and 1708 cm
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(a) Viscosity modifier (Polymethacryate, PMA)
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(b) Dispersant (PolylsoButylene Succinimide, PIBSI)
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(c) Phosphorous anti-wear agent (Dibutyl hydrogen phospite)
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(d) Oxidation inhibiter-1 (Amine type)
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(e) Oxidation inhibiter-2 (Phenol type)
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Fig. 3-21. IR spectra of the CVTF additives, (a) viscosity modifier, (b) dispersant,

(c) P antiwear agent, (d) and (e) oxidation inhibiter
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(a) Steel plate (AlSI 4140)
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(b) Paper plate (JASO M 349)
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Fig. 322 IR spectra of the tribotest substrates
(a) steel plate (AISI 4140), (b) paper plate (JASO M 349)

In order to detect a minor difference in IR spectra caused by adsorption of additives on
the surface, difference IR spectrahteque was utilised. Fig.-33 shows an example
using test oils, the CVTF base fluid and the oleic acid formulation. Although it is
difficult to identify a peak derived from oleic acid due to the overlap with the carbonyl
group of PMA, the subtraction ohé spectra can make the acid peak clear. The

chemicéstructure on the substratediscussed based on previous reseft8le-175 .

105 2.0
-=-=CVTF CVTF+acid —Subtraction ‘

c
100 E_ N T .%
e N 10 £
95 03)
m BQ

90 e — P —— I p— | 00

1760 1740 1720 1700 1680

Wavenumber, cm’

Fig. 323. Detection of oleic acid in the CVTF base fluid using difference IR spectra
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3.5.5. IImmary of Surface Analysis

Table 38 summarises which surface analysis technique was applied for the post

tribotest specimens.

The TE77 specimens tested with the steel/steel configuration were assessed with all the
instruments. Wear on ¢hpins was measured usikgLl, surface morphology on the

steel plates was observed by SEM, and the chemical nature on the plates was assessed
by EDX, XPS and ATRFTIR. It is notable about the penetration depth of the
instruments shown in Fig.-34. XPS enhles to observe the uppermost surface up to
around 5 nm including the adsorption film layers of the FMs, while the information
acquired by EDX and ATHTIR mainly reflects the chemical nature of the reaction

film due to the larger measurement depth at adLipum.

In terms of the paper specimens, the TE77-festpapers were analysed using ladl t
instruments except foWLI which could not detect wear on the paper. The -fesgt

MTM paper plates were assessed only with AHRR because it was difficult tpre-

treat the postest plates appropriate for SEM/EDX and XRfasurements which
requirehigh vacuum condition. The friction properties and the AHARR results of the

TE77 and MTM paper tests were compared for the discussion on the correspondence
betwea the TE77 and MTM tribotests. The chemical information obtained using the
TE77 posttest papers could be useful to understand thve gharacteristics measured
using MTM.

Table 38. Tribotest specimens used for the surfaceysesl

TE77 steel TE77 paper MTM paper
WLI V (pin) - -
SEM/EDX \% Y, -
XPS \% Y, -
ATR-FTIR Y, Y, Y
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Adsorption film

A
L L  XPS (~5 nm)

Reaction film EDX, ATR-FTIR
Steel substrate (¥ 1 um)

Fig. 324. Schematic image on the penetration depth of the instruments
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Chapter 47 Resultsi TE77 Steel Contact Tests

To start the chaptersf results, the outline is summarisedTliable4-1. It is divided into
t hree chaptiResultss TEEMh7a pSteaeld Cont atResullsest so, AC
TTE77 Paper ContactiR@saltstMIid Pagpe CiICApteh Gests

Chapter 4 and 5 shows the results for the TE77 tests at thistsletontact and the
paper/steel contact, respectively. The effect of the FMs on the friction properties was
observed using the TE77, then the pest specimens were analysis in order to
investigate the chemical and topographical cmaion the surfee usingWLI, SEM,

EDX, XPS and ATRFTIR. The duration of the tribotests was determined at 60 minutes

to observe the initial stable condition, and the performance was examined at both 100°C
and 40°C to discuss the influence of the temperature. In addhierongterm sliding

tests (12 or 24 hours) at the paper/steel contact were carried out for some lubricants that

showed interesting properties in the initial tests.

The effect of the FMs on-M characteristics is investigated using MTM in Chapter 6.
Both the initial performance tests and the durability tests for 16 hours were carried out
in order to assume the chemical nature of the FMs on the paper surface in detail. The

posttest paper plates and lubricants were assessed using-AIRR

Table 41. Outline of theResults chapter&hapter 4 6)

Steel/steel contact Paper/steel contact
Tribometer TE77 TE77 MTM
Chaoter Chapter 4 - TE77 Chapter 5 - TE77 Chapter 6 - MTM
P Steel Contact Tests Paper Contact Tests Paper Clutch Tests
100°C 4.1. TE77 Steel Contact 5.1. TE77 Paper Contact
Initial Tests at 100°C Tests at 100°C 6.1. MTM Initial
test a0oc | 42 TE77 Steel Contact 5.2. TE77 Paper Contact Performance Tests
Tests at 40°C Tests at 40°C
100°C ) 5.3. TE77 I()Durabﬂny Tests )
Long-term at 100°C 6.2. MTM Durability
test Performance Tests
40°C - -
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4.1. TE77 Steel ContacTestsat 100°C

4.1.1.Friction Coefficient

The friction coefficientfor the test ds were evaluated using TE7i the steel/steel
contact configuration. Théollowing sliding condition was applied as explained in
detail in Chapter 3; sliding speed: 0.20 m/s (20 Hz, 5.0 mm), temperature: 100 °C,
pressure: 1.0 GPa, which simulatbe contact at the beghulley mechanism of CVT.

The tribotests were repeatededst three times for each of the test oils. During the test,
electrical contact resistance between the TE77 steel pin and the steel plate was collected
together with the frictional force in order to estimate the growth of a tribofilm. A higher

resistancgenerally means a thicker and more stable tribofilm is formed.

Fig. 41 shows the friction results for the PAO formulations. The ranking of the friction
after 60 minutes was as foll ows; (highe
PAO+GMO (lowest). The frictin was almost stable during the test except for

PAO+GMO which showed a gradual friction decrease after 30 minutes.

The electrical contact resistance during the tests is summariségl #k2. While PAO
and PAO+alcohol had lower resistance, PAO+acid shdwglder value meaning the
presence of the tribofilm interrupting the current. The resistance of PAO+GMO sharply

increased just after 30 minutes, which shows a good agreement with the frictional trend.

0.12
-—PAO
010 kEg=shemfemz—wmmmm—mm—m e e
!.-Q-Q-';—IW‘__ ~-PAO+acid
'S 0.08 . A PAO+alcohol
Q
PAO+GMO
0.06
0.04
0 20 40 60
Time, min

Fig. 4-1. Frictioncoefficient of steel/steel contact measured by TE77
(PAO formulation, 100°C, 60 min, 0.20 m/s, 1.0 GPa)
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0.0

0 20 40 60
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Fig. 42. Electrical contactesistance of steel/steel contact during the TE77 tests
(PAO formulation, 100°C, 60 min, 20 m/s, 1.0 GPa)

The friction coefficient was also evaluated for the CVTF test oils under the same test
configuration. The typical CVTF additives were formulated in the oils as introduced in
the previous chapter. The results for the friction coefficertshown irFig. 4-3. The
ranking of the friction after 60 minutes was as follows; (highest) CVTF = G¥id =
CVTF+alcohol >CVTF+GMO (lowest). The difference from the PAO tests is the effect
of oleic acid which did not work well; suggesting that thespnce of other additives

poisons the effect it has in friction reduction.

The electrical contact resistance results for the CVTF oils are shoWwry.i+4. In
contrast to the PAO results, the resistance of all the oils reached maximum justeafter
stat of the sliding. This indicates a rapid formation of the tribofilm formed by the
CVTF additives. However, only CVTF+acid took around 30 minutes to reach the stable

resistance, confirming that oleic acid had an influence on the tribofilm formation.
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CoF

Electrical contact resistance

Fig

0.12

——CVTF
0.10 !'!'TT = = W A e w
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008 bFommmmm e CVTF+alcohol
CVTF+GMO
0.06 f-=-=============-mmmmmmmmo oo
0.04 1 1 1
0 20 40 60

Time, min

Fig. 4-3. Friction coefficient of steel/steel contact measured by TE77
(CVTF formulation, 100°C, 60 min, 0.20 m/s, 1.0 GPa)
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Maximum value

=—CVTF

=-CVTF+acid

CVTF+alcohol

CVTF+GMO
10 Frfmm e
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. 44, Electricalcontactresistance of steel/steel contact during the TiEZ®
(CVTF formulation, 100°C, 60 min, 0.20 m/s, 1.0 GPa)
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The friction results at the end of the initial test (after 60 minutes) are summarksgd in

4-5. The trend of each FM in steel/steel sliding configuration was as follows;

- Oleic acid reduced the friction significantly when added in PAO, however, the
effect diminished completely in the presence of the CVTF additives.

- Oleyl alcohol did not present any effect either in PAO or in the formulated oil.

- GMO showed similar trend toleic acid; a good friction reduction in PAO and a
restricted effect in the formulated CVT fluid. In contrast to oleic acid, GMO was
capable of reducing the friction slightly even formulated with the CVTF

additives.

0.16

I Steel/steel (PAO formulation)
014 F----mmmmmmmmmmmmmmm e W Steel/steel (CVTF formulation)|

0.12

0.10

0.08

CoF (TE77, 60 min)

0.06

0.04

w/o FM Oleic acid  Oleyl alcohol GMO

Fig. 45. TE77 friction coefficient of steel/steel contact (after 60 minutes, 100°C)

4.12. Wear Measurement byW.LI

The wear on the posest TE77 stdepins was measured usirgy/Ll, an optical
interferometer. As mentioned in the previous chapter, the results facie avear on
the steel pins because the wear scar on the plate was not obvious for most of the
samples. The wear depth and volume are summarisef€igin4-6 and Fig. 47,
respectively. In addition, 3D images of the wear are shoviagind-8 andFig. 49. The
severity of the wear was categorised as followthis study

Significant wear i wear depth; > 1.0 pm, wear volume; > 10,000°um

Intermediate weair wear depth; between 0.5 uym and 1.0 pm

wear volume; betwee3,000 pniand 10,000 prh
Mild wear i wear depth; < 0.5 pm, wear volume; < 3,000°um
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When the wear depth is over 1.0 um ranked as significant wear, the contact area radius
between the pin and the plate exceeds the theoretibed at 110 um basl onHertzian
contacttheory as shown ifig. 410. The mild wear could be achieved with the effect

of the antiwear agent in the CVTF formulations. The comments on the results are

shown below;

- Comparing PAO and the formulated CVTF without the FM, Psl@wed
significant wear, around 1.0 x 1Qm?® as average, while the CVTF presented
the lowest wear volume.

- The oleic acid formulations showed an excellent-aatar performance even
with PAO. Only PAO+acid was able to achieve the mild wear among the PAO
formulations, which implies that the oleic acid was capable of forming an
effective film on the steel surface by itself.

- Oleyl alcohol with PAO presented the significant wear at around 2.4 pri)
though, it is obviously smaller than PAO. It means thaylaiicohol was able to
work on the steel at some extent, however, it had no effect on the friction
reduction Fig. 41). In contrast, when formulated with the additividee wear
became mildcomparable to that ofhe CVTF base fluid. In this case, oleyl
alcohol appeared not to affect the chemical nature on the steel.

- GMO with PAO presented the intermediate amtiar performance showing the
wear volume at around 1.0 x 4Qm?>. It is notable that CVTF+GMO still
showed the intermediate wear at around 3.0 %y, while the other CVTF
formulations achieved the mild wear (1.0 ¥ #01.5x 16 pm®).

5.0

B PAQO fromulation
40 F--f--=-=mm - —- B CVTF formulation

30 -l------m e

20 --l------m e

wear depth, pm

10 |--------- -

0.0

w/o FM oleic acid oleyl alcohol GMO

Fig. 46. Wear depth of the pestst TE77 steel pins
(100 °C, after 60 minutes test)
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m PAO fromulation

BCVTF formulation _

wear volume, pm?

1000 --

100

10000 ~-| |---------------

w/o FM oleic acid oleyl alcohol GMO

Fig. 47. Wearvolume of the postest TE77 steel pins
(100 °C, after 60 minutes test)

(a) PAO

- Yo 112mm

(c) PAO + alcohol

(P

0.62 mm

(b) PAO + acid

0.62 mm

(d) PAO + GMO

L\
v

0.62 mm

Fig. 48. Wear scar 3D images on the ptedt TE77 steel pins
after testing PAO formulations (100 °C, 60 minutes)

70



(b) CVTF + acid

I

S -~ r
0.62 mm 0.62 mm

(c) CVTF + alcohol (d).CVTF + GMO

0.62 mm ' 0.62mm

Fig. 49. Wear scar 3D images on the ptett TE77 steel pins
after testing CVTF formulations (100 °C, 60 minutes)
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TE77 steel pin;
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£ 150 t . radius of the domed end =8 mm
2 contact radius )
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5 : i at 130 um
= 50 ¢ i Inter- :
Mild | mediate | Severe wear T
o i | . A
00 05 1.0 15 20 Wear depth at 1
Wear depth, um eardepth at 1.0 um

Fig. 410. Relationshipamongthewear depththe wearadiusand the theoretical

contact radius based on Hertzian te@h theory

4.13. Wear Track Observation by SEM

The wear tracks on the pestst TE77 steel plates of the PAO formulations are shown in
Fig. 411. As expected from th@/LI results, (a) PAO and (c) PAO+alcohol presented
severe damage, showing the wear track phirtscraped off.In contrast significant
wear was not observed (ip) PAO+acid and (d) PAO+GM@houghthe polish mark
could be seen inside theear track. The CVTKesuls did rot show significant wear
(Fig. 412). It is considered that the reaction film formed by the additives protected the
steel surface.
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(a) PAO 7 PAO + cid

R

(c) PAO + alcohol (d) PAO + GMO

Fig. 411. SEM images of the postst TE77 steel plates at 100 °C
a) PAO, b) PAO + oleic acid,c) PAO + oleyl alcohol,d) PAO + GMO

(a) CVTF B (b) CVTF + acid

(c) CVTF + alcohol (d) CVTF + GMO

Fig. 412. SEM images of the postst TE77 steel plates at 100 °C

a) CVTF, b) CVTF + oleic acid,c) CVTF + oleyl alcohol,d) CVTF + GMO
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4.14.EDX Analysis

The wea track of the posted TE77 steel plates wassssed using EDX in order to

evaluate the element concentrations on the surfdge 413 shows the results for the

PAO formulations. As a reference, the result outside the wear track after testing PAO is

shown together as fAunworn surfaceo. As
the EDX analysis procedure, the penetration depthEDX is considered to be
approxmately 1 um. Therefore, the element concentratiobsained by EDX mainly
reflectchemical information of the reaction film, rather than the adsorption film whose

depth is generally less than 10 nm.

- PAO, PAO+alcohol and PAO+GMO increased the oxygen concentration. It
would be derived from oxidative degradatimimmaterials inside the vee scar as
expectd from theWLI wear measurements.

- The elemental concentrations of PAO+acid weuoite similar to those othe
unworn surface. It indicates that the oleic acid was capable of forming the FM
film on the steel surface, protecting it from thear.

10.0

8.0 mC

6.0 mO

40

20

wt% (EDX, wear track)

0.0

Unworn PAO PAO PAO PAO

surface + acid + alcohol + GMO

Fig. 413. EDX elemental analysis inside wear track of thepestt TE77 steel plates
after testing PAO formulations (100 °C, 60 minutes)

* Aunworn surfacedo data was outside t

The EDX results of the CVTF formulations are summariseBign 414. The bottom
graph Fig. 414(b)) focuses on the elements (Ca, S and P) attributed to the CVTF
additives.
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- While P and Ca were observed among the CVTF ails, just a slight amount of S
wasdetected, which was almost within an error bar. The source of S is sulfonate
contained in the detergent (overbased Ca sulfonate), though, it appeared not to
react forming the tribofilm on the steel surface.

- The concentrations between CVTF and CVTF+alcolete almost same. It
supports the assumption that the oleyl alcohol could not adsorb on the steel
surface, expected from the frictivalues andhe other surface analysis results.

- CVTF+GMO showed a lower concentration for P or Ca. The reason is
considerd to be a competition between GMO and the other additives.

- CVTF+acid also presented a lower concentration of P and Ca. Interestingly, the
Ca concentration was reduced much more than P, so that the ratio of P and Ca
was different from the other test oilshi§ distinctive trend of CVTF+acid

should imply a specific interaction between oleic acid and the other additives.

Fig. 414. EDX elemental analysis inside wear track of thepestt TE77 steel plates
after testing CVTRormulations (100 °C, 60 minutes)
(a) all elements except for Fe, (b) focusing on P, S and Ca

* unworn surface was outside the wear track of the plate after testing PAO
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