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ABSTRACT

The elastohydrodynamic lubrication regime (EHDjaand in many machine elements, such
as rolling element bearings, gears, cam/tappetrevdecombination of hydrodynamic effect,
elastic deformation of the surfaces and an increddbe lubricant’s viscosity with pressure
create a continuous lubricant film which is capadflsupporting pressures of the order of tens
of thousands of atmospheres. One of the most impbifeatures of these films is their
thickness, as this determines whether the bounsiimtaces are completely separated, thus
avoiding premature wear and failure of the cont@cnsequently for many years scientists
were interested in finding methods for measuring thubricant film thickness in

elastohydrodynamic conditions.

One of the most versatile and widely used techridaemeasuring lubricant film thickness in
EHD contacts is the optical interferometry methégart from numerous advantages, this
method has the limitation in the fact that onehadf tontacting surfaces must be transparent,
usually glass or sapphire, thus it does not refdicaal conditions found in machine elements
contacts. On the other hand, the other group ohoakst used for studying the behaviour of
elastohydrodynamic films includes a variety of &ieal methods. Historically, these
appeared before the optical methods, but gradleatymportance with the success of the later.
Most capacitive, resistive, inductance methods ldgeel so far use specially designed sensors
for monitoring the lubricant film thickness. In tlease of electrical techniques, both elements
of the contact are metallic, which means that tlresebe used for measuring film thickness in
real machine elements. One of the main disadvastafjelectrical methods though, is the
difficulty with which the calibration of various edtrical quantities, against lubricant film

thickness is obtained.

This thesis describes the work carried out by théha on the application of a capacitive
method for studying lubrication of elastohydrodymamontacts. The novelty of the method
used consists in the calibration of the capacitafdie contact with optical interferometry.
This project started from the premises that a thidRhromium layer will supply the phase
change needed to precisely measure the lubricknttfiickness by eliminating the fragile
silica layer, and it has been shown that an ineréasCr thickness results in a increase in

reflection of the glass—Cr interface making theultasy images hard to process.

Modifications to the existing experimental rig wezarried out in order to apply/collect an
electrical signal from both the disc and the baBlignal collection from the disc was quite
straightforward and a graphite brush paired wittopper nut was used, as this is the oldest

method of collecting/applying and electrical sigfi@m a rotating element. Collecting an
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electrical signal from the ball presented quitehallenge as the ball is submerged in oil. A
number of brushes was designed, made and testetharahe that provided the most stable

results chosen.

For calibration purposes a base oil and two adaitivere chosen, the additives were chosen in
such a way that the improvement made to the lutivicgorocess to be very different from one
additive to the other. The chosen additives weeMiscosity Index Improver [VII] and an
Organic Friction Modifier [OFM]. The VIl is usedybmany researchers in order to obtain
multigrade lubricants using the same base oil rying its percentage in the mix. The OFM
is used to provide protection between the two aiimg bodies when EHD film fails and EHD
lubrication is replaced by mixed lubrication byrfong a boundary layer on the contacting

surfaces.

Optical measurements were carried out on the bihssa the two resulting lubricants from
the additive mixes using the Ultra Thin Film Inendmetry [UTFI] method. The
measurements were used as a benchmark against thleiotepacitive measurements were
calibrated. Tests were conducted in a number ofratbed conditions for speed, temperature,

load and sliding conditions.

Results showed that the highest influence on thedation process was given by the speed, an
increase in speed results in an increase in ofytinaasured film thickness and a decrease in
electrically measured film thickness. Phenomenagplaéxed by a large amount of lubricant
pushed into the contact. Another parameter thhtenced the results quite significantly was
temperature, a rise in temperature supplies a dgeri@ optically measured film thickness and
an increase in capacitive measured film thicknelsielwwas explained by lubricant viscosity

dropping with a rise in temperature.

Three different sliding conditions were employed ansmall drop in optically measured film
thickness followed by a small rise in electricaiiypasured film thickness was recorded due to

a local increase in contact temperature when gjidias employed.

The capacitive method developed in this projecpnscise enough to accurately measure
lubricant film thickness down to 100nm; a model fbricknesses lower that 100nm was

proposed.

Results from the optical and capacitive methodsevoermpared and a good correlation was
found, indicating that the developed capacitive hndtcan be used as a tool for measuring

metal on metal contacts without further calibration
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NOMENCLATURE

Roman letters:

A cross sectional area of the capacitor platg [m

a,b radius of the contact area [m];
capacitance [pF];

d distance between capacitor plates i.e. lubrifibntthickness [m];

E' reduced Young's modulus [Pa];
distance from the ball tip to the flat surfadeifthickness [m];

h, central film thickness [m];

ho minimum film thickness [m];

I light intensity;

k the ellipticity parameter defined ds:= a/b, wherea is the semiaxis of the
contact ellipse in the transverse direction [m] dnib the semiaxis in the
direction of motion [m]; Ch2.2.2

k absorption index, where subscript refers to éapér starting from top;

n refractive index, where subscript refers to daghr starting from top;

n fringe number; Ch. 2.3.2

N fringe order;

p contact pressure (Hertzian pressure) [Pa];

q fluid flow where the subscripts yandz refer to the corresponding axis;

q pressure distribution; Ch. 2.2

r fringe radius;

R' reduced radius of curvature [m];

R ball radius [m];

S = 4ehy/);

S, = 4dahy/);

S Roelands viscosity—temperature index;

t temperature [°C];

t time [s]; Ch. 2.3

U entraining surface velocity [m/s], i.e., U =54 Ug)/2, where the subscripts
andB refer to the velocities of bodidsandB, respectively;

\% main entrainment velocity [m/s];

w normal load [N];

w surface deflection [m];

w, u, v surface velocities on x, y and z axis [m/s]; en.1

X silica thickness; Ch. 2.3.2



Greek letters:

2}

&r

Q ™ T > o > =

IS}

axis coordinates;
Roelands viscosity—pressure index;

depth under the surface where the maximum sttesss acts [m];

the pressure-viscosity coefficientJix];

total deflection at the centre of the contaet, 8 =064 + dg; Whered, anddg
maximum deflections of bodyandB [m];

phase difference; Ch. 2.3.1
path difference;

absolute permittivity [8.854 18pF-ni'];

relative permittivity;

the viscosity at atmospheric pressure of the lalti¢Pa-s];

dynamic viscosity [Pa-s];

scanning angle; Ch.4.4
angle of incidence;

light wave length [nm];

friction coefficient;

density;

Poisson’s ratio;

shear stress [Pa];

angular frequency [Hz];

nondimensional quantity.



FIGURES TABLE

Figure 1: Two generalised SUrfaces iN CONTACE e . vvviiieeeiiiiiieeiee e 23
Figure 2: Equilibrium of an element [3] ... e 24
Figure 3: Three components of the fluid veloCItgfe .............ccovveeiiieiiiii e 26
Figure 4: Flow into column of fluid.........cccoeeiiiie i 27

Figure 5: Schematic diagram of changes in fricarthe limits of hydrodynamic lubrication

5. PO UUPRPSPPRR 30
Figure 6: Shear stress — Shear rate charactasfssidNewtonian fluid............................... 31
Figure 7: Geometry of two contacting SPheres [B]..........uvvviiuiiiieiiiiiiicieeee s evneennens 32
Figure 8: The geometry of the EHD contact inlatarding to Grubin and Vinogradova...... 36
Figure 9: Grubin’s model of an elastohydrodynan@iotact...................eeeveveeiieeeeeneens o 36
Figure 10: Geometry of the contact between twoIKHEhE............oovviiviiiiiiieeeeeeeeee e 39
Figure 11: Contact between a sphere and a flad@eirf...............ooooiiie . 41
Figure 12: Lubrication of two rigid rollers [12]..........uueiuerriimmiiieiicee e senvennneennnes 43
Figure 13: Hydrodynamic pressure distribution iretastohydrodynamic contact................. 44
Figure 14: A transversal sine wave expressed byat@mu86, att=0..............eee oo 46
Figure 15: Interference by amplitude division. @édtion of path difference......................7. 4
Figure 16: Principle of optical interferometry ...............eeeeeiiiiiiieeeeee s 49
Figure 17: Schematic representation of the batilass plate [18] .............cccoviiiiriiirimnes 51
Figure 18: Ultra thin film interferometry teChNIQUE.............uuuueuiiiiiiie e 53
Figure 19: Light passing through a glass disc @&itbhromium coating [27] .....ccceeeeeeeeeeeeennn. 55
Figure 20: Schematic representation of the expertiah@etup [27].........ccceevviiiiirineees i 56
Figure 21: Multi-beam optical EHL interferometrnyB]2.............ccccvvvveeiiiiiiiiiiiiieee e 57
Figure 22: Crook’s diSC Maching [A7]........oceemmmiiiiiiiiiiieieiiiiiiiei e eeeeeeeeenees 62
Figure 23: Calibration curves for film thicknesgsgs capacitance [48]..........cccccceeuncm 63

Figure 24: Electrical resistance measurement satdpattern of the recorded signal [49] ... 64
Figure 25: Film thickness in a cam/follower conff&et] .................ccooeeiiieceev e, 65

Figure 26: Arrangement of capacitive sensors foasueement of ring oil film thickness [56]

........................................................................................................................................ 66
Figure 27: Experimental setup film thickness measuemts between a piston and a cylinder
53 RSO PRRSTPRRR 67
Figure 28: Lubrication control system for large tstmke marine diesel engine [61]............ 68
Figure 29: Wien’s bridge used by Zheng to measiitk &l thickness [65]..........ccccecenunnnnnn 69
Figure 30: Zheng et al. experimental SEtUP [65] .......ccceerriiiiiiiiiiiiiee e 69
Figure 31: Steel-0il—mercury SYStEM [66].....ccecaceeeiiiiiiiiiiiiiee e 70
Figure 32: Diagram of the Capacitance Bridge aisd@ated equipment [67]..........cccceeenee 70
Figure 33: Schematic of Tallian’s conductivity teBtuit [71]..........cccvvvvireeiiiiiiiiiiieeeee 71

-8-



Figure 34: Schematic of the electric CIrCUIt [74] ... .uurrrrrriiiiiiicee e 72
Figure 35: Electrical circuit for measuring theytke of separation between specimens [80] 73

Figure 36: Schematic representation of an ultrasbeam incident on a lubricated contact [85]

........................................................................................................................................ 76
Figure 37: Experimental setup for ultrasonic luBntmeasurements [88]......................... 7.7
Figure 38: Schematic diagram of a profilometer swfaa calibration slide [90]..................... 78
Figure 39: Calibration sample with a maximum wakhess of 255 nm [90] ...................... 78
Figure 40: EXperimental SEI—UP ..............cecccmmeereerrreriiiriierrrienrrernneeneeeee—————ereerrrn.. 81
Figure 41: Smooth surfaces film thiCKNesS ...........uviiiiiiiic s 82
Figure 42: Film thickness for glass disc, 20N 10ad.............cooveeiiiiiiiiiii e 83
Figure 43: Film thickness for sapphire disc, 30BIQ............ccvviiiieiiiiiiee e 83
Figure 44: EXPEerimental SETUP ..............emmmmmmeeeeeeeeeeeeiiiitte e e e e e s sisre e e e e rnereeeaee s 86
Figure 45: Schematic representation of the infrag@ettrometer ............cccccooviiiiiiiiivieeees 86
Figure 46: Green light image of the contact befbeetests using Di—urea grease.................. 87
Figure 47: Fluorescence image of the contact beferéests using Di—urea grease............... 88
Figure 48: Di—urea grease pure state ne minutelet@xperiment....................c.coooeuenes 88
Figure 49: Di—urea grease pure state ten minutedhie experiment............ccccccceeeeiiiinns 88
Figure 50: Di—urea grease pure state twenty minateghe experiment.................ccco..... 88.
Figure 51: Di—urea grease pure state forty minumi@sthe experiment............................. 88
Figure 52: LiSt grease PAO 400 green light imafiertebefore the tests......................... 89
Figure 53: LiSt grease PAO 400 fluorescence imaggert before the tests ...................... 89
Figure 54: LiSt grease PAO 400 first minute inéx@eriment....................ociviiiiininn, 89
Figure 55: LiSt grease PAO 400 ten minutes in speEment.................ocooe . 89
Figure 56: LiSt grease PAO 400 twenty minutes @dRperiment...................cooeeeneen 90
Figure 57: LiSt grease PAO 400 forty minutes ingRperiment...........................c .. 90
Figure 58: LiSt grease PAO 30 green light imagemaiefore the tests........................... 90
Figure 59: LiSt grease PAO 30 fluorescence imakentéefore the tests.....................90
Figure 60: LiSt grease PAO 30 first minute in tRpeximent..............c.coooiii i, 91
Figure 61: LiSt grease PAO 30 ten minutes in thEeament.............cocov i, 91
Figure 62: LiSt grease PAO 30 twenty minutes ingkigeriment................ccoevevvnenne. 91
Figure 63: LiSt grease PAO 30 forty minutes in¢lperiment................ccooeeviieninenennn. 91
Figure 64: LiSt grease PAO 30 green light imagethef disc track after the tests were
ISR, .. .o e 91
Figure 65: LiSt grease PAO 30 fluorescence lighagmof the disc track after the tests were
ISR, .. o e 91
Figure 66: LiSt grease PAO 30 green light imagette ball track after the tests were
FINISNEA. .. e e e 92



Figure 67:

finished
Figure 68
finished
Figure 69
finished
Figure 70
finished
Figure 71
finished

Figure 72:

Figure 73:
Figure 74:
Figure 75:
Figure 76:
Figure 77:
Figure 78

finished

Figure 79:

finished
Figure 80
finished
Figure 81
finished

Figure 82:

Figure 83:
Figure 84:
Figure 85:
Figure 86:
Figure 87:
Figure 88:
Figure 89:
Figure 90:
Figure 91:
Figure 92:
Figure 93:
Figure 94:
Figure 95:

LiSt grease PAO 30 fluorescence ligragmof the ball track after the tests were
................................................................................................... 92

. LiSt grease PAO 30 green light imagetlef disc track after the tests were
................................................................................................... 92

. LiSt grease PAO 400 green light imagethef disc track after the tests were
................................................................................................... 92

. LiSt grease PAO 30 fluorescence imagehefdisc track after the tests were
................................................................................................... 93

. LiSt grease PAO 400 fluorescence imdgthe disc track after the tests were
................................................................................................... 93
Di—urea grease PAO 30 green light intagen before the tests...................... 93
Di—urea grease PAO 30 fluorescence irteigen before the tests.................... 93
Di—urea grease PAO 30 one minute irgaettperiment............ccccceveeeeviiinnnnne. 94
Di—urea grease PAO 30 thirty minutes the experiment..........................e. 94
Di—urea grease PAO 30 Fifty minutes theexperiment....................coviee 94
Di—urea grease PAO 30 Ninety minutes thé experiment........................... 94

: Di—urea grease PAO 30 Green light imafgéhe disc track after the tests were
................................................................................................... 95
Di—urea grease PAO 30 Fluorescence imédiee disc track after the tests were
................................................................................................... 95

: Di—urea grease PAO 30 Green light imaigthe ball track after the tests were
................................................................................................... 95
Di—urea grease PAO 30 Fluorescence iméaglee ball track after the tests were
................................................................................................... 95
FTIR analysis of the sapphire disc tfackhe Di—urea grease...............cccuuw 96.
FTIR analysis of the sapphire disc tfackhe LiSt grease...........cccccvvvvvvvinnnns 96
Experimental set—up for static permifgineasurement..............cccecevvvvvvierienn. 98
Experimental setup for EHD measurements............cccccceeeeeiieeennanneeneeneeees 100
Film thickness measurements.......oooo..oooiiiiiiii 100
Contact capacitance function of speed.............ccciieee 101
Contact capacitance function of preSSuUre........ooooeeeeeeieeeeeeeeeeee 102
Lubricant permittivity function of PreB8.............oooociiiiiiiiiieiiie e 102
Experimental setup for the classicatdJtthin Film Interferometry method....... 104
Experimental setup for the modified &ffihin Film Interferometry method...... 105
Schematic representation of the PCS BIHLIg.........ccevvveviieeiiiiiieec e 107
Interferogram for Cr sputtered [10nm{l ailica disc with a 20N load................ 108
Interferogram for Cr only disc with écttmess of ~25 nm with a 20N load........ 109
Interferogram for Cr only disc with écttmess of ~ 50 nm with a 20N load....... 109

-10 -



FIQUIE 96: 0. 02 M/ S .ot ite ee e et e e e e e e et e e e et e e e ae e 110

FIQUIE O7: 0. 075 M/ S it e e e e e e e e e 110
FIQUIE 98: 0. 126 M/ S .. ittt et e e e e e e e e e e e e e ae e n
FIQUIE 99: 0. B0 M/ S ..ttt it et e e e e e e e e e e e e e 1D
FIgure 100: 0. 806 M/ S... ...ttt e e e e e e e et e e e e 110
FIQUIE 101 1. O3 M S .. ittt e e e e e et e e e e e 110
Figure 102: Intensity curve values for images atadiusing a 25 nm thick Cr sputtered disc
...................................................................................................................................... 111
Figure 103: Intensity curve values for images atadi using a 25nm thick Chromium
sputtered disc with the spectrometer grating statipfor all speeds............c.ccccovviiieenn. 111
Figure 104: Interferogram for Cr only disc withhtéckness of ~15nm with a 20N load....... 112
Figure 105: Computed intensity of the ray refledbgdhe chromium layer......................... 113
Figure 106: Sphere on infinite flat surface [98]...........cccvviiiiii e 114
Figure 107: Experimental test rig for static caf@aie measurements..........cccceeeeeeeeee. 115.

Figure 108: Capacitance values compared with teerétical values obtained using Hudlet’s

{0 0 001 = 116
Figure 109: Capacitance variation at a constagquiacy of 10kHz...................... oo 116
Figure 110: Experimental setup for capacitance Or@aSENt............ccovvvviiviririreeeeerniinens 117
Figure 111: Electronic schematics for the electr®tuioX ...........ccoeeeevieiiieeee e, 118
Figure 112: Capacitance variation at constant BaGW................ueeueeeei s s 119
Figure 113: Background capacitance measuremenliffénent rolling conditions.............. 120
Figure 114: Background capacitance variation vathgerature.................cccccevvvvvveenee. 121

Figure 115: Capacitance measurements for PAO 4@iffgrent temperatures using a Cr
5] 0T8T (=0 o 1= o P 122
Figure 116: Film thickness measurements usingdpaditive method ................................ 123

Figure 117: Film thickness measurements for PACQa4@0°C using a Chromium sputtered

(0[] o PP PP OPPPP PP 123
Figure 118: Film thickness measurements for PACa460°C using a Chromium sputtered
[0 o PP PPPPOPPPPPPPPPPR 124
Figure 119: Film thickness measurements for PACa480°C using a Chromium sputtered
[0 o PP PPPPPPPPPPPPPPR 124
Figure 120: Film thickness measurements for PA@#O00°C using a Chromium sputtered
[0 o PP PPPPPPPPPPPPPPPR 124
Figure 121: Lubricant viscosities at different tEmgiures. ...........ccccvveeieeeeimneiineeeeee. 125

Figure 122: Film thickness measurements for a PAQuBricant at different temperatures in
o UL g =3 o |1 g o I oTo] o To 11 [ ] 1= 126
Figure 123: Film thickness measurements for a PAQudricant at different temperatures in a
20% SlIde/rOll CONAITION ... mme e e e e e e 126



Figure 124: Film thickness measurements for a PAQuericant at different temperatures in a

60%0 SlIde/rOIl CONAILION ... e a e 127
Figure 125: Film thickness comparison for a PACa#@0C in different slide/roll conditions
...................................................................................................................................... 127
Figure 126: Film thickness comparison for a PACa#®0C in different slide/roll conditions
...................................................................................................................................... 128
Figure 127: Film thickness comparison for a PACa#80C in different slide/roll conditions
...................................................................................................................................... 128
Figure 128: Film thickness comparison for a PAQa#Q0GC in different slide/roll conditions
...................................................................................................................................... 128

Figure 129: Film thickness measurements for a PAQu#ricant with a 1% organic friction
modifier [OFM] present in the mixture at differdetmperatures in pure rolling conditions. 130
Figure 130: Film thickness measurements for a PAQudricant with a 1% OFM present in
the mixture at different temperatures in 20 % glimlecondition ..............cccooiieeeiiiiieeees 130
Figure 131: Film thickness measurements for a PAQuddricant with a 1% OFM present in
the mixture at different temperatures in 60 % glimlecondition ..............cccooivieiiiiiieee. 131
Figure 132: Comparison of film thickness measurdméor a PAO 40 lubricant with a 1%
OFM present in the mixture at 40°C in differentlelroll conditions.............ccccccoeeiiiinnns 131
Figure 133: Comparison of film thickness measurdméor a PAO 40 lubricant with a 1%
OFM present in the mixture at 60°C in differentisliroll conditions...............coceeeeeeeennn. 132
Figure 134: Comparison of film thickness measurdméor a PAO 40 lubricant with a 1%
OFM present in the mixture at 80°C in differentisliroll conditions...............ccccoeeeeeennn. 132
Figure 135: Comparison of film thickness measurdméor a PAO 40 lubricant with a 1%
OFM present in the mixture at 100°C in differefdestroll conditions...........ccccoeeeeeiienne 132
Figure 136: Film thickness measurements for a PAQulricant with a 10 % viscosity index
improver [VII] present in the mixture at differet@mperatures in pure rolling conditions ... 133
Figure 137: Film thickness measurements for a PAQuHricant with a 10 % [VII] present in
the mixture at different temperatures in 20 % glimlecondition .............cccooiiieiiiiiiieee. 134
Figure 138: Film thickness measurements for a PAQuHricant with a 10 % [VII] present in
the mixture at different temperatures in 60 % glimlecondition ..............cccooiieeiiiiiiieee. 134
Figure 139: Comparison of film thickness measuramér a PAO 40 lubricant with a 10%
VIl present in the mixture at 40°C in differentdgiroll conditions..............cccccvvvivereeenn. 135
Figure 140: Comparison of film thickness measuramér a PAO 40 lubricant with a 10%
VII present in the mixture at 60°C in differentdgiroll conditions..............ccccccvvvvveeeeenn. 135
Figure 141: Comparison of film thickness measuramér a PAO 40 lubricant with a 10%
VIl present in the mixture at 80°C in differentdgiroll conditions...............ccccvvvveeveeenn. 135
Figure 142: Comparison of film thickness measuramér a PAO 40 lubricant with a 10%

VII present in the mixture at 100°C in differeritsiroll conditions........................... ... 136

-12 -



Figure 143: Film thickness comparison for a PAOlutfricant with different additives in the
mixture at 46C in pure rolling CoNItioNS............coovieeeciiiei e 137
Figure 144: Film thickness comparison for a PAOlutiricant with different additives in the
mixture at 66C in pure rolling CoNItioNS ...........ccooviieeciiee e 138
Figure 145: Film thickness comparison for a PAOlutiricant with different additives in the
mixture at 86C in pure rolling CoNItioNS............coovieeeciieicce e 138

Figure 146: Film thickness comparison for a PAOlutfricant with different additives in the

mixture at 100C in pure rolling CoNditioNS.............oooveeeeeciie e 138
Figure 147: Contacting capacitor PIAtesS............uuuurriuiiuiiiiiiiieeee e se e s 139
Figure 148: Capacity measured values comparedthséticalculated values at 80°C............ 139

Figure 149: Capacitance measured values comparbdtieé calculated ones for a range of

LEIMPEIALUIES ...ttt £+ oo et ettt bt e e o2 e e e e e et basaaea s e e e e e e eenbbnn e e eeaaaaesnnns 140
Figure 150: Capacitance variation at different sISee.............ooooiiiiiiiiiiiiee i e 141
Figure 151: Capacitance measurements for the llasepare rolling conditions................ 142
Figure 152: Capacitance measurements for the blasben 20% sliding is present........... 142
Figure 153: Capacitance measurements for the llasben 60% sliding is present........... 143

Figure 154: Film thickness measurements compartsetaveen the optical and electrical

method at a temperature Of 40°C............ o e eeeeiiiirer e eeeserr e e e e 143
Figure 155: Film thickness measurements comparltsetwveen the optical and electrical
method at a temperature Of BOPC............commmmeeeeerieeeeeeeeeeeee e eeereeees 144
Figure 156: Film thickness measurements comparltsetwveen the optical and electrical
method at a temperature Of BOPC............commmmeeeeeiiieeeeieee e eereeeeeaees 144
Figure 157: Film thickness measurements comparltsetwveen the optical and electrical
method at a temperature of L00PC...........cooeeeeeeeeeeeeee e 144
Figure 158: Film thickness comparison with capacieameasurements for the base oil at 40°C
...................................................................................................................................... 145
Figure 159: Film thickness comparison with capacieameasurements for the base oil at 60°C
...................................................................................................................................... 145
Figure 160: Film thickness comparison with capacigameasurements for the base oil at 80°C
...................................................................................................................................... 146
Figure 161: Film thickness comparison with cap&ciéa measurements for the base oil at
0 0SSP 146

Figure 162: Capacitive measurements comparisoiifereht sliding conditions at 40°C ... 147
Figure 163: Capacitive measurements comparisoiifereht sliding conditions at 60°C ... 147
Figure 164: Capacitive measurements comparisoiifereht sliding conditions at 80°C ... 147
Figure 165: Capacitive measurements comparisoiifereht sliding conditions at 100°C . 148
Figure 166: Capacitance measurements for the bhs@xed with 1% OFM in pure rolling

(o0 ] Lo 1110 £ T 149



Figure 167: Capacitance measurements for the hiasexed with 1% OFM in a 20% sliding

(o0 a0 {1170 o TP PRPPP PP 149
Figure 168: Capacitance measurements for the hiasexed with 1% OFM in a 60% sliding
(oo 0o {1170 o ISP PSPPSR 150
Figure 169: Film thickness measurements comparltsetwveen the optical and electrical
method at a temperature of 40°C for a base oil dnixigh 1% OFM........cccooeeeiiiiiiniinnnnlld as
Figure 170: Film thickness measurements comparltsetwveen the optical and electrical
method at a temperature of 60°C for a base oil dnixigh 1% OFM........cccooeeeiiiiiiiiinnnnnnnnn. 1us5
Figure 171: Film thickness measurements comparltsetwveen the optical and electrical
method at a temperature of 80°C for a base oil dmxéh 1% OFM.........ccccoevvveeeiiiiiiininnee. us
Figure 172: Film thickness measurements compartsetwveen the optical and electrical
method at a temperature of 100°C for a base okdwxith 1% OFM..........cccovvviiiiiiiiiinnnes 151
Figure 173: Capacitance values compared with filirokness for the base oil mixed with 1%
OFM at a temperature Of 40°C .........coooii e nnnennnes 152
Figure 174: Capacitance values compared with filirokness for the base oil mixed with 1%
OFM at a temperature Of B0°C ...........ooiiiieeeeieiii s enenennnes 152
Figure 175: Capacitance values compared with filirokness for the base oil mixed with 1%
OFM at a temperature Of 80OC ...........eiiii e 153
Figure 176: Capacitance values compared with filiokness for the base oil mixed with 1%
OFM at a temperature of 100°C...........cooiiiiiieeiie e e 153

Figure 177: Capacitive measurements comparisoiiferent sliding conditions at 40°C ... 154
Figure 178: Capacitive measurements comparisoiiferent sliding conditions at 60°C ... 154
Figure 179: Capacitive measurements comparisoiiferent sliding conditions at 80°C ... 154
Figure 180: Capacitive measurements comparisoiifearent sliding conditions at 100°C . 155
Figure 181: Capacitance measurements for the lihseixed with 10% VII in pure rolling

(oo a0 {1170 ] 0 1S PP PRPPR PP 156
Figure 182: Capacitance measurements for the hilasdéxed with 10% VII when 20% sliding

R30S =T o | 156
Figure 183: Capacitance measurements for the blasexed with 10% VII when 20% sliding
R30S T o | 157
Figure 184: Film thickness measurements compartsetaveen the optical and electrical
method at a temperature of 40°C for a base oil dmwién 10% VIl ..........ooooiiiiiininiennnne 157
Figure 185: Film thickness measurements comparitsetaveen the optical and electrical
method at a temperature of 60°C for a base oil dmwién 10% VIl ..........ooooiiiiiieieeeinnne 158
Figure 186: Film thickness measurements compartsetaveen the optical and electrical
method at a temperature of 80°C for a base oil dmwién 10% VIl ..........ooociiiiiiiineennnne 158
Figure 187: Film thickness measurements comparltsetaveen the optical and electrical
method at a temperature of 100°C for a base oiedmxith 10% VII.................... 58

-14 -



Figure 188: Capacitance values compared with filitkhess for the base oil mixed with 10%

VI @E AOOC ..ttt et eeee e e e e e e ettt e e e ettt e e e e e ste e e e e sannaeeansbe e e e e e anbteeeeeannteeeens 159
Figure 189: Capacitance values compared with filitkhess for the base oil mixed with 10%
VI @E BOOPC ...ttt eeeee e e e ettt e e e ekttt e e e e sttt e e e e e sttt e e e sannnee s sbeeeeeeanseeeeeeannseeeens 159
Figure 190: Capacitance values compared with filitkhess for the base oil mixed with 10%
RV L= {0 TSP 160
Figure 191: Capacitance values compared with filitkhess for the base oil mixed with 10%
VI @E L00OC ....eiieiieiee ettt e e et e e et e e e e et e e e e e s e e e e e e e s beeaansbeeeeeeansbeeeeeanraeeeeans 160

Figure 192: Capacitive measurements comparisoiffereht sliding conditions at 40°C ... 161
Figure 193: Capacitive measurements comparisoiifereht sliding conditions at 60°C ... 161
Figure 194: Capacitive measurements comparisoiifereht sliding conditions at 80°C ... 161
Figure 195: Capacitive measurements comparisoiifereht sliding conditions at 100°C . 162

Figure 196: Capacitance measurements comparisodifferent lubricant mixtures at 40°C

18T = (] 11 0o TSP ERPPPP T PPPPI 163
Figure 197: Capacitance measurements comparisodifferent lubricant mixtures at 60°C
0 TU T =8 o] 11 o 164
Figure 198: Capacitance measurements comparisodifferent lubricant mixtures at 80°C
01U L= o] 11 o 164
Figure 199: Capacitance measurements comparisodifferent lubricant mixtures at 100°C
[T 8Tt 0] | T T 164
Figure 200: Capacitance measurements comparisodifferent lubricant mixtures at 40°C
P20 7 T [T L1 o [P 165
Figure 201: Capacitance measurements comparisodifferent lubricant mixtures at 60°C
P20 7T [T L1 o [P 165
Figure 202: Capacitance measurements comparisodifferent lubricant mixtures at 80°C
P20 7T [T L1 o [P 166
Figure 203: Capacitance measurements comparisodifferent lubricant mixtures at 100°C
P20 7T T |1 o [ 166
Figure 204: Capacitance measurements comparisaifferent lubricant mixtures at 40°C at
G107 3= T |1 o [ 167
Figure 205: Capacitance measurements comparisaifferent lubricant mixtures at 60°C at
G107 3= T |1 o [ 167
Figure 206: Capacitance measurements comparisaifferent lubricant mixtures at 80°C at
L1073 T |1 o [ 167
Figure 207: Capacitance measurements comparisodifferent lubricant mixtures at 100°C
L1073 T |1 o [ 168
Figure 208: Film thickness measurements compatigtvween Cr and Steel at 40°C for PAO
O O SPR 170



Figure 209: Film thickness measurements compatigtween Cr and Steel at 60°C for PAO

O PP PP PPPPPRR 170
Figure 210: Film thickness measurements compatigtvween Cr and Steel at 80°C for PAO
O PP PP PPPPPRR 170
Figure 211: Film thickness measurements compatbstmeen Cr and Steel at 100°C for PAO
O PP PPPUPPPPPPPPRR 171
Figure 212: Film thickness measurements compatietween Cr and Steel at 40°C 1% OFM
101 PP PPRPPPPRPIN 171
Figure 213: Film thickness measurements compatietween Cr and Steel at 60°C 1% OFM
101 SRR P R PPUPPPPRPIN 172
Figure 214: Film thickness measurements compabetween Cr and Steel at 80°C 1% OFM
0] GO 172
Figure 215: Film thickness measurements compahstneen Cr and Steel at 100°C 1% OFM
0] GO 172
Figure 216: Film thickness measurements compatbstween Cr and Steel at 40°C 10% VII
01 PP 173
Figure 217: Film thickness measurements compatbstween Cr and Steel at 60°C 10% VII
0] GO 173
Figure 218: Film thickness measurements compafistween Cr and Steel at 80°C 10% VII
101D U PRSP PPPPPR 174
Figure 219: Film thickness measurements compatistween Cr and Steel at 100°C 10% VII
101 PSP PPRPPPPRPI 174
Figure 220: Ball with artificial roughness featupassing through a lubricated contact ...... 179
Figure 221: Schematic representation of the sggaabigned glass disc........................ 801

-16 -



CONTENTS
Y 01 1 = T 3
ACKNOWIEAGEMENTS ... s s s 5
(N[0 01T o F= L | =SSP 6
FIQUIES TaDIE .ot e e e e r e e e e e e e 8
LO70] o1 (=] 0| K= TP 17
R [ 11 0T BT 1o ] o 1P PRPUPPR PP 20
1.1 L (=1 1 4T F= T PR R 20
1.2 2 T2 Tod (0 |0 11 ] o 20
1.3 Objectives and Scopes Of RESEAICH ... eeeeennniiiiiiiiiiiineseeens e eneeen 21
14 TRESIS OULIING....ciiiiiiiiiieii et s e rnnnree e e e e 22
2 Basic Principles Of LUDICAtioN...........cciicceeeiiiiiiiiiii e 23
2.1 Hydrodynamic LUBFICAtiON.............uuueieiiiiiii e 23
2.1.1 Reynolds eqUAatioN..........ccoeeiieii e 23
2.1.2 Solution to Reynolds equation ..o ee e, 29
2.1.3 Limits of Hydrodynamic LUDIICAtION ...........cceaameeiiiiiiiiiieiieeeee e 30
2.2 Elastohydrodynamic LUBFCAtION ..............ommmeeeeeiiiiiiecceeeee e 32
2.2.1 Geometry of EHD filMS ... 39
2.2.2  Film thickness equationsS ..........coooo oo 44
3 Literature Review On Experimental Techniques In Ebbrication................cccceeeeen. 46
3.1 Optical Techniques for Measuring Lubricant Filmdkmess..............cccccceeeeenne 46
3.1.1  Interference oOf IGNT...........uu s 46
3.1.2 EHD film thickness measurement by optical interBedry:................cccvvveeeen. 49
3.1.3 Variations of the classical optical interferometmgthod...............ccccveeeeeinnns 52
3.1.4 Applications of optical interferometry to mixed hidation...................cc...o...... 57
3.2 Electrical Methods for Evaluating Lubrication in EHContacts...............cc.......... 61
3.2.1 Background...........cocoi i 61
3.2.2 Measurement of lubricant film thiCkness .........ccccccoiiiiiiiii e, 61
3.2.3 Detection of asperity contact in MiXed reQiMEummm . vveeerrrniiiieiiiieeeeeeeeeeeen 71
3.2.4 The effect of an electric field upon lubricationgplomena.............cccccooeeeeeeennn. 73
3.3 Other Methods for Measuring Lubricant Film Thickees....................cccccee. 75
10 0 A U 11 = o 18 o PP PRSP USPUPPPP 75
3.3.2 Laser induced flUOrESCENCE ........cooiiiiiieeeeeeeee e 77
4  Experimental Methods Explored By The AUthOr .......c..ooooviviiiiiiiiiiid 80
41  Optical INterferometryP? .. ... . ..ot 80
v 0 R 1 o o 11 o1 o T o P 80
4.1.2 Experimental Set Up and Procedure: ........ oo 80

-17 -



I @70 [od [V (o] 1 PP OO 83
4.2 Experiments on Grease Lubrication by Fluorescence........................ccceee. 84
4.2 1 INETOTUCTION: ...ttt mmm ettt e e e e e s et e e e e e e e e e e nnnenee e e e e e 84

4.2.2 Experimental Set Up and ProCedure: ... eeeeiiiieiiiiiiieieeeeeeeeeeeeeeaeeee, 84
4.2.3 Results and diSCUSSION.........c.uuiiiiiiiiieeeereiee e ae e e e e 87
4.2 4  CONCIUSIONS ....oeiiiiieeeie ittt eeeeee e e e e e e e e esbeeeee s 97
4.3  Electrical MethO®.. ..ot 98
4.3. 1 INETOTUCTION: ...ttt e e e e e e et e e e e e e e e e e e nneeee e e e e e 98
4.3.2 Experimental DetailS: .........ccooiiiuumiietmmm et e e 98
4.3.3 Results and DiSCUSSION:........ccoiiiiiiiiie e 101
N T S @0 o 1153 o 103
LS 4 o 1= ] 4= o | 104
51 Rationale of the Experimental Work ... 104
5.2 The EHD Film Thickness TeSt Rig ......ccvviiviiimmeeieeee e 107
53 Modifications to the Ultra Thin Film Interferometf@TFI] Method .................. 108
54 Static Measurement of the Capacitance betweener&pind a Flat................... 114
55 Capacitive Dynamic Measurements of EHD Point Cdstac.................cceeenn. 117
5.5.1 Modifications to the EHD TeSt Rig........uuviimemieiiiiiiiiiiiieiiieeieeeeeeeeevesseeviennnenns 711
5.5.2 Calibration of the Capacitance of EHD ContactS..............cccceeeeeeeeieeneeeennn. 122
6 RESUItS ANA DISCUSSION ...cciiiiiiiiiiiiiiitieeeme e sttt e e et e e e e e e e e e e as 125
6.1 Film Thickness Measurement by the Optical Methad.................cooooeoiiin. 125
L I A = 7= TSI O | ORI 126
6.1.2 Film Thickness of Organic Friction Modifier Solutio................................... 130
6.1.3 Film Thickness of Viscosity Index Improver Solution................cccccvvvnnnnnnn. 133

6.1.4 Thickness Measurements Comparison Film Using Differ Lubricant

SOIULIONS .. ettt e e 371
6.2 Limitations of the Capacitive Method ... 139
6.3 Capacitance Measurements Results for EHD PointdCtst.............ccoeevvinnneee. 142

6.3.1  BASE Oll.ceiiiiiiiiiieiiiie ettt ene e e 142

6.3.2 Organic Friction Modifier SoIUtioN.............cceeiiiiiiiieee 491

6.3.3  Viscosity Index IMprover SOIULION .........cooivrirriiiiiiiiiee e 615

6.4 Capacitance Measurements Comparison for Base @Déferent Oil Mixtures163

6.5 Comparison between Chromium—coated glass and Stesis Capacitive

MEASUIEIMENTS ...ttt cee e ettt e e e e e et et e e e e et e e tbnmm e e e e e e eestenanes 169
T CONCIUSIONS ... 175
Recommendations FOr FUUre WOTK..........ooieeeeer i 179
APPENAIX...cceeeeeeeeee e 181



List Of PUDIISNEA PAPEIS........ccoe oot 181
Modification To The Existing Experimental RiQg .ccccc..ooooooeiiiiiieeeeee, 182
211 0] ToTe =T o 2 1Y/ 196

-19 -



Marian D. Furtuna

1 INTRODUCTION
1.1 Preliminary

Tribology deals with friction, wear and lubricatiofhose phenomena occur in the contact of
many machine components. The performance of tingponents involves many variables
such as tribological conditions, materials and aeef conditions, and environment. Many
efforts have been made in order to understandnfiieence of these variables and interaction
between them. The aim of tribology research igrtderstand the friction and wear processes
and their mechanisms. It is also aiming to imprtwe life span of such components and to
fulfil the need of working under conditions of harsnvironments such as higher load, speed
and temperature. Previous attempts produced ddesable knowledge about failure modes
and mechanisms. It is generally well known thatawef materials is a complicated
phenomenon. Therefore, the need for knowledgdltthé understanding gap in this field is

still remaining.

1.2 Background

The definition states that Tribology is the sciemea technology of interactive surfaces in
relative motion; it studies the principles of frat, lubrication and wear. The phenomena
considered in Tribology are among the most funddateand most common of those
encountered by humans in interaction with theigédy solid environment.

Motion and ultimately power is transmitted betwettie components of any machine or
mechanism through direct contact. When relativeéionoexists in those contacts, wear and
possible failure can occur if the contacting sugfaare not protected by a lubricant film. In the
case of liquid—lubricant films, there are three maiechanisms of lubrication: hydrodynamic
(HD), elastohydrodynamic (EHL) and hydrostatic (HSydrodynamic lubrication is a special
case of fluid film lubrication which occurs whenettubricant is able to support the load
without external pressure, through hydrodynamicderalone, which deform the shape of the
interposing lubricant film into a wedge shape anabd the lubricant into the film, so that the
externally applied load can be supported.

In case of elastohydrodynamic lubrication, two &ddal mechanisms, apart from the
hydrodynamic lift, play a crucial role in the fortitm of a lubricant film, the elastic
deformation of the surfaces and the variation efltlbricants’ viscosity with pressure. As the
lubricant film thickness is very small (anythingtiween ten nanometres and one micrometer)
and is established in the inlet of the contact, nettbe pressure is low, the film thickness is
very sensitive to changes of the geometry duejnistance, to passing of asperities or other

features through the contact.
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A lubricant primarily controls friction and weantit can also perform other functions, which
vary with the application, but which can includénration insulation, corrosion inhibition and
heat convection.
The importance of Tribology has greatly increasedng its long history, [1] it is known that
tribological issues affect the performance anddjfan of all mechanical systems and provides
solutions for a higher reliability, accuracy anegision. Energy loss through friction in tribo—
elements is a major factor that limits the enerfficiency of any system, by using strategic
materials; many tribo—elements obtain the requipedformance. Research in Tribology
dedicated to elastohydrodynamic lubrication hasilted in industry developing better and
more efficient oil seals, improved design of rajlialements, bearings and gears, improvement
on lubricant replenishment to the EHD contact ieage lubricated contacts, improved surface
finish, better materials, filtering systems to mevlubricant contamination, additives designed

for target applications [2].

1.3 Obijectives and Scopes of Research
The main objective of this research is to develad aalibrate the capacitive method for
measuring EHD film thickness.
Other objectives, which are subordinates to thenrabjective, are:
» Changes to the Ultra Thin Film Interferometry teiciue (UTFI) technique to allow
measurement of the film thickness without a siipacer layer.
» Changes to a PCS—Instruments EHD film thickness rigsto allow capacitance
measurement.
» Evaluate the suitability of the capacitive methad measuring very thin lubricant

films.
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1.4 Thesis Outline
The first chapter of the thesis includes a bri¢foiduction to the object of study of Tribology

and the objectives of the present research progeamm

The second chapter gives an account of the prihpiphlems of the fluid film lubrication and
its basic principals. The main equations of thdrbglynamic lubrication regime are presented
in this chapter. The main mechanisms involvechadlastohydrodynamic lubrication regime

are also discussed in this chapter.

Third chapter includes detailed analysis of thecapinterferometry techniques for measuring
thin lubricant film thickness. The physical phenomeénvolved in this technique are described
and the evolution of this method over the yeaedse added.

This chapter also includes a literature reviewhef ¢lectrical methods used in lubrication, with
the focus on EHD regime. The principles of thesahows and typical applications are

discussed, with a focus on electrical capacitanO¢gher methods for the study of

elastohydrodynamic films are debated here.

The fourth chapter is dedicated to methods expldrgdthe author in published papers
including results obtained when different opticatlaelectrical techniques are experimented
with.

The fifth chapter describes the experimental setigmodifications made to the EHD test rig
and the calibration of the capacitance method. Btatic and dynamic experimental set-ups

are described in detail.

Chapter six contains results obtained using thécalpand the capacitive methods and a

comparison between them.

Chapter seven is dedicated to conclusions, wheefithal chapter includes suggestions for

future work.
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2 BASIC PRINCIPLES OF L UBRICATION
2.1 Hydrodynamic Lubrication

2.1.1 Reynolds equation

The serious appreciation of hydrodynamics in |uiian started at the end of the"i&ntury,
when Beauchamp Tower, an engineer, noticed thabitha a journal bearing always leaked
out of a hole located beneath the load. The leakdgil was a nuisance, so the hole was
plugged first with a cork, which still allowed d squeeze out, and then with a hard wooden
bung. The hole was originally placed to allow toilbe supplied into the bearing to provide
lubrication. When the wooden bung was slowly fdraat of the hole by the oil, Tower
realized that the oil was pressurized by some gkhown mechanism. Tower then measured
the oil pressure and found that it could sepatatestiding surfaces by a hydraulic force [3].
At the time of Beauchamp Towers’ discovery, OsbdrRegnolds and other theoreticians were
working on a hydrodynamic theory of lubrication. Bymost fortunate coincidence, Tower's
detailed data was available to provide experimeraafirmation of hydrodynamic lubrication,
almost at the exact time when Reynolds needed hie fiesult of this was a theory of
hydrodynamic lubrication, published in the Procegdiof the Royal Society by Reynolds in
1886 [3]. Reynolds provided the first analyticab@f that a viscous liquid can physically
separate two sliding surfaces by hydrodynamic pressresulting in low friction and

theoretically zero wear.

Reynolds equation describes the pressure fieldigah a fluid between two solid surfaces

when the surfaces slide or are squeezed togeftguye 1 shows a general situation.

V2

/

4
|Ly
X

Figure 1: Two generalised surfaces in contact
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In this generalised case, the fluid presspre,f(x, y, h, 4, U, Wi, Wy, 7, v1, v2) Whereu, v and

w are the velocities of the surfaces in #he andz direction. Surface separatidmand fluid

dynamic viscosityy can vary ovek andy.

The Reynolds equation can be derived by an apmtepsimplification of the full Navier—

Stokes equation or by combining a fluid elemenrgapdilibrium with flow continuity.

AsSSsu

1.

© ©®© N o O bk~ 0D

mptions made in deriving Reynolds equation:
Body forces negligible

Pressure constant through film

No slip at the boundaries

Newtonian lubricant

Laminar flow

Negligible inertia

Fluid

Constant density

Constant viscosity through film

Figure 2: Equilibrium of an element [3]
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If we consider the equilibrium of forces xadirection we get:

( p- %g—s dxjdydz + (r+% dz)dydx = rdxdy + ( p+%% dxjdydz "
Simplifying the terms yields:
% dxdydz = % X dy (2)
Since (Ixdydz is an arbitrary, non—zero volume, we can write:
From Newton’s viscosity hypothesis, using assummgtid and 5.
r= ,7% (4)

Replacing this expression of the shear stressHqgt@tion 3 the pressure gradient becomes:
= ol
&H_Z = 5

Similar expression can be derived for the flovy irection:

a( o
@:—(n—j ©)
o oz\ oz
And from assumption 2:
P
— =0 7
7 (7)
A _A_ a
On both surfacei_——o, so shear forces owlXd2 faces are smaH§ is of the order of

Udh

Velocity Profiles
From Equation 1, singe #f(z) andy #f(z) (from assumptions 2 and 8)

ou ap ap
— = |—dz= —z+ 8
”o"z J.o"x o X G (®)
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and

7 opZ
nu:j(d—‘x’ﬁ qjdz= et cE g (©)

Boundary conditions are= 0 atu = U; andz = h atu = U, (from assumption 3). These give:
C,=ny,

(10)
Cﬁ(UrUJ%{%ﬂ 1)
Consequently:
nu :@é + ,7(U -U )_Z —ﬂ)_hz+f7u (12)
ox 2 > "Y'h o ogx2 !
And
_Jp z
u—%(f—z})+(q—q)ﬁ + (13)
_9p z
g (0 ey a

Q) (Ir) )

Equations 13 and 14 represent velocity profileosrthe film and consist of three super

imposed terms, (1), (II) and ().

i Uz
(1) (U-Un)z/ [ y
4 i (|||) U, j(l) (ZZ_Zh)/Z] dp/dx U, > U;
Us

Figure 3: Three components of the fluid velocity pofile

-26 -



Marian D. Furtuna

Continuity of flowin a column

Consider the column of lubricant between the sslidaces. Flow in th& andy directions
comes from integrating the velocity profile ovee ffilm thicknessh.

wodxdy

>

¥
w.dxdy .

Figure 4. Flow into column of fluid

Flow per unit width in thg andx directions respectively;

h
q, = udz (15)
h
qy:jovdz (16)
h
op (Z h7Z y4
= S ———1+(U,-U,)—=—+zU 17
% [mdx[s 2j(2 1)21210 (a7)
The flows in both x and y directions are:
__hdp h 18
q,= 12 ox +( 2+U1)2 (18)
h® 2 h
%=1 gy * (%) (19)

Apply continuity of volume flow to the column abovégure 4 [3]. Mass flow can also be
used but is more complicated, so by taking assumptiwe get.

qdy+ q,dx+ wdxdy= ( g+ 02(* dxj cy+(q, +%dy) ck+ w, dxdy (20)
Hence:
Ry, Ay

Y +E+(w2 —wl) =0 (21)
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Substituting in Equations 16 and 17,

| n hl,o| n h
d({_mi-k U, +U1F2}+oy {_12/7§+ (v, +V1F2}+(W2—W_|_):O (22)
Rearranging and putting = 2 Yz andy = VitV, (the main entrainment velocities):
d|nap| d|h®p| dun davn
{12/7&}+dy{12170y ==t & +(w2 wl) (23)

AssumingU # f(x) andV # f(y)

d|nap| Jfhdap ah
0'5({/70‘5(} 0'5/{/703’} 12{U&+V0,y WZ—Wl} (24)

Equation 22 is the Reynolds Equation in two dimensi

In hydrodynamics, (as opposed to elastohydrodynaomne of the two surfaces is always

stationary with respect to the contact, geY1*Y. _Y: (arbitrarily assigning suffix 1 to
2 2

moving surface). Then Equation 22 will become:

hS & h & 4, oh _ 25

o"ﬁ({/] 03(}4-03/{/7 o’y} 6{U107X+V10y+2(w2 \A@_)} (25)
Simplifying:

I hop|, o dp ALRVAL - 26

é’X{n ﬂx} ﬂy{n é’y} 12{ é’xvé’y}ﬂz(wz W) )
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2.1.2 Solution to Reynolds equation
Reynolds Equation is too complex for algebraic Soly and a number of simplifications are
commonly made to aid its solution. Although these less important than they used to be,
since computational methods have made it quite gasplve the full equation, they are still
significant since one, they save a lot of computimge and two, they provide insight into the
form of the solution and how operating parametsush as film thickness and friction are

related.

It is almost always possible to choose axes sovhad in which case:
2 hap| d|h¥cp { dh }
) Lt o L S — - 27
d({”ék}+é5’{ﬂ Fy 12UdX+(W2 w) (27)

If there is no vertical flow of oil i.e. bearingseanot porous, surfaces are not coming together

(squeeze film effegtthenw,— w; = 0, in which case:

ofntp), ofnap]_  dn
2iE2] 5[0

This can be a wrong assumption in bearings becausst of them, regardless of the
application, vibrate. If there are no significéimermal effects, then will be constant over the

film, in which case:

Of )| 0[] . dn

If the bearing can be regarded as infinitely loing, there are no side edge effects, and then

@ = 0 in which case, assuming also that f(y) we have the one—dimensional expression:

&
d /[ ;dp dh
Ballp < T ull QR - 30

dx{h dx} 12U,7dx (30)

This can be integrated with respeckiao yield:

dp
3P _ 31
h ™ 12Unph+ C (31)
If%:Oath:ﬁ,then
dx
@_ (h_ﬁj 32
ax M (32)

-29 -



Marian D. Furtuna
2.1.3 Limits of Hydrodynamic Lubrication
As has been implied throughout this chapter, hyglmachic lubrication is only effective when
an appreciable sliding velocity exists [3]. A sfidi velocity of 1m/s is typical of many
bearings. As the sliding velocity is reduced, tha thickness also declines, to maintain the
pressure field. This process is very effectivepesssure magnitudes are proportional to the
square of the reciprocal of film thickness. Evetiyyahe film thickness will have diminished
to such a level that the high points or asperitieseach surface will come into contact.
Contact between asperities causes wear and elef@tédn. This condition, where the
hydrodynamic film still supports most of the loadt lsannot prevent some contact between the
opposing surfaces, is known gsftial hydrodynamic lubricatioh When the sliding speed is
reduced further still the hydrodynamic lubricatfails completely and solid contact occurs. A
lubricant may still, however, influence the coeffiat of friction and wear rate to some degree.
Original research into the limits of hydrodynamitiication was performed early in the"™20
century by Stribeck and Gumbel [3]. The limits gbllodynamic lubrication are summarized

in a graph shown in Figure 5.

03
ol Friction coefficient dependent
- on non — HD characteristics
L
0.2 p===== Friction coefficient increased due to
~=seaa_|” contact between the shaft and the bush
01f Tt
— Rise in friction due to high eccentricity
- i T —"at limit of HD lubrication
0 =~ Mo friction coefficient at zero sliding speed according to Petroff's theory
nlt
W

Figure 5: Schematic diagram of changes in frictiorat the limits of hydrodynamic lubrication [3]

When the friction measurements from a journal lmgpmvere plotted on a graph against a
controlling parameter defined agl/W, it was found that, for all but very small slidispeeds,
friction u was proportional to the above parameter, whidtnswvn as the Stribeck numbér
When a critically low value of this parameter waaghed, the friction increased from values
of about 0.01 to much higher levels of 0.1 or mdrke rapid change in the coefficient of
friction represents the termination of hydrodynarhibrication. Later work revealed that
hydrodynamic lubrication persists until the largasperities are separated by only a few

nanometres of fluid. It was found that a minimurdmfithickness of more than twice the
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combined roughness of the opposing surfaces endubedydrodynamic lubrication of
perfectly flat surfaces [3]. Tests carried out hg tauthors were done on a Newtonian fluid,

Figure 6 presents the Shear stress — Shear rate tehistacs for a Newtonian fluid.

Ta

Tana =n

Shear stress

»
»

Shear rates u/h

Figure 6: Shear stress — Shear rate characteristiof a Newtonian fluid

With the level of surface roughness attainable yomia machined surfaces, a minimum film
thickness of a few micrometers could thus be aeddpt In fact, for small bearings, i.e. a
journal bearing of 80mm diameter, it is possibleuse twice the combined roughness as a
minimum limit for film thickness. On the other haridr large hydrodynamic bearings, larger
clearances are usually selected because of thé @jféeulty in ensuring that such a small
minimum film thickness is maintained over the entivearing surface. Even if the bearing
surfaces are machined accurately, elastic or tHedeftection would almost certainly cause
contact between the bearing surfaces. If contattvden sliding surfaces occurs then,
particularly at high speeds of 10m/s, the dramiaticease in frictional power dissipation can

cause overheating of the lubricant and possibBuseiof the bearing.

Most hydrodynamic bearings, particularly the largearings, are designed to operate at film
thicknesses well above the estimated transitiontgmétween fully hydrodynamic lubrication
and wearing contact because of two factors:

0 The transition loads and speeds are difficult ®c#jp accurately,

0 Bearing failure is almost inevitable if the hydrodynic film is allowed to fail even

momentarily.
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2.2 Elastohydrodynamic Lubrication

Many machine elements and mechanisms transmitwelaiotion and forces between surfaces
which make theoretical contact in a point or alanigne. In practice, the contact takes place
on a very small surface, which makes the contaesqure considerably large, even at
relatively low loads. Assuming elastic bodies ontact, which is often the case with steel
components, under typical loads, the deflectiorthelse surfaces is predicted by the Hertz
theory of elastic contact [4]. The elastic deflectof the contacting surfaces is one of the

three most important phenomena which are involugtieé elastohydrodynamic lubrication.

Elastic deformation of the contacting bodies is firat mechanism required to obtain
elastohydrodynamic lubrication. Let us consider spheres in contact. If the two spheres are
originally just touching under zero load the sepama at radiusa, can be written
(&°12)(1/R+1/Ry) = &/2R, where 1/R = 1/R1/R; for a much smaller than R [5].

Figure 7: Geometry of two contacting spheres [5]

After loading, the gap at radiasis now zero, as this now is the radius of the @cnarea, the

total deflection a radiugis:

_ A2 _ A2
1-0; +1 az)ﬂpmaxg (33)
E 4

W1+W2=£

Where subscripts 1 and 2 refer to the two contgdpheres 1 and 2 thus

2 2 _ 2
L (1_0 +ﬂjﬂpm§ (34)
R E B 4
_ 2 _ 42
a:(l;mﬂ},pmﬁ 35)
E E 2
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When total load (W = (@3)pma&) is introduced in the formula we get:

o {1—012 LA 022] RW (36)
E K )4

If the materials are similar then

2
9= 1-0° | 3RW (37)
E 4

These results can now be combined to obtain therthsl surface of sphere outside the contact

area.
e ’ 2 1/2
Wzlzg apnax{(Z—;zjsin'la:+(;—lj } (38)

Now if the surface started off as being spherited,distancez, of the surface above the plane

isz = r’/2R andr = a then

1-o? a a°
W= E n-pmaxz = ﬁ (39)
And
r’ a’r? 1-o? r?
== = TTPya@ — (40)
2R 2R& 4E pma*[é)
Hence
2 2 2 2
h= +L_£:W—l g apnaxLT 2_L (41)
2R 2R 4E 2 a
Or
1-0° r2)  a (r2 V7] 1-0? T r?
h= a 2—— [sin" S+ 5 -1 (-T=—apum—| 2 (42)
2E n“ax{[ azj r[a2 ] 2E Phep T
And
(_gj(_j (43)
r r
Hence
1-0° r? La (rz2 )7
h= oE aﬂnax{-(Z—gjcosl—r+(¥—lj (44)
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If both surfaces are elastic as they must be, then

1-0? 1-0? r? a (r2 Y*
h= L+~ —2 lap 41— 2-— |cos" S+ -1 (45)
2E, 2E, & r {a
If both materials have the same elastic consthan t
1-07 \1-0;)_1-0 (46)
2E, 2E, E

And finally, the film thickness is given by
> 2 2 1/2
h=l Ea apmax{_[Z_razjcos_lar"'[raZ_ ]} } (47)

Another mechanism which contributes to the fornmatié an EHD film is the hydrodynamic

effect, which is responsible for théift” or load carrying capacity of the bearing andsit i

described by the Reynolds Equation (26).

Finally the third mechanism required is the variataf the fluid’'s viscosity with pressure.
The normal way of describing the variation of visity with pressure [5] is by means of the

exponential plot developed by Barus. The relatson i
Ny =M€ (48)
Where:m, — is the viscosity at pressure p;

No — is the viscosity at atmospheric pressure;

o — is the pressure viscosity coefficient.

When this pressure—viscosity relation is employ&dthe integrated Reynolds Equation takes

the form:

explap % = 1270u[ h _rfh“ } (49)

However, Cameron [5] found that fluctuates with temperature; after a number of
experimental measurements on a wide variety of, diks concluded thatt varied with
temperature in such a way that + 6¢), wheret is the temperature arilis approximately
constant. The value éfvaries between 80 and 90 with a mean of 85.

Barus approach to the variation @fwith temperature Equation 50 is fallowed by Rodlan

Equation 51. Barus’ model:

n=nyexplap-yt-t) (50)
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Roelands’ model:

n=n, exp[( 7, +9.69{- % (¥ 5.0 16 %) -y t¢t, }) (51)

In another paper Kaneta et al. [7] adopted visgepitessure—temperature relationship

proposed by Roeland. The relation used by the asittem be expressed as:

S
n(p,t)=n, exp{( vy, + 9.63[— #( % 50 1@)2"(: __11333 ” (52)

Where

. . . . . a
Zo — Roelands viscosity—pressure index, dimensionlgss=
’ P B 15010° (17, + 9.6
. : . . . t,—138
S — Roelands viscosity-temperature index, dimens&mlS, = M
(Ing, +9.67)

Stadler [8] uses the Roelands’ Equation 53 to agbescorrelation of pressure viscosity on the
cavity length. This time the author does not taki® iaccount the viscosity variation with

temperature therefore the equation used was
n(p) =1, exp{ af° !— 1+( 1+%J H (53)

He also uses the Dowson & Higginson equation faisdg and pressure relation (Equation 54)

5.8010%p
1+1.7010°p

P(p) = P, [1+ (54)

The conclusion for these tests, after a formulpraaict the length of the cavity, was that the
equation is only valid for enclosed type cavitiesid cavity length is dominated by the

viscosity, sum velocity, cavity pressure, and getynef the contact.

Combining these three phenomena in an analysisnoéx@uisite simplicity and elegance,
Grubin and Vinogradova were able to reveal the mapigms of elastohydrodynamic
lubrication [9] of linear contacts (this is alsdrénuted to Ertel [10]). They considered that the
film is completely flat and that the shape of tleodmed surfaces in the inlet of the contact is
given by the Hertz theory. It follows that the amgiion between the surfaces in the
convergent inlet is the sum of the constant luliddm thickness and the Hertzian elastic

deformation Ks), as seen in Figure 8.
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S

h] /

N

Figure 8: The geometry of the EHD contact inlet amording to Grubin and Vinogradova

Assuming the Barus exponential law for the depeoéest the viscosity on the pressure and
that the pressure remains Hertzian inside the cgritee Reynolds equation can be integrated

to give, after some manipulations, the thickneshefEHD film.
h. = 193anU )** R¥W HeE (55)

WhereR is the reduced radius of curvature in the directbflow (R=[(1/R)+(1/R)]™), Wis
the load per unit length of contact aBtis the reduced elastic modulus of the materials (
[(1-nd)/Ei+(1-n2)/E;] Y/2), as defined earlier in Herttz's solution of the @mitof elastic
bodies.

Although approximate, Grubin’s solution gives ansight into the physics of the
elastohydrodynamic lubrication and has been fullyported by exact numerical solutions [11].
Grubin determined the value of, lwhich produced an infinite pressure at the ietige of the
Hertzian zone [6], due to allowance being madetli@r influence of pressure on viscosity.

Grubin’s model of an elastohydrodynamic conta@résented in Figure 9.

! Deformed
: Undeformed cylinder
\ i cylinder ;
hhy I . ’
Dry contact ' Rigid plane

po
Hertzian
contact zone

Lubricated contact , U

Figure 9: Grubin’s model of an elastohydrodynamic ontact
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Grubin produced an expression for the film thiclelgsvhich can be written:

8/11 ='1/11
ua)”E
%:1.95(’7 & RWL S (56)
y
The derivation rests on two simplifying assumptifis
1. the deformed shape of the cylinders will be theesasithat in the dry contact
2. ahigh pressure is developed in the entry regidhédHertzian zone.
The Hertzian displacement outside the contact mgien by
h-h _4W |: 5 A2 ( ) 1/2)}
H-H,=—=2=—| X(X?-1) "-In[ X+| X*-1 57

WhereX = x/b andW =w/ (E'R)is the load parametd is the effective radius of the roller
contact. In terms of the reduced pressure theriateg form of Reynolds equation is

dq _ h=h,
dx 12/70u[ b }

(58)
If Q = g/E’ andb/R = 4(W/z)*? then Equation 58 takes dimensionless form
1/2

d_Q=48(ﬂj uA-H, (59)

dX 2 H
The pressure developed at the inlet edge of thezidarzone will therefore be

(WY EH-H,
Q= 48(§Tj u [, TER (60)

Grubin evaluated this integral numerically for age of values foH, and found an expression
that gave a good fit over the range of practicghdantance. His variables were different to

those used by Dowson and Higginson [6] such tret tirote

-1y 2
.f H ~H, dX = (ij * Grubin’s integral (61)
H?3 W

—00

Grubin’s integral was fitted by

-11/8
0.0986{ ”HOJ (62)
W
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Thus giving

2m

_ W 1/2 T 2 m_lo -11/8
QX:_1—48( j U(ﬂj Do.098{ Z\IVJ (63)

Dowson and Higginson approach the theory of Griubihree steps:

1.

The integration of Reynolds equation to give thespure distribution for a known
geometry

The inverse solution of the Reynolds equation gj\ime geometry which will provide
a specified pressure distribution

Calculation of surface displacements

Theintegration of Reynolds equation

The numerical integration is quite straightforwaFar an incompressible lubricant, all the

terms for reduced pressure are known, and Simpsoless used by the author.

pmhmj
127,u| 1-~—"-m
dg_ 7 ( ph (64)
dx 1

In the first three terms Dowson and Higginson ug@yor expansion giving

2
g 127 1dhg gy, 1400 ) (65)
dx? W | hdx 0 dx
Where:
r= (1——pmhmj (66)
ph

p is expressed in terms pfanddp/dxis replacedy dp/dp anddp/dx

Theinverse solution of the Reynolds equation

The inverse solution of the Reynolds equation olghifor an incompressible fluid by Dowson

and Higginson is:

h3i lﬂ) —ﬁ] 12u—3_ﬁip =0 (67)
dx\n dx) d n dx

The inclusion of compressibility in the calculatiorakes a very little difference; therefore the

Reynolds equation with variable fluid density is:

d( ph® dp d
—| =" |=12u0—(ph 68
dx( n de dx('o ) (69)
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Calculation of surface displacements
After a number of calculation for surface displaeats by dividing the pressure curve into
suitable blocks, not of equal size, and represgraach block by appropriate values, Dowson
and Higginson conclude on a dimensionless forntiferdisplacement
v_8h

V=— AF + Constan
R™ 7w

(69)

2.2.1 Geometry of EHD films
Contact between two spheres
The contact area between two spheres is envelopadchicle [3]. The formulas for the main

contact parameters of two spheres in contact, sliowigure 10, are summarized in Table 1.

Table 1: Formulas for contact parameters between te spheres

Contact area Maximum Average contact Maximum Maximum
dimensions contact pressure pressure deflection shear stress
N _ W W W) _1
Q= (S\N R js Pros =57 Pasere™ 57 5:1.0397( = R,J T = 3 P
E Hemispherical at a depth o
i pressure _
Y distribution 2=0.638

Circular
contact area

r

/.

IL-:} ad

Figure 10: Geometry of the contact between two sphes.
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The reduced Young's modulus is defined as:

1_11-0; 1-0 (70)
E 2| E. K

Where: o, andog are the Poisson’s ratios alfid and Eg are the Young’'s modules of the

contacting bodieé andB respectively.

For spheres:
Ri=Ry= R (71)
Rx=Ry= R (72)

WhereR, andR; are the radii of the spherdsandB. The reduced radius of both contacting

bodies can be given by Equation 73.
_':_+_=_+_1+_1+_1:2[_1+_:Q (73)
R R R R B R R R

Contact between a Sphere and a Plane Surface:

The contact area between a sphere and a planeeusfa shown in Figure 11, is also circular,
this being a special case of two spheres in canbattone of them has an infinite radius of
curvature [3]. The contact parameters for this igurhtion can be calculated according to the
formulas summarized in Table 1. The radii of ctuva of a plane surface are infinite and
symmetry of the sphere applies, so tRaER,= 0 andR,=Ra.~Ra. The reduced radius of

curvature is therefore given by:

s+ =+ T 4 =T (74)

R=R =R (75)
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Circular
cotitact area

Figure 11: Contact between a sphere and a flat swate.

In a paper dedicated to Grubin—Ertel theory of telagdrodynamic lubrication, Greenwood
[12] looks in the importance of the combined effeof elastic deformation and increased
viscosity under pressure, which results in a caomtirs oil film for heavily loaded rolling or

sliding contacts.

The simple concept from Grubins’ theory is thatarder to carry a very high load, the
pressures must be high, and so the viscosity, ttyevof the Barus relatiof, =I7oe'7"D must

be enormous. Thus making the Reynolds equation

dp_ h-H 76
dX—lZ/]U( WJ (76)

Where U is the main velocity of the contacting surfachsthe film thickness andh* an
integration constant, the film thickness must beast equal td*, and so be almost constant,
over an appreciable distance. The author statasifthee take the surfaces to have the
deformed shape of an non-lubricated contact, aanddy Hertz's theory, but moved apart by a
fixed displacemenh*, we shall get a good approximation to the actualditeoms in a

lubricated contact.

Grubin calculated the film thickness on the abossuanptions and obtained values very much
greater than the classical ones, and agreeingnablsowell with the numerical solutions that

have appeared subsequently.
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For a constant viscosity in a lubrication conditloetween two rollers that rotate with speeds
U; andU, having a central film thickness bf, then for a distance from the centre line film

thickness will approximately be

h=h+_5 77
hy oR (77)
Where
1 1 1
=4 =
R R R
And:
_(u+u,)
2

The Reynolds condition used is that pressure rettionzero at a point where=h* for

preservation of continuity of flow between the m$sed film and the unpressurised outlet.

The pressure in Greenwoods’ experiments reacheaxamam of 2.1508UR"? /h*'? ath =

1.22575h,.
When the viscosity is variable with pressure aciegydo Barusy,=nee™, Grubins’ substitution
gives

aq=1-¢e“" (78)

Transforming the Reynolds equation in

dg_ h-h
i~ 12/7u( = j (79)

In Grubin’s theory, the film shape correspondingtoentral flat region with an added constant
separatiorh* is substituted into the Reynolds equation, andetipgation integrated to find the
maximum pressure. The pressure then remains atdghistant value across the flat. However,
the interest is in pressures such thptis very large, and for all such values the reduced
pressureg Equation 78 must be very nearly equal te. IWhus the varying hertzian pressure
distribution can be achieved with negligible vddas inq, and so the approximation that the
film thickness is exactiy* is acceptable [12]. If this analysis is repeateidgithe film shape

associated with an off—centre flat settipg, equal to 14, he finds

b2

— b
1 " h— i e (4Rja(‘t)
;:12/70uj ~ dx=127,U |

" = {hm + (i’;j a(& )T
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To evaluate the integral he séts —coshd andH, = 4Rh*/t?

b® smh

=24 81
8anUR? I[H +A( )] .

Where
A(8) =sinh - B+ 4( sinlf-6)

Numerical values were extracted for given valublg@ndu

Consider now the outlet. If the Reynolds boundamydition applies, we must hage0 when

h returns tch* after the constriction. Accordingly we also have

2J- smh
80/70UR2 > [H, —B( )]

dé (82)

Where
B(6) =4u(sinhd+6)~(sinh B~ B)

0* — is the value at which the film thickness resitn h* where Bf*) = 0

In conclusion, the author specifies that a convgramalytical theory reproducing most of the
features of elastohydrodynamic lubrication has bedrieved. Figure 12 presents a graphical

representation of the lubrication of two rigid eol used by Greenwood [12].

Figure 12: Lubrication of two rigid rollers [12]
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2.2.2 Film thickness equations

The exact analysis of elastohydrodynamic lubricatly Hamrock and Dowson provided the
most important information about EHL [3]. The rikswf this analysis are the formulae for
the calculation of the minimum film thickness im&iohydrodynamic contacts. The formulae
derived by Hamrock and Dowson apply to any contaath as point, linear or elliptical, and
are now routinely used in EHL film thickness caltidns. They can be used with confidence
for many material combinations, including steelsteel, even up to maximum pressures of 3—
4GPa [3]. The numerically derived formulae for tentral and minimum film thicknesses, as

shown in Figure 13, are in the following form [3]:

0.67 -0.067
% = 2.69{%) (aE )°‘5‘°’(%) (1- 0.68°7%) (83)
|"b _ U[70 0.68 0.49 W -0.073 o
b —363 o = ] 1- 84
R’ E'R (a ) ER ( © ) (84)
Fa
EHD Hertzian
pressure ., - - Pressure
distribution f-"' ‘\-\ distribution
Fa % /
! Y
Z \
3\ Contact
I’ | width
-
“Body A
ISR ANNNNNNN
he Constriction by
- A

S Treas B S

Figure 13: Hydrodynamic pressure distribution in anelastohydrodynamic contact

The approximate value of the ellipticity parametan be calculated with sufficient accuracy

from:

k :1.0335{RVJ | (85)
R
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The non—dimensional groups in Equations 83 andr&4raquently referred to in the literature

as:

The non—dimensional film parameter
h
RI

The non—dimensional speed parameter

(2%
E'R

The non—dimensional materials parameter

H=

G=(aE)
The non—dimensional load parameter
ac
E'R
The non—dimensional ellipticity parameter

k=2
b
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3 LITERATURE REVIEW ON EXPERIMENTAL TECHNIQUES IN

EHD L UBRICATION
3.1 Optical Techniques for Measuring Lubricant Film Thickness

3.1.1 Interference of light

Many phenomena specific to light, reflection, reffan, interference, etc., can be satisfactory
explained by the classical wave theory. Some e$eéhphenomena make light a very useful
tool for experimental research in a wide numbefi@fls. In this chapter, some terms and
concepts characteristic to physical optics will lmgefly defined. A light wave can be

represented by a sine or cosine function, as irafmu 86.

y= AsinZA—n(x - vt) (86)

This is the equation of a transverse wave, whickigaa@t velocity in directionx, [13]. Ais
the amplitude and the wavelength of the light, as seen in Figure 1#is convenient to

express the equation of simple harmonic wavesrindef the angular frequency”.

y= Asin(ax - ZTHXJ (87)

e/
N

Figure 14: A transversal sine wave expressed by Egtion 86, att =0

In Equation 86(x—vt) is known asphaseand expresses the position of the wave at a pertai
time t. In practice, what is important is the phase diffeeed between two beams of light

when they reach the point of interest.
5= % A (88)

Where4 is the path difference, when light is travellilgdugh different media, the velocity of
the light waves is altered according to the refvacindexes of the media. Tlogtical pathis
therefore defined as the product between the getmakepath and the refractive index of the

medium. It means that the phase difference camriteen as:

. 2r . . 2m
Phase differenced = 7 X Optical path difference= 7A
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Whenever a beam of light travelling through a mediuith a certain refractive index arrives
at the boundary with another medium with differegfractive index, it is partlyeflectedand
partly transmitted réfracted. It is important to mention that the reflectioh light at any

boundary surface is accompanied by a phase change.

When two beams of light of equal wavelength, arevea certain point in space, a phenomenon
of superposition (combination) takes place, with tiet result being a change of the amplitude

and intensity of the resulted light.

Thomas Young was the first one to state the interfee of light thus establishing the wave
character. In the region of crossing two beamsigiftlat once we are lead to believe the
resultant is the sum of these two beams; in retiigyresultant is the two beams interfered and
is very different than the sum of their intensifyhis modification in intensity is called

interference [13]. If the resultant intensity isilinor less than the expected result the
interference is calledlestructive interferenceif the resultant intensity is higher than the

intensity of each separate beam we haaestructive intensity

In practice, interference can be obtained fromrglsi beam, bywave frontor amplitude
division [14]. Amplitude division takes place when a beafright arrives at the interface
between two media, being both reflected and traibaschi As this is the phenomenon used to
accurately measure thin elastohydrodynamic filtnwijll be briefly explained in the following
paragraphs. Consider a beam of light which hitisimplate of thicknesh, at a certain angle
of incidenced. The refractive index of the material, of whittetplate is made, is At the
interface between air and the plate, the beam beilpartly reflected, patADF, and partly
transmitted, pattAB, as seen in Figure 15. A, the beam is transmitted, pa@F’, and
reflected. This internal reflection can take plamyeral times; a phenomenon known as
multiple reflections It should be noted that the amplitudes of thidected rays become
negligible after the second internal reflection.orgver, for the purpose of the calculation of

the path difference only the first two rays aredesk

|
0 |
|
|
|

/—'

Figure 15: Interference by amplitude division. Calalation of path difference
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As seen by division of amplitude, the initial ragsults in two raysAF andCF'. There is a
phase difference between these two rays resultorg the path difference between them and
from the advance in phase produced by the reflecti@d\. The latter is equal /2, for air—
glass reflection. The former is the differencewsstn the pathABC, travelled by the
transmitted ray, in the medium with index of refiac n and the pat\D travelled, in air, by
the reflected rayD is the foot of the perpendicular fratto the reflected beam.

A =2nAB- AD +’2] (89)

DistancesAB andAD are found from simple geometrical considerations.

h
cosd'

AB= AD = ACsiné@ = 2hsin@tané'

The path difference becomes:

A:2nhcost9’+% (90)

The intensity of the light at a point on the sue€f@t the plate is given, up to a constant, by:

~co2f
| =cog 5 (91)

Replacing the phase difference according to exjme¢88) the intensity becomes:

| = cosz— = cos{ 2Lhcoséh ﬂ (92)

It is obvious that what an observer will see arigtirand dark fringes. Assuming that the
refractive index of the medium is constant, thehpdifference depends only on the thickness

of the plate. The condition to obtain a brightd is given by:

2nh cosd +1 N (93)
A 2
WhereN = 0,1,2,...is the fringe order. A dark fringe is obtained:fo
_Zgh cosd =N (94)

For normal incidence, c6s1, and a dark fringe corresponds to a thickiesNA/2n.
Whenever a transition was made from a dark frirgerother, the thickness of the plate

changes byl /2n.
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3.1.2 EHD film thickness measurement by optical interferanetry:
Developed in the early sixties, this method emplayiat, transparent disc (usually glass or
sapphire), loaded against a shiny steel ball derolThe contacting flat surface is coated with
a semi-reflective metallic layer (Chromium), sudtatt any incident light shone onto the
contact (usually monochromatic) is twice reflectédstly at the glass—metal layer interface

and secondly, at the ball/roller surface as sedtigare 16.

Light source :'//_F\:E

Spectrometer

Camer;

: Thin semi-reflective Cr
: layer

Lubricant film

Glass/sapphire

Figure 16: Principle of optical interferometry

Upon recombination, the path difference between teflected rays results in either
constructive or destructive interference. Thisifgrence depends on the thickness of the

semi—reflective metallic layer.

One of the early encountered problems was chodbimgransparent media and the reflective
media. In the first paper [15] Westlake & Camerom @pting for a transparent media that will
give them the reflection needed to measure the tlilitkness; the problem with this option
was that the fringes were not very clear and thugvgrovement had to be made. The first
solution was to deposit a Chromium layer on thendparent surface. After a 20 percent
Chromium deposit on the glass surface, the qualitythe obtained images was again
diminished as a large part of the light was ababrinethe Chromium layer. The obtained
interference in this case was a two beam and feltbw (co§ intensity distribution. To
overcome this issue a Titanium Dioxide layer is kyed, this giving a much lower
absorption of 0.5 percent in comparison to 20 peroé the Chromium deposit. The TiO
layer supplies much better images with clearersratper fringes, thus giving multiple beam
interference. Authors also states that for thapsétey are using, in this report, the limitation
of the method is that the first order fringe occatrs lubricant film thickness of about 2000A
[1A = 0.1nm]. His results were quite accuratetfu time and the pictures obtained with the

technology at hand are relatively good.
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In another report Wedeven and Cameron [16] devel@pdevice to observe the contact in a
thrust bearing by isolating the contact area oivargrolling element. They used an interesting
way to cope with the automatic triggering systemploying a phototransistor to trigger the
high speed flash camera. This method is not vefferdnt to what is being used today.
However the novelty comes with positioning the ph@nsistor beneath the point of
observation. Today the camera is triggered whetaiceposition on the disc connected to the
other end of the shaft that moves the disc is mdchihe pictures taken show the oil film
shape in the contact, the scratches on the ballacurand the condition of the

elastohydrodynamic contact i.e. starved/floodedtrg big accomplishment for the time.

The classical method was limited to films thickest a quarter of the wavelength, what meant
that films thinner than 900A could not be measutad17] an improvement of the method
was reported. For the first time optical crown glasms used for the transparent media; as for
the reflective coating, a TiDwith a thickness of a quarter of the wave lengftthe light
employed for the actual experiments, was usedcddilimonoxide was deposited on optical
crown glass after the titanium dioxide layer. Thilicon layer permits the appearance of the
first fringe, before the film thickness is a quarté the wavelength, due to the silicon layer,
having the same refractive index as the oil, arfdhé a abrasive resistance. Equation 95 gives

us the approach the authors took to accurately unedise film thickness from the fringe radii.

(55

Wherer is the radius of the™ fringe, R is the radius of the ball used in the experimenmis,

the fringe x is the depth of the silica aids the wavelength of the light used.

Another thing worth mentioning is that the authacsually tried a ball coated with silica and
they state that the results obtained are similaotding the disc. The pictures obtained by the

authors show the fringe migration at no silica diffbrent silica thicknesses.

This method is still largely being used today; otilg Titanium layer has been replaced with

Chromium instead and the formula that is being uselifferent.

Cameron and Gohar [18] take another approach irsunieg and observing the formation of
elastohydrodynamic lubrication between a steel ladtl a glass plate. An isometric
representation is presented in Figure 17. Usinganlromatic light as a source, a chosen load
and oil, the fringe pattern was observed at zeemdpthe central region was dark initially, due

to the phase change on reflection. Upon increasiagpeed from zero, as soon as the centre
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of the dark region turned light, the thicknesstad film at this point was one—quarter of the
wavelength in oil. As soon as the light had turrietb dark, the thickness was half a
wavelength of the light in oil. In this manner thethors managed to plot speed against film
thickness at decent intervals.

The captured images confirm that the film thicknisssonstant just inside the leading edge of
the contact, as required by the approximate thgd8}. Successful oil film thicknesses
measurements were done in the order of 500A to AGaém = 10A). Also observed by the
authors was that the higher the speed the morarthe of the horseshoe shape constriction
extend forward. The constriction at the exit deni@tsd in line contact is found to be of a

horseshoe shape, in these conditions, the filmalest at the edges.

Figure 17: Schematic representation of the ball oglass plate [18]

Gohar and Cameron [19] give a comparison between stiape and thickness of the
elastohydrodynamic oil film formed between a ratgtiball loaded against a diamond,
sapphire, or glass plate, and a rotating rolledéokhagainst a glass plate. The authors found
that the shape and film thickness are dependespeed and load. Their paper describes film
thicknesses at different loads, speeds and usiagpel ball or a steel roller. Of particular
interest in this paper is the way the surfaces temeards their undeformed shape at high
speeds. This phenomenon is well known today becausigh speeds the film thickness is

large and the contacted surfaces tend to retutmeioinitial shape.
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In 1968 Foord et al. [20] using a similar setupCasneron, a steel ball loaded against a glass
disk coated with a thin chromium layer under cdodi of pure rolling, carries out a large
number of experimental determinations using a Wwaref lubricants and additives. His
conclusion was that for most fluids, except theypar thickened oils and silicones, the fluid
structure influences the film thickness primaribydugh its effect on viscosity and pressure

viscosity coefficient.

Also Kaneta & Yang [21] discovered an interestifgepomenon that takes place under pure—
sliding conditions i.e. multi-dimple, which occuat slow sliding speeds; stable dimples can
be generated in the contact. However, at highdmglispeeds, dimples become stable again,
but two dimples become single dimple, or three bexowo. Their conclusion was that simple
dimple phenomena and multiple dimple are producedhle mechanism of the temperature

viscosity wedge which was proposed by Cameron [19].

3.1.3 \Variations of the classical optical interferometrymethod

The main limitation of the method in this form isat it cannot distinguish between films
thinner than approximately a quarter of the wavgilerof the light used. The refinement that
overcame this limitation was the addition of a d@pacer layer on top of the semi-reflective
chromium layer. In the same year and approachimg sdime method as Westlake [17],
Wedeven [22] deposited a silicon monoxide layeroptical crown glass after the titanium
dioxide layer. This silicon layer permits the apgace of the first fringe before the film
thickness is a quarter of the wavelength becawssilicon layer has the same refractive index
as the oil. The pictures obtained by the authbosvsthe fringe migration at different silicon

thicknesses.

Johnston et al. [23] tries to overcome two of theatest limitations of the classical method:
first, it cannot easily be used to accurately mea§ilms less than one quarter the wavelength
of visible light; second, only certain, discretéckmess, spaced at least 50 nm apart can be
determined. His approach was to use a fixed thekispacer layer (silica) deposited on top of
the 20 nm thick chromium layer. This spacer lalgas a refractive index close to that of
mineral oils, which makes it act as sofid oil’, increasing the separation between the surfaces
of the contact and thus allowing measurementslwisftheoretically of any thickness. The
benefits of the spacer layer were fully exploited ultra—thin film optical interferometry
method (UTFI), which uses white light and a speuter to disperse it into its component
wavelengths as shown in Figure 18. The resolutibrihis technique is in the order of

nanometres [24, 32].
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Figure 18: Ultra thin film interferometry technique
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The UTFI technique was further refined by Glovneale[25] allowing reliable measurement
of lubricant films thinner than one nanometre. Tiisthod employs a much bigger number of
points used to determine the intensity—wavelengtie; unlike the classical UTFI method of
using just the data points around the maximum efcilirve. This modified technique has been
applied to study the film—forming properties ofefrfluids, hexadecane, a dilute solution of
surfactant in hexadecane, and cyclohexane with twtlie author is able to measure film
thicknesses down to 0.3 nm with a standard deviaifdd.15nm. The main advance with this
method is that it replaces two—beam interferenedyars with multiple—beam in finding of the
wavelength of maximum constructive interferenceudmpn 96 gives the intensity of the
reflected light [25].

-5 (96)

Where A andB are given by Equations 97 and 98. In these eqmtibe subscript of the
refractive indexesn) and absorption indexek) (refers to the following layers:

0 glass

1 chromium

2 silica and lubricant

3 steel
The extinction coefficient known as the absorptiodex (k) is the parameter defining how
strongly a substance absorbs light at a given veaggth.
To be noted that andk depend on the wavelengih

Whilst: s, = 4rhy/A;
S= 4]'Ch2/7\.
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A= (2(k + (ng+ n)?)((ks + ni)(kP+ ni+ nj)- 4 nn;n+ (K
+nZ+n2)0n? - (4kk,ni+ kX(kZ- n2+ n2)+ (n- n)( n+ n)
(kg = n7+ nf)Ocos(n,s,)+ 2n, (ki ky+ ky(n- n)(n+ n)- k
(k2 -n2+ n2))0sin(n,s,))+ 2exp(2k, s Xk, + (n, - n,)?)((k?
+nZ2)(kZ+ nf+ n2)+4nnin,+ (ki+ n’+ ni) ni- (-4 k k,n
+ kP (ki - nj+ nZ)+ (n, - n,)0(n+ n)(ki- m+ m))Odcos
(n,s,)+2n,(klky+ ki(n- n)(n+ n)+ k(K- A+ 1))
Osin(n,s,))+ 4exp(k,s )0 cos(n,;s,)((-k/ + nZ - n?)0 (k]

+n12_ n22)(k32+ nzz)_8k12non22n3_ ( klz_ n§+ nlz)( k12+ n12
-nZ)OnZ2+ (8k,kynon,n2+ k!'(ki- ni+ ni)- kK(m-2nr
-nZ)(ks - nZ+ nd)-(n,- n)(ng+ n)(nm+ mM(K- m
+n2))0cos(n,s,)- 2n,(k 'k, = ky(n,— n)(n,+ n)( i+ m)
+k’k,(-n2+ n2+ nl)y-2k,n,n(ki- ni+ ni))0sin( n,s))
+2sin(n;s; )0 (k (= (ng (kf + nf = np)(ki+ ni)+ 2(ki- ng

+n2)0nZn, - ny(k/+ n?- n2)O nZ+ (-2 kP kynni+ 2 Kk,
(ng = n)n,(ny,+n,)n2+ k2)n,0(kZ - n2+ n3)+ k,n,

(nf + n2)(k7-nZ2+ nZ)Ocos(n,s,)- n, (2K kyn+ 2 k k, n,
(n12 + n22)+ klznl( k32_ n22+ n§)+ nl(_ n0+ nl)( n0+ nl)

(ki - nj+ nJ))00sin(n,s,))))

+
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B = (2(k + (no - n)?))O((kZ+ nZ)(kZ+ n?+ nZ)- 4 nnn+ (K
tnZ+nZ)0nl - (AkknZ+ kI(kI- nZ+ n)+ (n- n)( n+ )
(k2= nZ+n2))Ocos(n,s, )+ 2n, (K k+ k(n- n)(n+ n)- k
(kZ - nZ+n2))Osin(n,s,))+ 2exp(2ks,)(kZ + (n, + n,)?)
O((kZ + n2)(kZ+ n2+ n2)+ 4nnin+ (kI + n+ nd) ni-
(_4k1k3n§ + klz(k??_ n§+ n§)+ (n= n)O( n+ ny)( 183— ﬁ2+ ﬁz))
Ocos(n,s, )+ 2n, (k12 kst ks (n— n)(m+ n)+ k1(|€3_ ﬁ2"' '2%))
Osin(n,s,))+ 4exp(k,s)0cos(n,s, )0 ((- k2 + nZ - n?2)0 (k!
+nZ - n2)(kZ+ nZ)+8knonin - (kX- m+ m)( K+ w- )
OnZ + (-8kkynonynd + ki(K - m+ m)- K(rm-2 g+ )
O(kZ = nZ+ n2) = (ng- n)(ne+ n)(rm+ m)( K- m+ )Ocos
(HZSZ)—an(kfk?,— ka(ng=— n)O(ng+ n)( rf1-" r‘fz)"' lﬁ ki = ﬁo
+n2+n2) - 2kn,n (ki - ni+ n2))Osin(n,s))+ 2sin(n g)
O(ky (ne (k2 + nZ = n2)(ki+ ni)+ 2(kZ- nz+ n?)O0 ndn+ n,
(k12 + nl2 - nzz)Dnsz)_ (2 k12k3n1n§+ 2 ky ny(- n(2)+ nlz)nz2 + k13n0
(k32 - I']22 + n32)+ kN ( n12+ n;)( k32_ n§+ n§)cos( n, $)- n
(2k’ksng + 2k kyno(nf + n3) = ki n( K- m+ rm)- n(- n+ n
(ng + n) (ks = nz + n7))Osin(n,s,))))

(98)
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Wang et al. [26] develop a new method of measuttiregoptical characteristics of thin film
coatings. They use this technique to also findr¢fictive index of the thin film and the phase
change of the light beam which is being reflectexnf the coated surface. In this paper he
eliminates the fragile spacer layer of silicon asdan alternative uses a thicker Chromium
layer that gives him the necessary phase chanlielffaween the reasonable range of 0gnd
needed to overcame the first big problem of thécaptnethod, the quarter wave length film
thickness, for his experiments. A schematic ofdkperimental setup is shown in Figure 19.
The analysis carried out by the author is puredpthtical, stating that a new optical technique
for measuring phase change and interference waslapmd. As this theses was partially
embracing this theoretical statement, it will b@lexned why a thicker Cr layer does not solve
the problem of providing a larger phase change edéd measure film thicknesses smaller

than a quarter of the light wave length used torema the contact.

Glass disc

Chromium §

Lubricant film

Figure 19: Light passing through a glass disc witla Chromium coating [27]

Another new developed method by Hartl et al. [28¢21an automatic program for the real—
time evaluation of EHD film thickness and shapeusyng special software. This software
coordinates the data acquisition and instrumentrobrand also provides real-time data
processing and photo displaying. The software us#erimetric interferometry, which

overcomes the conventional optical interferomeinyithtions. Even though the author still

uses the fragile silica layer, he is able to get \hin lubricant films measured around 3nm
thick. A schematic representation to the experimlesétup used by Hartl is presented in

Figure 20.
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Figure 20: Schematic representation of the experinmal setup [27]

In addition Krupka, et al. [28] studies the infl@enof high contact pressure using thin film
colorimetric interferometry to examine the behaviotithin EHD lubricant films under very
high contact pressures in the order of 0.5-3GPa.usts a Chromium coated sapphire disc
and a steel or ceramic ball to obtain a circulaDEdéntact. The change in the film thickness—
speed dependence indicates that lubricant flow hytlodynamic action behave differently
from expectation of the classical EHD theory. BRagher contact pressures, this transition

point tends to occur at higher critical rolling eps.

Guo & Wong [29] develop a method calledulti-beam intensityMBI) which is actually a

modification to a normal EHD test rig. The researshwrote a program to aid them in the
measurement of the film thicknesses. By using tiiregé counting technique, the results
obtained from this approach are acceptable, measfmdom 1nm to 2.5um, with a standard

deviation of 0.9nm. A schematic representatiorhefdontact is presented in Figure 21.
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Figure 21: Multi-beam optical EHL interferometry [2 9]

Chapcov et al. [30] in his paper contributes touhderstanding of the behaviour of a smooth
point EHL contact with a generalized Newtonian icdnt under pure rolling. He also utilizes
a numerical simulation to determine the film thieka. The author uses in this case a point
contact in an optical ball-on—disc device for peédg film thicknesses incorporating a shear—
thinning rheological model. The EHL film thicknesalues predicted by the model were

compared to experimental measurements and a goedragnt was obtained.

3.1.4 Applications of optical interferometry to mixed lubrication

A great deal of research has been done over a muofbgears regarding the effect of
roughness in EHD lubrication. The reason for suehide interest in this feature and the way it
influences the EHL film thickness is that machitengents over long periods of time develop
scratches, dimples and other features that temtte@dere with normal lubricating conditions.
Very often the roughness is modelled by artifidiehtures deposited onto the contacting

surfaces.

Guangteng et al. [31] use a well known method fmsesving behaviour of artificial roughness
in EHD mixed lubrication. Using a number of artificfeatures such as dimples and ridges at
different orientations, the detailed shape of thDHilm varies with each artificial roughness
feature. For longitudinal ridges there is a deepimiim at the sides of each ridge, giving a
slow development of the EHD film with speed. On dtker hand, for transverse ridges there

is a minimum film thickness at the edge of the eidglosest to the contact inlet. For the
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circular bumps each asperity forms an individuakcwar horseshoe shape film almost
behaving like an independent contact, with minirfilm thickness towards the sides and end
of the bump i.e. the contact inlet.

Glovnea et al. [32] publishes a study on boundamy forming using a viscosity modifier. In
his measurements the author uses ultra thin filrerfierometry (UTFI) for determining the
actual film thickness in the contact. In additiameasurements of film thickness with isotropic
rough surfaces were made using tepdcer layer imaging methb@SLIM]. This is able to
map the film thickness over the whole contact andhus suited to study the influence of
roughness that varies in both directions. Authansnfl that the polymer is able to form a
boundary film in rough surface rolling contact jast it does in smooth surface contact; the
formation of a viscous boundary film by a polymeoguces a major reduction in friction on
both smooth and rough surface rolling/sliding contnd therefore has an important practical

implication in lubricant design.

The same SLIM method was used by Choo et al. [83joserve the influence of transverse
roughness in thin film mixed EHD lubrication. Thage chromium sputtered balls of three
different heights of 60, 165 and 270nm to simutateboundary lubrication often encountered
in real life machine components. The amplitudeorafi the ridges does not appear to depend
on their uncompressed height, all ridges, regasdiefs their shape step-like (60nm) or
sinusoidal like shape (165 and 270 nm), recover tie@ght when entrainment speed and film
thickness is increased. The taller ridges, was doby the authors, to give higher average

central film thickness compared to that in a smamthtact.

In another paper, but on the same subject, Chad. §84] was to observe the influence of
another type of artificial roughness i.e. circubammps, using spacer layer imagining system
(SLIM). The use of three different bump heights evemployed by the authors, the peak to
base height used was 65, 129 and 260nm.The clhssinatriction was viewed for each
experiment in addition a micro—elastohydrodynamibricant (EHL) film formed at every
bump within the contact, as found previously by][33e orientation of the micro—EHL film
at each bump was parallel to the vector joiningdbetact center to the point at which that
bump originally entered the contact. In concludio® authors found that the film thickness of
the bump decreased as the bump height increaseldinitiiim conditions, the height of the
bumps recovered at an increasing rate as the spekdilm thickness increased; for thicker

films, this rate reduced until the uncompressedltteias recovered.

In another interesting paper that uses SLIM foreotiag the EHL contact A.V. Olver [35]
uses a micro—pit i.e. as very small indentatiothancontacting surface of a roller to observe its

influence on the lubrication process and the canfaifferent rolling sliding conditions have
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been tested and the results show a remarkabladtiten between the micro-pit, the direction
of sliding and the elastohydrodynamic film. Undexgative slide—roll ratio (pit on slower
surface), there is a large region of thin film s positivesliding (pit on faster surface) leads
to both the closure of the crack (reducing or reimgthe leakage path) and to the obscuring
of any residual starvation by the defect itseluiéFlexpulsion into the cavitated region was

observed by the author as the micro—pit emerges the contact.

Kaneta & Nishikawa [36] also study the influenceadificial roughness on EHD contacts; the
interesting approach that they take is using okligtientated bumps at an angle of #5the
direction of fluid flow. In testing conditions tteuthors use slide—roll ratios of minus one, zero
and plus one. The effects of surface roughness téh #Hm were examined using model
irregularities. The results obtained for a singidedt, like a circular bump, transverse bump,
circular dent and transverse groove, agree welh wiimerical simulations. For multiple
irregularities, however, numerical simulations da have the same level of agreement with
the present experimental results. No big differeimcélm thickness between the transverse

orientated bumps and the oblique ones has beenveblidey the authors.

Krupka & Hartl [37] approach the artificial rougts®eissue on a steel ball and coated glass
disc type contact. They observed that even very\tticous boundary films can significantly
reduce direct asperity interactions. That was comd through the qualitative chromium layer
wear test. Thin viscous boundary films can alswigle® some rubbing surface protection even
under the operating conditions, when thick viscbaandary films are no longer formed on
rubbing surfaces. In another paper, the same a{8Bpstudies the effect of surface texturing
on EHD films and the influence of micro—dents ofrizas depths in the contact using
colorimetric interferometry. The depth of the miedents has been observed to have
significant effect on lubricant film formation fgositive slide—to—roll ratio, when the disc is
moving faster than the micro—textured ball. Thesprnee of deep micro—dents within
lubricated contact results in film thickness rethuttdownstream. As the depth of micro dents
is reduced, this effect diminishes and mostly bierafeffect of micro—dents on film thickness
formation has been observed. No significant infieenf micro—dents depth on lubricant film

shape has been observed in case of negative sligelitconditions.

Glovnea et al. [39] in 2003 study the experimetahaviour of a 100nm high transversely
oriented ridge in an elastohydrodynamic (EHD) contasing, ultra thin film interferometry,
they measure accurately from few nanometres upetolyr one micron. In pure rolling, the
authors found that the film constriction near tidge, recovered to about 90 percent of its

undeformed height at a main film thickness of 1nmcontrast, when the slide/roll ratio was

-59 -



Marian D. Furtuna
one, the surfaces near the ridge remained almdgtdeformed, with a high local pressure,

even when the mean film thickness was as muchias the height of the original ridge.

Another interesting technique to monitor artificialighness in EHD contacts was approached
by Nishikawa et al. [40] by using a thermal camemd analyzing captured images. The choice
of roughness is strange, as most researchers pptaftsversal roughness. Nishikawa uses
longitudinal roughness and the results discovemedas surprising as the choice of ridge
orientation. They show a higher temperature atvidiey of the longitudinal roughness than
the peak. This phenomenon was explained by theoeuthly the short wavelength and low
amplitude of the roughness and by the moderataianent velocities depending on the slide
roll ratio.

Another important step that revolutionised the nraelelements industry was the addition of
different chemicals that improve the various qigditof lubricants, such as viscosity index
improvers [VII], organic friction modifiers [OFM]r& others that give users the freedom to

experiment in various conditions.

Smeeth et al. [41, 42] study the effects of a raof@olymers on the EHD lubrication,
observing a 15 to 3nm layer deposited betweenvtbecbntacting surfaces. By trying different
polymers and different solutions of oils and usiigF| they detected absorbed layers up to
10nm. A much higher viscosity was observed for ¢haissorbed layers, and the behaviour of
these layers is very different to the bulk oil $wn, the polymers are behaving as boundary
lubricant additives forming boundary films. Usinijferent additives Smeeth et al. [42] show
the effects of viscosity index improvers [VII] ohet EHD lubrication using the same optical
method. They explore the effects of VII solutiongldferent temperatures, observing a much
thicker film than predicted for the VII that havelgr molecular groups. The behaviour seams
to result from the adsorption of polymer molecuweshe rolling surfaces to form an enhanced
viscosity layer of about 5 to 15nm, under thin filmnditions the contact operates within this

viscous material resulting in a much larger filnckmess.
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3.2 Electrical Methods for Evaluating Lubrication in EH D Contacts
3.2.1 Background

Historically, electrical methods, such as voltaggldarge, resistance and capacitance preceded
optical methods for studying film formation in litmted contacts. The main advantage of
electrical methods is the fact that the elastohgginamic contact can be formed between two
steel bodies, which is identical to the contactsmfbin the machine components that work in
the elastohydrodynamic regime. Theoretically, thagp also be used to directly evaluate the
lubrication of real machine components during opi@ena There, are however, some
disadvantages to electrical methods: the resistandecapacitance of the contact depend on
the shape of the bodies, which can only be presumsde the contact, where large local
deformations occur; they are very sensitive topthity of the lubricant and can be difficult to
calibrate. Additionally, these methods only giverage values over the contact area and offer

no direct indication of the local shape of the film

Usually, electrical methods have been used to tigads lubrication phenomena in three
different ways:

1. Film thickness measurement of studied lubricants;

2. Full-film detection conditions of asperity contattgough surfaces;

3. Performance evaluation of lubricated contacts uttieeffect of an electric field.

3.2.2 Measurement of lubricant film thickness

The problem of the lubrication mechanisms of geadrollers was a subject of intense debate
among researchers and scientists throughout ttehfiif of the twentieth century. This debate
was based around the theoretical work of Martir] [43L916, who considered the contacting

bodies’ rigidity and the viscosity of the lubricantdependently of the pressure, to develop a
relationship for the oil film thickness, based be tydrodynamic theory. About three decades
later Ertel-Grubin came with their solution to theblem [9, 10], as shown in the previous

chapter. These theories needed to be experimgntalidated, which was accomplished

through the use of electrical methods.

Experiments carried out by Siripongse et al. [43], dsing voltage discharge, and Crook [46,
47], using electrical resistance, proved that atinaous lubricant film can form even under
extremely large pressures generated in nominally &nd point contacts. Siripongse et al.
focused their study on the relationship betweenwitigage/current characteristics and film
thickness in line contacts [44] and point contgd®§. The main obstacle for getting reliable
results was in the calibration of their technigag the content and size of impurities in the oil
significantly changed the slope of the breakdowtiage/film thickness dependence. They

concluded that the variation of breakdown voltagéh viilm thickness is linear, while the
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variations of speed or load have little or no dffatit. They also established that the standard
concepts of hydrodynamic lubrication and elastjcipgether with the variation of viscosity
with pressure, can alone explain the behavioun@fubricant in heavily loaded contacts.

In a series of papers intended to elucidate thehamésms of lubrication of concentrated
contacts, Crook [47] evaluated the lubricant filmckness formed between lubricated discs,
with parallel axes, using a capacitive method.orgher to avoid the uncertainty introduced by
the true shape of the deformed contacting surfaces by the variation of the dielectric
constant of the oil with pressure, Crook opted &agure the capacitance between a disc and a
stationary, unloaded pad. A schematic of this egipa is shown in Figure 22. The calibration
equation, which relates the capacitance of the padthe film thickness, in the case of

undeformed discs, is given by the relation:

c, = 239n;, )2 (99)

Where hy, is the minimum separation between discs and %38 doefficient calculated by

the author that takes into account lubricant prigei.e. dielectric constant.

L thrust

Figure 22: Crook’s disc machine [47]

Figure 23 shows a comparison of the calibratiorvesiobtained, in similar conditions, with
Equation 99 and the more accurate relation foun®yson et al. [48]. This graph shows how
sensitive the electrical methods are to the caltmgrocedures.

Crook’s results showed that at low loads, the fihitkness is proportional to the speed and
inversely proportional to the load, as predictedartin’s original equations, but the absolute
value detected was half of the theoretical valée¢.large loads, however, the measured film
thickness exceeds the theoretical values. Croakhathlighted the importance of the variation

of the viscosity with pressure and of the elastifodnation of the surfaces.

-62 -



Marian D. Furtuna

1.E-02
——Crook

m .
S . — —Dyson, Naylor, Wilson
5
a \\
c \\
S 1.E-03
<
£
©
=
ks
[O)
X 1 E-04

1.E-05 .

1.E+02 1.E+03 1.E+04

Capacitance [pF]
Figure 23: Calibration curves for film thickness vesus capacitance [48]

Further experimental evidence was given by Arctard Kirk [49] who measured both the
resistance and the capacitance of the contact batwess axes cylinders. Electrical circuit
schematic of their apparatus is shown in Figure Pdey showed that the electric resistance of
the contact indicates a film thickness far gredbem that corresponding to the thickness
calculated by the hydrodynamic theory for rigid faoes and iso—viscous lubricants. The
results indicated the existence of a hydrodynarific &t loads which would be capable of
causing plastic deformation to the hardened smedimens. Capacitance measurement of the
contact over a wide range of loads, surface ve&scand lubricant viscosities led Archard and
Kirk to the conclusion that the thickness of thasebhydrodynamic film is proportional to the
lubricant viscosity, surface velocity and radiustieé contacting surfaces, according to the

relation:

hi (00)0-57 \/ 055 R0-62 (100)

-63 -



Marian D. Furtuna

MWW 5
R1 OO
o |

D.C.

- 2V R2§ g QSpecimens Amplifier| | -0

D"j—

108
[
Q
g —
%cf
2 ¢
L o ]
%g 10 i
% O |
5 2
o z

I
[:I_ W

Figure 24: Electrical resistance measurement setugnd pattern of the recorded signal [49]

Apart from fundamental studies on the lubricatibmatlers, electrical methods have also been
used to estimate the film thickness in systems,revioptical interferometry is impracticable,
such as gears, cams/tappets, the contact betwstm-giing cylinder of internal combustion

engines and plain hydrodynamic bearings.

MacConochie and Cameron [50] started their studglentrical resistance from the premise
that it cannot yield quantitative measurements dtastohydrodynamic film thicknesses.
Instead, they used the discharge voltage to mediserthickness of the lubricant film formed
between straight spur gears’ teeth. The electrouic employed was quite simple, using a
cathode-ray oscilloscope to detect the dischariagefor a certain pair of teeth, detected by
a magnetic marker. A constant current was obtabedonnecting a battery with a variable
resistance. They studied the effect of load ahdiscosity on the film thickness variation in
various points of the meshing cycle. The resuitsrgd a considerably thick film at the pitch
line, and also that the film thickness varies acaljttle with the viscosity of the oil and rather
more strongly with the load. Later, lIbrahim andn@aon [51] use the same experimental

arrangement to study the scuffing phenomena insgear

Cameron and Chu [52] showed that when the lubdoategime is not mixed and there is a

lubricant film between the two contacting surfadés, resistance of the oil film can vary from
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10%ohms down to 1ohm. At higher resistances, theageltdischarge shows the presence of a
quite sizeable lubricant film.
Similar to gears, cam/tappet contacts are chaiaeteby a large variation of load, velocity
and geometry. This makes it near—impossible tastigate their contacts using optical
methods. Instead, electrical resistance and dapaei of the contact have been quite
intensively used by various researchers to evatha&téubricant film thickness in such systems.
A comprehensive study of the transient elastohyghrathic lubrication involving both
entrainment and squeeze, with application to capét mechanisms was conducted by
Vichard [53]. The study used the capacitive metlimodrder to experimentally validate

theoretical results obtained previously by Dysoalef48].

Van Leeuwen et al. [54] also studied the cam/folovubrication in a specially designed
experimental set—up which employed resistance deroto detect full film conditions and
capacitance measurements to estimate the filmribgk while the local temperature in the
contact was also measured using sub-surface treesduln order to measure the capacitance
they used a modified SKF Lubcheck instrument. their particular testing conditions and
lubricant, a film thickness variation of betweer8 @nd 1.8 micrometers was detected, as

shown in Figure 25.

()

A — O

TN T ()

0.0 1.0 6 2.0

—

Figure 25: Film thickness in a cam/follower contac{54]

A great deal of research effort has been put ih® measurement of the lubricant film
thickness in the contact between the piston ring eylinder liner of internal combustion
engines. Furukama and Sumi [55] use two methodsvaduate oil film thickness of the

piston—ring. One is to measure the electricaktasce/capacitance of the contact between the
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cylinder and the piston ring, and the second iméasure the circumferential displacement of
the gap of the piston ring. They concluded thaimedion of the film thickness by direct
measurement of the electric resistance and capaeitaetween the cylinder and ring is very
difficult, due to metallic contacts between thesenponents. Despite this, the second method
did allow the authors to successfully evaluate fim thickness, with the results showing
minimum film thickness at top dead centre (TDC) dmttom dead centre (BDC) and
maximum at mid stroke. They also showed that iine thickness is proportional taU/W,

wherey is the viscosity of the oil) is the speed and/ the load.

Hamilton and Moore [56, 57] were able to overcamehe difficulties Furukama and Sumi had
encountered by employing a flat capacitive probe cd very small diameter (1.25mm), and by
doing so, were successfully able to use capacitarmeasurements to evaluate the film thickness
between piston ring and cylinder. The arrangementised by Hamilton and Moore is shown in
Figure 26.

Cylinder

Piston
1| ring

Piston

—f

Figure 26: Arrangement of capacitive sensors for nasurement of ring oil film thickness [56]

The capacitance is calibrated against a separbgbmeen plates, which is measured using a
surface profilometer. The film thickness detectes in the range of 0.4mm to 2.5mm, and
they concluded that the lubrication mechanisms istop/ring systems are essentially

hydrodynamic.
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Sherrington et al. [58] describe the principle gfemtion of a novel capacitance based
transducer which is employed in a bench mountdabttirarger to identify oil leakage from the
“piston—ring type seal at the turbine end of the shaft. Thadducer developed by
Sherrington et al. [59] is used to accurately memasnd monitor lubricant film thickness in an

internal combustion engine and is presented inreigu.

Signal collection point Capacitive
B sensor detail

Capacitive
Sensor

Capacitor
plates

Figure 27: Experimental setup film thickness measwegments between a piston and a cylinder [59]

Later research conducted by Grice, Sherrington. §6@] described the designing and testing
of a capacitance transducer to accurately measuhediynamic oil films over the range of
0.5um to 2@um. The transducer is based on the parallel plapaditor theory which states
that:

r (101)

Film thickness measurements were obtained by mieastive capacitance between the liner
surface and the ring profile under investigationhey observed that the oil film thickness
remained constant, regardless of the transduceitiggpsphenomenon, as observed by
Hamilton and Moore [56, 57]. Accuracy was verifieg employing different types of piston

rings, a parallel faced compression ring and arebeng. The obtained results showed that

the method is precise enough to observe differeaingtries of piston rings.

A review paper on multiple methods for measurifdilon thickness between piston rings and
cylinder liners was again written by Sherringtod][6 Among the many electrical methods
described by the author, worth mentioning is eieatrresistance (which involves electrically
insulating a ring or portion of a ring, connectingsmall DC voltage and using a bridge
arrangement to measure changes in resistancd)ednductance method (that uses some of

the most responsive sensors to measure film théskmed temperature). The capacitance
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method described there is similar to the one usg89] to measure the film of oil between a

piston ring and a cylinder liner.

Figure 28 gives a more detailed view of a capagitransducer mounted in the cylinder liner
of an internal combustion engine with the addecefiethat that the amount of lubricant can

now be controlled by using a ring pack lubricatiystem.

Cylinder
wall Assessment of
oil condition
Oil film On line
thickness calibration
transducer
Piston Sianal PC Secondary
rng \gnal LI Control |— measurements
face conditioner on engine
Ring pack
lubrication
system User
interface
Oill
injector

Figure 28: Lubrication control system for large twostroke marine diesel engine [61]

In their paper in 2001, Ducu et al. [62] developeatew type of capacitive probe for measuring
film thickness between a piston ring and a cylinfierinternal combustion engines. Before
starting the tests, the authors knew that the mmeasuvegion needed to be flooded and the
dielectric constant of the oil had to be known.teAftrying different types of probe shapes,
they concluded that a rectangular shaped probe thaveest results. The research focuses on
designing the capacitive probe; hence a lot ohtitie was given to insulating, eliminating and

optimising the capacitive probe, rather than tgsinmultiple conditions.

In 1974 Karastelev et al. [63] measured the filowflthrough a 20mm tube by inserting a
0.2mm diameter needle in the tube and measuringcdpacitance using a low frequency
amplifier. They claimed that the accuracy of measguthe thin film thickness increased with
an increase in frequency and voltage, but the &rfijjlen thickness which could be measured
decreased appreciably. The method was sufficieatigurate to measure film thicknesses

higher than 0.5mm.
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Severens et al. [64] presented a new approach asumi@g a thin film by measuring the phase
shift of a capacitive transmission line. Althoutite authors used amorphous—hydrogenated
silicon, the method is interesting because no wivege attached to either of the capacitor
plates. They focused mostly on the design of tlethod and the results were based on
different electrode dimensions. They concluded the electrode width must be significantly
larger that the measured gap.

In their paper Zheng et al. [65] optimised the &leparameters of the capacitance-resistance
oscillation and developed an instrument for meaguiHL oil film thickness. The results
found, agreed with the theoretical results derifredh calculations, with an increase in film
thickness, leading to a decrease in the measugtitance. Figure 29 and Figure 30 present

the electrical and experimental setup represemntatitized by Zheng.
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Figure 29: Wien’s bridge used by Zheng to measureHL oil thickness [65]
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Figure 30: Zheng et al. experimental setup [65]

Nakano and Akiyama [66] developed a new inductiethod for measuring oil film thickness
for loaded boundary film between metal surfaceseiinploying a metal surface and a mercury
bath to minimize the effects of surface roughndsthe two contacting bodies, as shown in

Figure 31. Oil is squeezed between the two susfacel the time evolution of lubricant film
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thickness and coverage was recorded using compipgdance analysis. The authors found

that the coverage is proportional to the film tmieks squared in a range of 2nm to 40nm.

A(l'B)S . - &
BS (1B)S
Steel
Oil film d c—— R R |2
Mercury
| S L V
Physical model Equivalent electrical circuit

Figure 31: Steel—oil-mercury system [66]

Wilson [67] uses a new capacitive method to meatheegrease film thickness in an entire
bearing. The aim of the Wilson’s research is toellgy a method for measuring the thickness
of grease films between rollers and rings, to camphe thicknesses of filmormed by a
grease over aange of speeds and temperatures, with those peddior its base oil and to
ascertain whether grease fillnecome thinner with time, in bearings that wereitaied only

at the start of a prolonged period of running tine bearings plentifully supplied with grease,
Wilson found that the lubricating films were abd@0-25 percent thicker than predictions.
When not replenished, the grease films rapidly mecthinner than predictions for the base oll
and for the same speed and temperature, beariogdefl with the base oil ran hotter than
grease—lubricated bearings affected by starvaliba.setup used by the author is presented in

Figure 32.

100kHz

Detector
100kHz

Capacitance
bridge

Figure 32: Diagram of the Capacitance Bridge and a®ciated equipment [67]
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lulius and Dusulita [68] measured the oil film tkiess in an anti—friction bearing, using a
capacitive method. They concentrated more on titeah method of measuring the film
thickness and did not show any actual results obthivith their method. However, the main
conclusion of their tests was that high valuesagfacitance that correspond to very thin film

thicknesses cannot be measured using the expedhmethod developed by them.

3.2.3 Detection of asperity contact in mixed regime

Due to its simplicity, the electrical resistancetihoel was also used relatively considerably for
the study of the mixed lubrication regime. Theatfinotable work on resistance was conducted
by Furey [69]. He used a test rig in which thetansaneous and average resistance of a
contact formed between a fixed ball and a rotatiyiinder are measured. The resistance of
the contact was found to oscillate rapidly betweery low and very high values, suggesting
metallic contacts and full film conditions, typidal the mixed lubrication regime. Frictional
force was also recorded simultaneously. Theserawpats allowed Furey to investigate the
lubrication regime in a wide range of film thicksege. from 0-100% metallic contact, which
correspond to hydrodynamic and boundary regimesentvely. He stated a value of 104
ohms as a criterion of fluid film lubrication, whiés considered by Chu and Cameron [70] as

arbitrary.

Tallian et al. [71] modified and refined Furreyechnique to accommodate the measurement
of electric conductivity of the elastohydrodynangigntacts in a four—ball tester as shown in
Figure 33.

Contactor Oscilloscopg
monitoring
switch
D.C. V)
voltmeter
D.C.
Amplifier
50-300K2 15wl
Voltage
calibration
_ Oscilloscope
Electronic counter
with discriminator

Figure 33: Schematic of Tallian’s conductivity testircuit [71]
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They compared, measured and computed values adufraion and frequency of electrical
contacts between specimens and extracted estiofates average film thickness as a function
of speed and load. Palacios [72] also evaluatedticurrence of metallic contacts in a four—
ball tester using the electrical resistance tealmiq He correlated the out—of—contact
roughness with the number of contacts per unit @me& monitored their evolution during the

running—in process.

Napel and Bosma [73] studied the effect of theaafroughness upon the measurement of
elastohydrodynamic film thickness using a capaeithethod. They tested a linear contact and
observed that there is a marked deviation of thasmed film thickness and theoretical values
predicted by the Dowson and Higginson formula. &her was attributed to the calibration of
the film thickness against the capacitance estidn&be a capacitor with perfectly smooth

surfaces.

Guanteng et al [74] correlated electrical resistanith the lubricant film thickness and the
friction force generated in a mixed lubrication ireg EHD contact. They used optical
interferometry to map the film thickness acrossdbetact and directly interpret the electrical
contact resistance in terms of film thickness thstion. A schematic of their electrical circuit

is shown in Figure 34.
+5V
% 16 mV
AMP ADC

Glass disc

' Qil
Chromiun/
coating @ Steel ball

Figure 34: Schematic of the electric circuit [74]

|
T

They found that there is a threshold film thicknbs®w which asperity contact occurs inside

an EHD contact, dependent on the lubricant progeeind the roughness parameters.

Lord and Larson [75] explored the film formation lehse and fully formulated gear oils in
mixed lubrication regime, by measuring the impedard the contact. Their method
automatically supplied simultaneous values of #sistance and the capacitance of the contact,
the former describing the amount of metallic conted the latter showing the separation

between the surfaces.
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3.2.4 The effect of an electric field upon lubrication pfenomena
The application of electrical methods for the staflfilm thickness in lubricated systems has
led to detailed studies on the behaviour of lultiticafilms subjected to an electrical field and
those aimed at the evaluation of the dielectriqppribes of lubricants. All these approaches
are related to each other, as it seems that tlotrieléield can change the frictional behaviour
of lubricated contacts, which in turn modifies theat generated through friction, the viscosity

of the lubricant and consequently the film thickses

Studies on the effect of the electric field upoa tifie of rolling elements bearings have long

been researched [76-79]. These studies have fbawséhe occurrence of pitting stimulated

by the passage of the electric current throughb#erings of electrical machines. Kure and
Palmetshofer [78] stated that the risk of damagrigcwhen the voltage exceeds 0.5V or the
current flow is more than 0.1A/nfmwhilst Prashad [79] has found that voltages as as

200mV can cause failure of the rolling elements.

Yamamoto et al. [80] studied the effect of the amplvoltage upon friction and wear

characteristics in the mixed lubrication regime.hey used a ball-on—pin arrangement,
focusing on the friction characteristics of elagtbtodynamic contacts in various regimes of
lubrication, in the presence of an electric field. schematic of the electric circuit used to

detect the film thickness is shown in Figure 3%hey found that the presence of the electric
field caused an oxide film to form at the anodeesihich changes the friction and wear
pattern on the specimens, whilst the element caadeo the cathode showed abrasive wear.

These findings can actually help to obtain favolg@bnning—in.

R, Rs

— AWV
W Recorder

4KQ

12V —]—15V

Circuit 1 Circuit 2

Figure 35: Electrical circuit for measuring the degree of separation between specimens [80]
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They also concluded that the presence of an aldattd promotes the breakdown of the EHD
film in full film conditions, whilst in mixed anddundary regimes frictional characteristics can

be improved by the presence of an electric field.

Luo et al. [81] have investigated the formation asflered layers in elastohydrodynamic
contacts subjected to an external electric fielchey found that film thickness and friction
coefficient are related to the voltage applied. stfonger electric field will produce thicker
films in pure rolling conditions, while increasirige friction coefficient under pure sliding.
Xie et al. [82] studied the lubrication phenomenahie bearings of electrical motors, (which
are inherently subjected to an electric field) agported the formation of gas bubbles in EHD

film.

Carey [83] analysed the effects of additive presandubricants and the influence of additives
on the dielectric constant of oils. He concludedt tby constantly monitoring the dielectric
constant of lubricants in operating systems, thalityu of oils, presence of different

contaminants, and therefore the lubrication regiare be continuously checked.

Rococea et al. [84] presented the effects of antrédal current passing through angular
bearings. They tested several grease lubricantifferent conditions, such as normal load
and speed in order to determine which has the daigduence on the passing of electricity
through the bearings. For different types of loénts, the electrical resistance varied
considerably due to the different chemical composét of the grease. By testing a wide range
of loads, Rococea et al. concluded that with ameg®e in load, (and implicitly in contact

diameter), the discharge voltage decreases and wheed is varied the discharge voltage

increases with an increase in speed, due to aedserin lubricant film thickness.
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3.3 Other Methods for Measuring Lubricant Film Thickness

3.3.1 Ultrasound

A new method based on the reflection of the ulmasiofrom a liquid layer situated between
two solid bodies makes possible the deduction bfi¢ant film thickness by comparing the

frequency spectrum of the reflected pulse with tfahe incident pulse [85]. This reflection

depends on the ultrasonic frequency, the acoustipepties of the liquid and solid, and the
layer thickness. If the wavelength is much gredtan the liquid—layer thickness, then the
response is governed by the stiffness of the ldf¢he wavelength and layer thickness are
similar [85], then the interaction of ultrasoundtiwihe layer is controlled by its resonant
behaviour. The EHD lubricant film that forms betweeball sliding on a flat surface was also
measured ultrasonically. The measured results agedewith theoretical predictions, taking

into account the greatly increased speed of somrmligh the lubricant when it is under high

pressure. Equation 102 presents Dwyer—Joyce é5algdpproach to measure lubricant film

thickness.
R=4"2% (102)
z+7z
Where:
T=1-R

R — reflection coefficient
T — transmission coefficient

z— acoustic impedance of the media

A big similarity between the optical method and tigeasonic method is obvious, as the light
intensity is equal to one and the sum of both c#ifb@ and transmission coefficient, i.e.
|=R+T (103)

Butl = 1, therefore:
T=1-R
| — intensity
R — reflection coefficient

T — transmission coefficient

The methodology used by Dwyer-Joyce et al. [85] wagable of measuring films in the
range 50-500nm. Figure 36 shows an ultrasonic kmai typical lubricated contact which
represents the three layer system consisting ef-dtdricant—steel. An ultrasonic transducer
was mounted on the bearing raceway and the pufezted from the lubricant layer as the
ball passes was recorded. Again the measuredgemyieed well with what was predicted

theoretically.
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Figure 36: Schematic representation of an ultrasoribeam incident on a lubricated contact [85]

A lubricant—film monitoring system for a conventaeep groove ball bearing is described in
[86]. A high—frequency ultrasonic transducer isumi@d on the static outer raceway of the
bearing. The transducer is focused on the bakwayg interface and used to measure the
reflection coefficient of the lubricant in the “dact” ellipse between bearing components.
The reflection coefficient characterizes the luénic film and can be used to calculate its
thickness. An accurate triggering system enabldgipte reflection measurements to be made,
as each lubricated contact moves past the measotrdémeation. Three contaminant materials
(acetone, water, sand) were separately added tiitthieant to initiate failure of the bearing.

These contaminants simulated common failure meshanithat can occur in real life

conditions. The ultrasonic reflection coefficientbration, and temperature were recorded
under these three failure scenarios. The ultrasaflection coefficient measurements were
shown to provide useful diagnostic information b failures, as well as an early warning

signal.

J. Zhang et al. [87] describe an experimental aiparand procedure for the calibration of the
ultrasonic lubricant—film thickness measurementhibéque. The calibration apparatus is
demonstrated on a three layer steel-mineral-o@-sigstem. In industrial bearings systems
the lubricant—film thickness typically ranges fr@i—-10@m. The calibration apparatus uses
a high precision piezoelectric displacement traosleo controllably displace one of the steel
surfaces relative to the other and hence altetuiwécant-film thickness by a known amount.
The response of a lubricant film to an ultrasonitsp can be predicted using either a spring—
layer model or a resonance—layer model. Practjoaelines for use of the calibration are

then defined and calibration is demonstrated erpantally over the range 0.5—L8.
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Reddyhoff et al. [88] uses three methods for meaguthe oil film thickness between a
mechanical seal and glass/steel disc. They us®glectric transducers mounted on the seal
ring equally spaced at 120° to provide some rechndaf the test sensors. The ultrasonic
measurements were compared with known optical aphdtive measurements and were
found to give good results and even predict sallréa A schematic representation of the
setup used by Reddyhoff et al. [88] is shown iruFég37.

Glass disc )
Lubricant
% film
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Figure 37: Experimental setup for ultrasonic lubricant measurements [88]

3.3.2 Laser induced fluorescence
Another optical method used for monitoring and meiag the lubricant film is Laser Induced
Fluorescence (LFI) method, which was studied thginbuby [89—-92].

The measurement of liquid films from 10—-60um thickye been studied using photo—chromic
dye activation by F. E. Hoge [89]. The methodize# the change of the dye from a colourless
form to a coloured form when irradiated with a dfyecwavelength. Based on the
characteristics of the photo—chromic dye, wheniekén liquid film is irradiated with a beam

of a fixed intensity, the colour will be darker laese the number of dye molecules increases at
a fixed dye mass fraction. The results show thatltest wavelength to be used with this dye
is 340nm, since at this wavelength the dye gives dptimum excitation and absorbance.
Successful film thickness measurements were olutdirethe proposed oil types. The results
obtained show that for a highly absorbent oil theximum absorbance happened at a oil film

thickness of 100um whereas for a lower absorbdreenax film thickness goes up to 1mm.

Another laser method [90] describes the calibratidna technique allowing quantitative
measurements of industrial coatings with thicknessesmall as 10-20nm. Wax films doped

with a fluorescent rhodamine dye were depositedrbglectro—spray method onto an optically
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flat surface of aluminium—coated glass, as showrignre 38. The films were of 220-450nm
peak thickness, which were measured with an opgpioafilometer using laser triangulation.
Fluorescence emitted from the samples was measisiag a fibre—coupled probe with laser
excitation and spectral detection (Figure 39). Tlherescence emission was shown to be
reduced by a factor of ten by the presence of theiaium layer. The calibration yielded
thicknesses of industrial foil release coatingeduined by on-line fluorescence measurement
that were in agreement with thicknesses estimatad bulk measurement of the take—up of

solution in the coating process.

Profilometer head

Doped wax film
Aluminium Coating

Glass slide

Figure 38: Schematic diagram of a profilometer scawf a calibration slide [90]
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Figure 39: Calibration sample with a maximum wax thckness of 255 nm [90]
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In order to allow quantitative determination of fmmature and film thickness in internal
combustion engines (ICE), Ostroski used of a flsoeat dopant molecule to enhance the
natural fluorescence of motor oils [91]. Measuretaeof the fluorescence as a function of
temperature were made with unaltered Mobil 1, aidt®ns of the dopant BTBP in mineral
oil and Mobil 1. It was found that the fluorescenaf Mobil 1 varied by up to 30% with
temperature, but the spectral characteristics wanaffected. This made the direct
determination of the temperature, which would all@wemperature correction to be made to
the fluorescence, impossible. A solution of BTBPineral oil exhibited a marked increase
in fluorescence yield with temperature. Additidpathe spectral content was found to change
with temperature, allowing a direct determinatidntioe oil temperature for temperatures
above 40°C.
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4 EXPERIMENTAL METHODS EXPLORED BY THE AUTHOR

4.1 Optical Interferometry 2

4.1.1 Introduction:

The lubrication of rough surfaces has been a fetussearchers in the field for many years
now. A good deal of work has been carried outegitin the experimental or on the theoretical
sides of the research. From the experimental mdimtew it is obviously more convenient to
study the lubrication of artificial roughness featisuch as ridges, bumps or dents rather than
real, random roughness. The advantage of modghrmss features is that they are well
individualized, located, and characterized, thibmparison of the surfaces geometry inside
and outside an elastohydrodynamic contact can lieenmEhe studies carried out so far have
focused on the effect of the geometry of the feetwand that of the entrainment speed. No
detailed experimental work on the effect of thericdmt properties on the behaviour of the
EHD films has been performed, to the authors’ kmolge. The present study uses the optical
interferometry method to measure the EHD film thieks between a flat disc and a ball on
which artificial ridges have been sputtered. Twbricants, with different viscosity and

pressure/viscosity coefficient are used in a raofgeessures and entrainment speeds.

4.1.2 Experimental Set Up and Procedure:

The method used in the present study, for measthimglastohydrodynamic film thickness, is

the optical interferometry. A schematic of the eximental set—up is shown in Figure 40. The
contact is formed between a transparent, flat distt a steel ball, on which the roughness
features are deposited. A number of six ridgespsghlength extends well beyond the

diameter of the contact and one very short, weuttesed on the surface of the ball. This will

allow locating exactly the position of the eachtfea inside the contact, for comparison with

its geometry outside the contact. The maximurglitedf the asperities is 85 nanometres and

they are approximately of sinusoidal shape.

[92] M. D. Furtuna, R. P. Glovneah Experimental Investigation into the Effect obticant
on the Local Film Thickness of Artificial RoughneBgature$ Proceedings of the
STLE/ASME IJTC 2008, Miami, Florida

-80 -



Marian D. Furtuna

High speed
CCD camera

: Laptop
Microscope )
P Light
<< source
Coated dis
y———\
| |
Steel Ball

Loading syste

!

Figure 40: Experimental set—up

The disc is coated with a thin, semi—reflectiveothium layer and a spacer layer made out of
silica, approximately 135 nanometres thick. Whight is used in this technique, which means
colour interferometric patterns are analyzed adogrtb calibration curves, which relate RGB
of each pixel of the image to the separation betvtke ball surface and the chromium layer.
Two discs were employed in this study, one madglads, with elastic modulus about 75GPa,
and the other of sapphire, with an elastic modofuabout 370GPa. Loads of 20N and 30N
were employed, which gave, with the two glass aqpbire discs, pressures of 0.5GPa and
1.1GPa respectively.

Both the disc and the ball are driven by DC coltgmbimotors at desired speeds such that a

combination of rolling and sliding rolling condite can be set.
The lubricants used are a polyalphaolefin (PAO) angdolyphenyl ether (5P4E), with the
relevant properties, at the temperature of thestdisted in Table 2. The pressure/viscosity

coefficient was estimated from film thickness teatssuggested in [93].

Table 2. Lubricant properties

Lubricant n [Pass] o[GPa']
PAO 0.121 19.5
5P4E 0.068 26

The tests were carried out at 60°, temperaturéniiwvboth lubricants gave similar smooth ball

film thickness, at low values of the entrainmergegh as seen in Figure 41.
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Figure 41: Smooth surfaces film thickness

4.1.3 Results and Discussion:

Figure 42 shows the profile of the separation betwie ball and the glass disc, for both 5P4E
and PAO, at a speed of 40mm/s, in pure rolling @mts. The striking difference between the
two oils is the amplitude of the film thickness i@éion. For the high pressure/viscosity
coefficient oil, the 5P4E, the amplitude is abdttof the undeformed height of the asperities,
while for the low pressure/viscosity oil, PAO, tlaenplitude is about 70 percent of the
undeformed height. A possible explanation of tekaviour is fluid leakage from the valleys.
The high pressure/viscosity coefficient of 5P4Eulssin a very large effective viscosity,
which make it very difficult to escape at the phegdes. At the same time PAO has an
effective viscosity inside of the contact of mohan ten times lower, thus is more likely to
leak away from the contact.

The results for pure rolling and similar entrainingpeed, but with a sapphire disc, are shown
in Figure 43. The trend observed for glass, he.dompression of the asperities is greater for
the low pressure/viscosity coefficient oil, is nmtained for this new conditions. On the other
hand, both oils show greater compression of theréss, than was the case of the glass disc,
which can be expected, as in the case of sapplse the pressure is at least double in

comparison to glass.
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Figure 42: Film thickness for glass disc, 20N load
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Figure 43: Film thickness for sapphire disc, 30N lad

4.1.4 Conclusions:

Optical interferometry has been used to investigageeffect of lubricant properties upon the
behaviour of the elastohydrodynamic film in the gemece of artificially created ridges,
transversally oriented relative to the rolling diien. It has been found that, in pure rolling
conditions, the lubricant with lower pressure/visitp coefficient shows the amplitude of the
asperities, inside the contact, about 70 percetitaifmeasured for the high pressure/viscosity
lubricant. This can be attributed to side leakalgthe lubricant through the valleys separating

the ridges.
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4.2 Experiments on Grease Lubrication by Fluorescence

A number of experiments have been carried out ley abthor on an exchange program
between Brunel University and Kyushu Universitydapan under the supervision of Professor
Joichi Sugimura. The results obtained in this ergegprogram are being analysed and will be
published in a paper.

The main objective of this investigation was tataih an alternative method, to optical

interferometry, for the calibration of the elecaicapacitive method.

4.2.1 Introduction:

It is important to be able to observe and measubddating films in order to understand the
mechanism of film formation and breakdown in thexewxi and thin film regimes. Many
methods have been developed over the years stasitfigelectrical and going to optical
methods, the ultra thin film interferometry methisdone of the most used today due to its
precision to measure accurately film thicknessesndim one nanometre thick.

The disadvantage of the UTFI method is that thetamiimg surface has a semi-reflecting
coating sputtered on it to provide the necessaps@lthange, this reflecting layer is fragile
and it worn down quite fast when sliding conditi@msl very thin lubricant film are measured.
The alternative to this optical method is to usefféscence, where a thin film even smaller
that the light wavelength can be visually detedtétdemits fluorescence light [94].

The great advantage of the fluorescence technitieat it does not require a coating of the

specimens in contact, making it ideal to employeseliding conditions.

4.2.2 Experimental Set Up and Procedure:

A fluorescent substance absorbs radiation at aiocertavelength and re-radiates some of the
absorbed energy at a lower wavelength [95], theseelgngths depend on the electrochemical
properties of the substances. In most cases thmupt absorption is the wavelength in the
ultraviolet region. Contact between a sapphire digt a steel ball was employed.

The resulting track on the sapphire disc was aedlysing Fourier Transform Infrared (FTIR)
spectroscopy. The setup for this stage of the ie&ising presented in Figure 45.

Figure 44 shows a schematic representation ofetterig. A sapphire disc is being span by an
AC servomotor, which is controlled to have constsmeed. A steel ball specimen with the
diameter of 15 mm is pressed against the sappbiface; the ball is also driven by an AC
servomotor to achieve controlled pure rolling amdisg conditions. The contact is being
lubricated using fluorescent grease described bieTa

In order to illuminate the contact surface and iobtBuorescence from the fluorescent
substance in the ultraviolet region, a 100W higlspure mercury lamp has been used. The
microscope is also equipped with a filter unit tbamsists of an exciter filter, a dichroic mirror

and a barrier filter. The filter unit allows onham of the light to pass, which is strongly
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absorbed by the fluorescent substance, while atigwily fluorescent light that has a longer
wavelength than the absorbed light wavelengthgtaibwed by the observer.

The contact is observed using a B&W CCD camera;réoerded images will be analyzed
using a piece of software. The test speeds haven lept constant thought—out the
measurements the test conditions are presenteabile #. The experiments were carried out in

a clean room were the temperature was kept at stanatrof 22°C.

Table 3: Grease properties

Grease Base oll Viscosity of base oil Thickener Consistency
[cSt] @ 40°C [Yowt]
1. Poly-alpha- olefin 30 di—-urea 13.4
2. Poly-alpha- olefin 30 LiSt 12
3. Poly-alpha- olefin 400 LiSt 12

Table 4: Test conditions

Speed [m/s] Slide/roll ratio
Pure rolling
0.05 0.2
0.4

The test pieces were cleaned in hexane and acet@meultrasonic bath and air dried. A new
grease sample was used every time for each test-TIR tests were run several times to

check repeatability.
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Figure 45: Schematic representation of the infraredpectrometer
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4.2.3 Results and discussion

The grease supplier states that the thickener iuseDi—urea has fluorescence properties. The
aim of the entire research was to see if film thess measurements can be obtained without
any additional mixes with various chemicals thatéhluorescence capabilities. Figure 46 and
Figure 47 present the images captured for the Ba-grease in static conditions. As it can be
observed from the Figures 48-51 the image quabigded to measure film thickness is not
very good compared to work done by previous rebeasc/94-95] the conclusion was that an
additional chemical with fluorescence properties waeded, therefore Pyrene was employed
as a fluorescencebbostel. After this conclusion was reached the entire jggb was
overturned and a different approach was needed néheaim of the research was to see the
influence of the thickener on the contact oil regament and the influence of different oil

viscosities on the lubrication process.

Figure 46: Green light image of the contact beforéhe tests using Di-urea grease
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Figure 47: Fluorescence image of the contact befotke tests using Di—urea grease

Figure 48: Di—urea grease pure state Figu9: Di—urea grease pure state
One minute into the experiment Ten minutemto the experiment

Figure 50: Di—urea grease pure state Fige51: Di—urea grease pure state
Twenty minutes into the experiment Forty nmutes into the experiment
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The di—urea grease used in the initial tests datgrovide normal fluorescence photos to
analyze the film thickness; the reason behind phisnomenon is that only the thickener has
fluorescence properties not the oil thus makingdsgible the measurement of lubricant film
thickness between the two contacting bodies.
In order to overcome these problems, a new greagédden developed. The grease was mixed
with a special chemical, Pyrene. This chemical tiay good fluorescence properties and
provided good images for observing the lubricapomcess. The Pyrene concentration used in
the grease was 1%wt. The new aim of the reseaashtavsee the influence of the thickener on
the contact oil replenishment and the influencalifferent oil viscosities on the lubrication
process.
The pictures taken for Lithium Stearate grease RO base oil that has a viscosity of 400cSt
at a temperature of 40°C and thickener concentratid 2%wt are presented in Figures 52-57.
The problem encountered here is that the oil visg@s so high, that even after over one hour
of running, there was no noticeable difference lketwthe captured images. This phenomenon

can be observed in Figures 54-57.

Figure 52: LiSt grease PAO 400 Figure 53: LiStrgase PAO 400
Green light image taken before the tests Fluoresnee image taken before the tests

Figure 54: LiSt grease PAO 400 Figure 55: LiStrgase PAO 400
First minute in the experiment Ten minutes in theexperiment
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Figure 56: LiSt grease PAO 400 Figure 57: LiStrgase PAO 400
Twenty minutes in the experiment Forty minutes inthe experiment

Grease with a base oil that has a smaller viscosityemployed to see if the lack of difference
between the captured images is due to the base# dile to the thickener. The grease used in
the next batch of tests is also Lithium Stearatkteas a PAO base oil with a viscosity of 30cSt,
at a temperature of 40°C and thickener concentraifol2%wt. Again no difference can be
observed for images captured at a certain timedrdrhe photos taken for a static contact are
presented in Figures 58 and 59.

Contact fringes can very well be seen for the grégint image, but not very clear for the
fluorescence one; fringes are much better obsdnresl moving contact than for a static one in
the fluorescence setting. This phenomenon is atgtbto a thicker film thickness trapped in
the static contact. The captured images showdh&ct fringes indicating a thinner lubricant
film, caused by a much smaller viscosity of theebais and are presented in Figures 60—63.

Figure 58: LiSt grease PAO 30 Figure 59: LiSt grase PAO 30
Green light image taken before the tests Fluoresnee image taken before the tests
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Figure 60: LiSt grease PAO 30 Figure 61: LiSt grase PAO 30
First minute in the experiment Ten minutes in theexperiment

Figure 62: LiSt grease PAO 30 Figure 63: LiSt grase PAO 30
Twenty minutes in the experiment Forty minutes inthe experiment

Images from the disc and the ball using green dnaviolet light were taken for analysis after

the tests were finished and are presented in the€$ 64—67. It can be observed that the track
left on the disc surface, as well as the one Ieftte ball surface, is prominent; the edges of
the track give us a better understanding of theidaht replenishment mechanism that takes

place during the contact.

j"
Figure 64: LiSt grease PAO 30 Figure 65: LiSt grase PAO 30
Green light image of the disc track Fluorescenceage of the disc track
after the tests were finished after the tests werfinished
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Figure 66: LiSt grease PAO 30 Figure 67: LiSt grase PAO 30
Green light image of the ball track Fluorescenceamage of the ball track
after the tests were finished after the tests werfinished

The ‘river” like shape of the track edges shows the wayubedant and thickener make their
way back into the contact area. The high conceatratf thickener and oil can be observed in
both images, but the fluorescence image shows dulosicant thickness just at the edge of the

track, represented by a darker band on each sitle dfack.

A comparison has been done between the greasesshdhe same thickener, same base oil
with different viscosities; images are presenteBigures 68%1.

It can be observed that the thicker i.e. the madseous base oil, gives us a much better
lubrication replenishment mechanism, as it candss sn both Figures 69 and 71. There is a
much thicker lubricant film on the track as comphrte the oil with a lower viscosity,
observed in Figures 69 and 70. The lubricant fafiter the track was examined, shows to be

clearly thicker for the grease with the base althas a higher viscosity.

Figure 68: LiSt grease PAO 30 Figure 69: LiSt grease PAO 400
Green light image of the disc track Green lightmage of the disc track
after the tests were finished after the tests werfinished
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o

Figure 70: LiSt grease PAO 30 Figure 71: LiSt grase PAO 400
Fluorescence image of the disc track Fluorescenteage of the disc track
after the tests were finished after the tests werfinished

Another approach had to be taken after tests shthetdi—urea thickener did not provide the
necessary fluorescence for the lubrication mecharts be analysed. To overcome this
problem, a special chemical with fluorescent properwas employed. The grease was mixed
with a 1%wt Pyrene, as for previous LiSt greases.

After the grease was mixed with the Pyrene, statiages were captured to see if the
fluorescent boostet has the same effect on the Di—urea grease abdoriSt grease. Images
are presented in Figures 72 and 73.

Captured pictures clearly show a higher concewotmatif UV light in certain points on the
images. This phenomenon can be explained eithetodaeluster of thickener in the grease or
a high concentration of Pyrene in the contact area.

Due to an impossibility to accurately measure time thickness using the fluorescence method,

a new study was employed to see the influenceeothickener on the lubrication mechanism.

Figure 72: Di—-urea grease PAO 30 Figure 73: Di—ueegrease PAO 30
Green light image taken before the tests Fluoresnee image taken before the tests
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A detailed analysis of the photos was made withctireclusion that the LiSt grease using the
same base oil gives a much better lubrication theitDi—urea grease. Figures 74—77 present
the contact lubrication at different time interval$ie brighter spot in the centre of the contact
area can be attributed to a oil/thickener build-agexperiment running time increases. This
build—up decreases, resulting in contact film thiess diminishing. The development of a

rolling track is much more prominent for the Di-airgrease than for the LiSt and can be

clearly seen in Figures 76 and 77.

Figure 74: Di—-urea grease PAO 30 Figure 75: Di—ueegrease PAO 30
One minute into the experiment Thirty minutes inb the experiment

Figure 76: Di—urea grease PAO 30 Figure 77: Di—-ueegrease PAO 30
Fifty minutes into the experiment Ninety minutesnto the experiment

Images were captured both for the disc and thetfaalk after tests were conducted. From their
analysis it can be clearly seen that the tracklgfthe grease with the Di—urea thickener is
much wider and the grease does not have such amtaated presence in the outside of the
track. Another thing that stands out to the viewgethat the inside of the track has a bigger
concentration of lubricant/thickener.

This can be explained either by the fact that tthickener does not provide the oil
replenishment needed to the contact, or it canugetd the fact that the contact between the
sapphire disc and the steel ball is to close tcetige of the disc, resulting in a loss of grease

due to spinning forces, but the radius of the sapptisc is the same for both greases.
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Images for the disc and ball track taken afterttists were completed are presented in Figures
78-81.

Figure 78: Di—-urea grease PAO 30 Figure 79: Di—ueegrease PAO 30

Green light image of the disc track Fluorescenceriage of the disc track
after the tests were finished after the tests werfinished

Outside track

Figure 80: Di—urea grease PAO 30 Figure 81: Di—ueegrease PAO 30
Green light image of the ball track Fluorescencemage of the ball track
after the tests were finished after the tests werfinished

Tests with two different slide/roll ratios were @oand no big difference was observed for the
greases that employ LiSt as a thickener, as oppmstt Di—urea grease that shows a much
wider track on the disc. Analysis using the infthigpectroscopy was used to deduce the
influence on oil viscosity, thickener and differestiie/roll ratios on the lubrication mechanism.
A lack of thickener can be observed in Figure 82rainfrared analysis. The difference in
thickener presence in track is due to a variatiopure rolling and sliding condition.

The infrared spectroscopy tests carried out onlLils¢ grease did not provide the needed
accuracy to draw any relevant conclusion regarthickener presence in the aftermath track
or even contamination with different chemical eletseas it can be observed in Figure 83.
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Figure 82: FTIR analysis of the sapphire disc tracKor the Di—urea grease
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Figure 83: FTIR analysis of the sapphire disc tracKor the LiSt grease

The FTIR analysis of the sapphire tracks was ivaate, except for the Di—urea grease, where
as the sliding is more accentuated the thickenecertration in the track is lower. This is due
to the fact that the grease is a fair distance filoenreflective surface of the spectrometer i.e.
the thickness of the sapphire disc; it is this aedgers’ opinion that this is the reason why the

FTIR tests were inconclusive.
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4.2.4 Conclusions
The optical method used in these tests, fluoressegmovides us with an excellent tool for
observing in real time the process of lubrication.
The fluorescence method does not provide us withréisolution needed to measure contact
film thicknesses.
The FTIR tests do not provide the resolution neddeabserve oil presence in the disc track.
After tests, no big difference can be viewed in tllepeaks, but they show, in the Di—urea
grease, the presence or absence of thickener traitie
The presence of a nearly white spot near the ootldte contact is yet to be explained; in the
authors point of view it is a mix of oil and thiaker. This conclusion has been extracted after
analyzing the pictures taken without Pyrene presetite grease mix. Although the clarity of

the pictures is quite bad, something can still isgryuished.

This spot has been under discussion and addittestd were done to see if the presence of it
is due to any sort of anomaly in the recording g€ar this reason PAO 400 oil with Pyrene
present in its composition has been subjectedasdme test conditions as the Di—urea grease
mixed with Pyrene. The result was quite clear; gletures do not show the presence of the

white spot toward the outlet of the contact.

Another argument raised was the difference in traitleness at the end of the tests, the LiSt
grease had a narrower track than the Di—urea gr@dse phenomenon was attributed to the
high viscosity of the base oil in the LiSt greabbis was tested by repeating the tests using a
grease with the same base oil as the Di—-urea gréhseconclusion after analyzing the photos
was that for both LiSt greases (400cSt and 30d8#)track width is similar, but for the grease

with the higher viscosity base oil, the track hdsgner concentration of oil.

Another phenomenon observed after tests was theeidfe of the slide roll ratio on the
different grease:
~ For the Di—urea grease, a difference in the thiekgmesence in the track after tests
was observed using FTIR microscopy; the resultewery different for each test (no
slide, 0.2, 0.4 slide/roll ratio); as the slideVn@tio increases, the thickener is being
pushed out of the contact. Also the times for White tests were run differs for each
sliding condition, because the grease was beinggausut of the contact area due to
sliding.
A For the LiSt (400cSt) grease this phenomenon cabaaibserved for neither of the
two methods employed; this can be attributed tohilgh viscosity of the base oil in
the LiSt (400cSt) grease.

-97 -



Marian D. Furtuna

4.3 Electrical method °!
4.3.1 Introduction:
The film thickness in elastohydrodynamic contactaiscurately measured using optical
interferometry technique. This method allows thiekses below five nanometres to be
measured and also allows the thickness over théewdumtact area to be mapped. One of the
disadvantages of this method however, is that dnthe bodies in the contact must be a
transparent material, such as glass or sapphiriehvidrnot the case in real machine elements.
One way of avoiding this limitation is to evaluatee film thickness by measuring the
capacitance of the contact. This kind of measurémequires knowledge of the dielectric
properties of the lubricant, and its function ofmpeerature, pressure and shear strain. The
results shown in this paper are aimed at developingmethod of evaluating the
elastohydrodynamic (EHD) films thickness based loa ¢lectric capacitance. The electric
permittivity of two, commonly used lubricating qils evaluated via the measurement of the
electric capacitance of the contact. The eleqemittivity is first measured separately in a
standard plate-capacitor arrangement. The pewitytvf the same lubricants is subsequently
measured in a ball-on—flat arrangement and theteffieentrainment speed and pressure are
evaluated.
4.3.2 Experimental Details:

% Static Measurements:
Before measuring the dielectric permittivity of thubricants in elastohydrodynamic contacts,
the value of this parameter at ambient pressure tamgperature in static conditions was
determined. For this purpose, a simple experinesetaup was devised, as shown in Figure
84.

Impedance
analyzer

Micromete

=

Dielectric
[Lubricant/Air]

Capacitor
Figure 84: Experimental set—up for static permittivity measurement

[96] Y. Nagata, M. Furtuna, C. Bell and R.Glovndavéluation of Electric Permittivity of
Lubricating Oils in EHD Conditiori®™ International conference on Advanced Tribologys 3—
Dec 2008, Singapore
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A simple capacitor was formed by two brass disc2fim diameter, fixed on the jaws of a
micrometer, such that the gap between the platedeaccurately set. The two plates of this
capacitor are connected to an impedance phaseagalyzer device which is able to measure
the capacitance at frequencies between 0.1Hz ablid®. The capacitance of this system is
first evaluated using air as dielectric, and thentlie studied oils (polyalphaolefin (PAO) and

a mineral oil) with dynamic viscosities seen in Teab.

Table 5: Dynamic viscosity [Paes]
oll 40°C 100°C
PAO 0.021 0.004

Mineral oil | 0.021 0.0042

The dielectric permittivity of the oils is found d&le ratio between the capacitance of the
system measured for oil and for air. The dielegdermittivity can also be determined from

the Equation 104 of the capacitance of plane cepaci

A
C=&s 4 (104)

Wheree, = 8.854+10% F/m is the permittivity of free space,is the relative static permittivity
of the dielectric between the platésis the area and is the separation. The gap between the
plates was kept constant at 0.2mm. The ratio betles capacitance of air and that of the oils

indicate the relative static permittivity of thdsoio be 2.2 at ambient pressure and temperature.

% Dynamic Measurements In EHD Conditions:
In order to measure the dielectric permittivitytbé oils in elastohydrodynamic conditions, a
PCS Instruments optical interferometry film thicksemeasurement rig has been adapted. A

schematic of the experimental set—up is shownguaréi 85.

The elastohydrodynamic contact under study is fdrivetween a steel disc and ball. The disc
and the ball are driven independently by electnators, such that the entrainment speed and
the sliding/rolling ratio can be set as requiretihe film thicknesses for the two oils as a
function of entrainment speed were first measureihgu the optical ultra—thin film

interferometry technique (UTFI) with a load of 2@Nd a temperature of 25°C.
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Figure 85: Experimental setup for EHD measurements

The variation of the film thickness with entrainrhepeed is shown in Figure 86.
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Figure 86: Film thickness measurements

Two kinds of capacitance tests were then carrigdamnstant load with a variable speed and
constant speed with variable load. In the formaeyec the load was set to 10N instead of 20N
to take into account the larger elastic moduluthefsteel disc in comparison to the glass one.
This gives a Hertzian pressure of 0.7GPa and aacbmtaidius of 85 micrometers. The
entrainment speed was varied between 0.2 and 1.1m/s

Constant speed tests were carried out at 0.3 @rd/€). with the load varying from 10N to

50N. The temperature of the tests was 25°C, #deistatic measurement tests.
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4.3.3 Results and Discussion:

After allowing for the contribution of backgroundmacitance, the capacitance of the contact
as a function of film thickness is shown in Fig8ie

50
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-6-measured
--theoretical
30 \
’ Ek[k&:h%ﬁ_"
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%

0 T T T

0 50 100 150 200 250
Film thickness [nm]

Capacitance [pF]

Figure 87: Contact capacitance function of film thtkness

The theoretical capacitance shown has been cadculfdr an equivalent parallel plate
capacitor, of circular shape, with an area equdh# of the Hertzian contact. To allow the
theoretical data to best fit the measured capamtahe relative permittivity of the oil must be
7, which is approximately 3 times larger than tledue measured statically. This increase
could be attributed to the larger pressure insfda@contact. At the lowest entrainment speed
the measured capacitance departs substantially thhentheoretical value. It is believed that
this difference is due to the approximation of doatact with a flat surface. It is known that
although an elastohydrodynamic film has a consthitkness over most of the contact; it
exhibits regions of minimum film thickness towartie exit and sides of this area. At lower

speeds, and hence thinner films, this effect isenponounced than at larger thickness, thus a
greater discrepancy is observed.

Figure 88 shows the capacitance variation of thetamd with load, at two difference

entrainment speeds, for the PAO. Similar variatias been found for the mineral oil.
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Figure 89: Lubricant permittivity function of pressure

0.3m/s and 0.9m/s is shown in Figure 89.

fluids are different, however a striking similaritgn be observed.
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From the capacitance values in Figure 88, usingattgu 104, the relative permittivity of the

lubricant was extracted as a function of the cdnpaessure. The calculated permittivity, at

The value obtained for 10N load is consistent wiiat observed before, in the constant
load/variable speed test. As seen, the permittivitreases with pressure and is reasonably
similar for the two speeds, as expected. If the peculiar values at 0.9m/s are discarded, the
variation of the permittivity with pressure is atot linear, for both speeds. This is consistent
with the results obtained in static measurementsiéptanol isomers by Vij et al. [97]. It is

difficult to make a direct comparison between theesilts and those reported in [97], as the
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The slope of the variation of the permittivity wighessure is about 8.4 in the current results
and 8.5 in [97]. Gilchrist et al [98] also haveufl an increase of the dielectric constant of
glycerol and 1-propanol with pressure, but in tregise the slope of this variation decreased
with pressure.

4.3.4 Conclusions:

The dielectric permittivity of two lubricants, a Igalphaolefin and a mineral oil, in
elastohydrodynamic conditions has been evaluatgdmbasuring the capacitance of the
contact. The contact under study was formed betwestael ball and disc.

Tests carried out at constant pressure and var@fleinment speed, revealed a relative
permittivity similar for the two oils, of about 7.

The relative permittivity varies nearly linearlytipressure, from about 7 at 0.6GPa to about
10 at 1.3GPa, independent of the film thickness.
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5 EXPERIMENT

5.1 Rationale of the Experimental Work
There are currently two main limitations of theiogk interferometry method, Ultra Thin Film
Interferometry (UTFI) as shown in Figure 90.

» One limitation is that it cannot measure very tfilims when sliding is employed.
Under such conditions the spacer layer, made wisils destroyed due to the high
frictional forces present in the contact causedabipcal rise in temperature of the
contact region when sliding is introduced [101].

This means that very thin films can only be measure pure rolling conditions. Several
lubricant additives have been used over the yegadifferent researchers and it was found that
only boundary films are formed between the twodsalirfaces in contact. There is thus a
need to overcome this problem to be able to measarg thin films, characteristic of
boundary and mixed lubrication regimes in slidiogtacts.

» The other major limitation of the UTFI techniquetigat one of the two contacting
surfaces is not steel but coated glass or sapphire.

For glass this leads to a much lower contact presthan for steel on steel but the main
concern is that lubricant additives will behavefatiéntly in a glass on steel tribopair than a

steel-on—steel one, as is present in real mackeneeets.

Spectrometer
White light
source
Glass/sapphire i
disc : // : . .
: hin semi—reflective
J, X Cr layer
Lubricant———)/,——\;\K Silica laye
Steel ball

Figure 90: Experimental setup for the classical Ut Thin Film Interferometry method

One of the proposed solutions in this project i®liminate the fragile silica layer currently

employed by the classical UTFI method, and useghdni Chromium layer thickness sputtered
on the glass disc, as showed in Figure 91. A #ni¢k layer is believed to provide a higher
phase shift corresponding to the spacer layer stk classical UTFI method. This, together
with a spectral analysis of the resulting interfgeoms, will facilitate measurements of very
thin lubricant films. It is supposed that a thicker is much tougher and more resilient than

silica, thus tolerating various sliding conditioaipwing thin films to be measured accurately.
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The optimum Cr thickness that will deliver the nesary phase change is unknown, but this
will be established by experimenting with seveiffedent thicknesses, finding the equilibrium

between the layer transmittance and its durability.

Spectromelr
White ligh
source
Class) o Thick semi-
ass/sappnire \ reflective Cr layer
disc N : // g

<+—_Lubricant film
Steel ball

Figure 91: Experimental setup for the modified Ultra Thin Film Interferometry method

As explained in previous chapter (3.2) capacitivethads are quite often used to measure film
thickness in lubrication research but these ardirech to applications where the lubricant film
thickness is relatively large, such as hydrodyndbeiarings, or some piston-ring contacts [47,
58-61].

The electrical capacitance of EHD contacts has ladsm used in the past to estimate the film
thickness in elastohydrodynamically lubricated ecta [47]. However, those studies have
been largely abandoned with the development oftabinterferometry and the success the
method had in accurately measuring film thicknessvrd to a few nanometres. A
comprehensive, comparative study of film thicknéss electrical capacitance and optical
interferometry, the method which has proven to lie most accurate in determining film

thickness, has never been attempted.

There appear to be two main problems with applyirggcapacitance technique when looking
at very thin lubricant films.
< Film thickness determination depends on the dieteconstant of the film, which can
vary considerably depending on the chemical natfirdhe film used, unlike optical
interference which depends on the refractive indéxich varies relatively little with
chemical composition.
< For very thin films in the nanometre range it is koown if the conventional inverse

relationship between capacitance and separatiofdveopply good values.

The main issue this project will overcome are the limitations summarized above. This will
be done by using thin film optical interferometoycilibrate capacitance measurements. In the

ball-on—disc optical interference method, the catidg chromium surface can be used as one
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plate of a capacitor and the contacting ball asother. If the other armature is the Hertzian
flat on the ball surface, the capacitance of tgistesn can be measured and correlated to the
film thickness determined by optical interferomeinythe same experiment. The lubricated
Hertzian contact of interest is several hundredroms across and less than one micron thick
and thus can be approximated to a parallel plapaaitor. Part of the project investigations
were conducted to estimate the influence of theidaht composition upon the capacitance of
the contact. Tests were carried out with baseand two solutions: one organic friction
modifier and one a viscosity index improver polymboth of which are known to form
boundary films [41, 42]. Once the correlation betw the capacitance of the contact and the
EHD film thickness was established, the next ptedhe project consists in measuring film
thickness in steel-on—steel contacts. This waernaglished by replacing the glass/sapphire

disc with a steel one and evaluating the influgheeCr/steel had on the resulting values.
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5.2 The EHD Film Thickness Test Rig

The lubricant film thickness was measured by opiitt@rferometry, using a test rig designed
and manufactured by PCS Instruments. The contasieled the glass disc and the steel ball is
illuminated by a white light source, directed doa/microscope through the disc, to give the
necessary phase change and an additional siliea, Iy give a higher accuracy. Part of the
light is reflected from the Cr layer on the disadgart travels through the silica layer and
lubricant film and is reflected back from the stball surface. A schematic representation of
the test rig is presented in Figure 92. The recaimbilight paths form an interference image,
which is then passed into a spectrometer and thenai high resolution B&W CCD camera.
The camera image is captured by a video frame gradfd analysed by the control software,
to determine film thickness.

The lubricant film thickness at any point in thetaed image can be accurately calculated by
measuring the light wavelength. The software messsthie wavelength of the light returned

from the centre of the contact, and therefore ¢atea the central film thickness of the contact.

g gpectrometer by a B&W
video camera

Glass Cr/Silica
coatel

Motor T Loading —
system

Figure 92: Schematic representation of the PCS EHtest rig

Technical specifications for the PCS EHL rig aresented in Table 6.

Table 6 Technical Specifications

Film Thickness 1 to approx. 1000 nm, + 1 nm
Speed 0to5m/s

Slide/roll ratio 0 to 100%

Load 0to 50 [N]

Temperature Ambient to 150°C
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5.3 Modifications to the Ultra Thin Film Interferometry [UTFI]
Method

As explained in chapter 5.1, a modified versiorthef UTFI method was needed to eliminate
the fragile film of silica (Si@Q) and to calibrate the capacitive method againstniwodified
optical method. The contact photos were captureer dhe interfered image was passed
through a spectrometer.
In the first stages of the research, differentglisth Chromium sputtered on them were used.
The discs were supplied by Imperial College EleatriDepartment and the available Cr
thicknesses were 10nm, 25nm and 50nm. Picturestaieea to assess if the actual contact can
be observed. The images showed a rapid increasdléction of the Cr surface; as the Cr film
thickness becomes larger, this resulted in a changeerference from constructive leading to
destructive interference, for the thickest Cr layer

Figures 93-95 show the way the Cr layer influertbesinterference of light when it passes
through the sputtered glass disc. A big differelpeveen the images can be observed; whilst
for the 10nm layer we can clearly see the shapth@fcontact, as the Cr film thickness
increases, the image becomes much brighter andataretails are lost.

Figure 93: Interferogram for Cr sputtered [10nm] and silica disc with a 20N load
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Figure 94: Interferogram for Cr only disc with a thickness of ~25 nm with a 20N load

Figure 95: Interferogram for Cr only disc with a thickness of ~ 50 nm with a 20N load

For this test a ruled diffraction grating with 1§@oves per mm and a designed wavelength of
300 nm has been used. The white shadows observedptmred images represent the grating
grooves.

The actual light that passes through the Chromiagerl decreases significantly with an
increase in metal film thickness. The special safevdeveloped to analyse the images also
confirms that the thicker Chromium does not alldwm thickness analysis.
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The following sequence of images represents, actsted out using a mineral oil at room
temperature, with a Chromium thickness of 25nm.gufés 96-101 present the images

captured at different speeds, throughout the spediést. It might be assumed that the brighter

part of the image represents the centre of theacgrand implicitly the central film thickness.

Figure 96: 0. 02 m/s Figure 97: 0. 075 m/s
Figure 98: 0. 126 m/s Figure 99: 0. 36 m/s

-

Figure 100: 0. 606 m/s Figure 101: 1. 03 m/s

In reality, the brighter part in the centre of ttentact represents the first reflection that takes
place at the chromium/glass interface.

In Figure 101 the contact constriction can be olegkimore clearly, however even so, after
analysis using the software an accurate film théslsrmeasurement could not be obtained.
Exact values for a reliable measurement with thedifiga ultra thin film interferometry
method that employs a thicker Chromium disc thanubual method (which uses silica layer

in addition to a very thin Cr layer) could not Hgtained.
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Interferogram curves for the captured images inufeilg 96—101 are presented in Figure 102.

These were analysed using a specially written @rogr

Intensity curves

——0.02m/s
0.126 m/s
0.360 m/s

——1.03m/s

100 -

Intensity

50

0 T T T T T
0 200 400 600 800 1000

Pixel number

Figure 102: Intensity curve values for images obtaed using a 25 nm thick Cr sputtered disc

The ridges that appear in both Figure 102 and Eig0B represent the grooves on the spectral
diffracting grating used in the spectrometer. Tlfeedence in these figures comes from the
fact that the spectrometer grating was moved t@ ke brighter part of the image central in
Figure 102. The grating is connected to a microme¢ad, which allows it to move with the
contact position; in the case of the modified if@metry method, the movement of the
grating only moves the peak of the intensity cuovéhe left of the graph. If the grating would
have been stationary, all of the intensity curvasla have been superimposed on each other.

Figure 103 shows a more graphic representatiohi®pphenomenon.

Intensity curves

150

——0.020 m/s
——0.044 m/s
0.126 m/s
0.36 m/s
50 4 ——0.606 m/s
——1.03m/s

100 -

Intensity

0 T T T T T
0 200 400 600 800 1000

Pixel value

Figure 103: Intensity curve values for images obtaed using a 25nm thick Chromium sputtered
disc with the spectrometer grating stationary for d speeds
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This superimposition of intensity values is atttdmlito a very high reflection of the Cr surface,
this causes a low interference between the tweceftl beams and the contact constriction
cannot be observed.
To overcome this problem, a disc with thinner Grelawas used. However when a thin Cr
layer is being used, the phase change is very sl means, a silica layer has to be
employed, otherwise the original limitation of tbptical interferometry method still applies,

which is that no film thickness lower then a quadkthe wave length can be measured.

Figure 104: Interferogram for Cr only disc with a thickness of ~15nm with a 20N load

Since the 25nm and 50nm thick Chromium disc didsugiply a good image to be analysed,
another disc was manufactured, with a thicknesksaim. This specially made disc was used
to measure the capacitance values. Calibratiorgusia 15nm thick Cr disc is not possible
without using a silica layer sputtered on the diSberefore calibration of the capacitive
method will be achieved in two stages: first thenfthickness was measured using a PCS
Instruments supplied glass disc that has a Cr lajerlOnm followed by a Silica layer of
~550nm. The second stage was to use the ~15nmalipenade disc to measure capacitance

in the same experimental conditions as applietiemptical technique.

Initially, it was believed that a thicker Cr layeill provide a larger phase change and aid in
the elimination of the fragile silica layer accarglito [26]. However, it was found that thicker
chromium layer increases too much the intensitthefreflected rays at the chromium surface,
thus the interference with the rays reflected ftbmball surface becomes difficult.
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Figure 105 presents the results of a theoreticalyais of the influence of Chromium thickness
on the light intensity reflected by the Cr—glas®iface. The intensity of the reflected rays is
calculated with Equations (96), (97) and (98). Trefilm thickness is taken into account by
the parameter; gs; = 4rh,/A).

T
\\

/

2 02
g
= —5nm
0.15 |l=—15nm
30nm
0.1+ 45nm
—60nm
0.05 | — 75nm \\
0 T T T T
300 400 500 600 700 800

Wavelength [nm]

Figure 105: Computed intensity of the ray reflectedy the chromium layer

It can clearly be seen from the graph that an as®en Cr thickness is theoretically followed

by an increase in reflected light intensity. Thiepomenon has a much higher influence on
the image quality than initially believed, resuitim a destructive interference of the reflected
rays from both the Cr surface and the ball intexfac

Other researchers like Jenkins and White [13] doewen take into account the thickness of

the Cr for the first reflection of the Cr—glasseiriace.
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5.4 Static Measurement of the Capacitance between a Sgie and a
Flat

In a 1997 paper, Hudlet et al. [98] proposes a wimple method to determine the electrical
tip—surface force in Atomic Force Microscopes, whiare used to study the electrical
properties of metallic or insulating materials. Vaidate his experiments he used a sphere—
infinite plane system as a reference. When a pateist applied between the tip and the
underlying metallic surface, the system forms aralpx symmetric capacitor. Figure 106

shows a sphere on an infinite flat surface seteypl by [98].

Figure 106: Sphere on infinite flat surface [98]

Since the sphere and the infinite plane are in totlmence, it was more convenient for Hudlet
to calculate the sphere—plane capacitance to dietertiis force. The capacitance expression

used by Hudlet [98] is as follows:

ta2
C(2)=272,R[ S04 (105)

B[h +1- cos@}
R

For testing the accuracy and the viability of tbenfula put forward by Hudlet, a special rig
has been designed and build. This can be usedcfarrate measurements of capacitance
between a flat surface and a ball. A schematicesaprtation of the rig is presented in Figure
107.
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Protractor plate __ Indicating needle

Gearbox
50:1 gear ratio

+

Micrometer head

|

' Steel ball Insulating plate

Steel disc

Figure 107: Experimental test rig for static capadiance measurements

Tests were carried out at different gaps betwesteal ball and a steel disc with the purpose of
observing the influence of the electrical field e two employed surfaces. Test conditions

are displayed in Table 7.

Table 7 Test parameters

Frequency (Hz) 10.000

AC Level (V) 1

DC Level (V) 0

Temperature (°C) 24 [room temp

A gear box was used to give very small displacemeht wide range of distances; one degree
on the protractor plate resulting in a ball movet&n7.710"'m. Capacitance measurements

were done and are presented in Figure 108. Theureasnts follow the same trend as the
theoretical ones obtained using Hudlet's capacédaomula.

A small difference between the measured valuesth@dnes extracted from theory can be
observed for both the air and oil measurementss Tifference can be explained by the

capacitance variation measured during the testdatian could be attributed to the fact that

the apparatus used to measure capacitance actualgures impedance that varies with
frequency.

Even in static conditions, the capacitance varies faxed frequency, as shown in Figure 109.

This may be due to the physical structure of théemal, to chemical processes within it or a

combination of both.
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Capacitance variation with distance
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Figure 108: Capacitance values compared with the #woretical values obtained using Hudlet's
formula
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Figure 109: Capacitance variation at a constant frguency of 10kHz
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5.5 Capacitive Dynamic Measurements of EHD Point Contas

5.5.1 Modifications to the EHD Test Rig
For the electrical measurements, the experimeptapswas designed in such a way to allow
the capture of the electrical signal both from tedl and the disc. Figure 110 gives us a

schematic representation of the whole assembly.

Impedance analyser

Graphite brush
Steel brush

Copper ry
¥

Steel disc

Electronics @{ @/

box
®

Steel ball

<] <]

Motor T Loading
system

Figure 110: Experimental setup for capacitance measement

The impedance phase shift analyser was suppli€sobartron Analytical. The device offers a
very wide frequency range from 1i8z up to 32MHz, it has a very good accuracy of %.1
making possible measurement of even the most subidmge in the setup. This device

provides a noise free analysis by using a single sorrelation technique [100].

Virtually every liquid and solid is able to passrremt when a voltage is applied to it. If a

variable (AC) voltage is applied to the materibk tatio of voltage to current is known as the
impedance. The measured impedance varies witlreaqedncy of the applied voltage in a way
that is related to the properties of the liquidsolid. This may be due to the physical structure

of the material, to chemical processes within ia@ombination of both.
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Figure 111: Electronic schematics for the electrores box

Cc — contact capacitance
Rc — contact resistance
R, — resistance 2k

C, — capacitor 22 pF

Different configurations for the electronic box leabeen tried. Settings like the €apacitor
connected in series or parallel have been explemed no big difference in measured
capacitance was observed. Different values foRthesistor have been employed, an increase
in resistance value results in a significant deseda measured capacitance and implicitly, a
decrease in resistance will give a bigger capao#aihis phenomenon is attributed to a
decreaselincrease in current flow through the @fgstrodynamic contact. The additional
resistance Rand capacitor Care needed in order to see if the current actdiailys through

the contact or is lost in any of the connections.

The criteria for establishing the test parametegspaesented below:

A scan using frequency limits was done, this inglising a low and high frequency value.
The impedance varies with frequency and from tletstét was found that for a 35kHz
frequency, the resulting variation in capacitarscthe smallest.

The AC level was set at 1V as for this level a widage of thicknesses can be measured,
anything higher than 1V gives a short circuit beiwehe capacitor plates; at small film
thicknesses if a lower AC level is used, then bidt thicknesses cannot be measured.

The DC level was set to zero, as no difference @asnrements was observed when it was

present.
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The integration time was set to the minimum sugply the impedance analyzer. Lower
integration time results in a faster measurememtafeost instantaneous value grab). Figure
112 gives us a better understanding of the variaiperienced when a measurement is taken.
The final value registered for one measurement dllan average of these fifty. A higher
number of points have been tried and no big diffeeein the average value was obtained.
Tests have been done using different impedance/sarasetup for the AC level, DC level,
frequency and integration time. After a numberesit$ a conclusion had been reached and the
setup for the impedance analyser chosen. Tableo®/sslihe experimental setup for the
impedance analyser.

Table 8
Frequency| AC level DC level Integration time
[kHz] [Vl [Vl [s]
35 1 0 0.01
Capacitance variation
20.0
T 150 W’WWNW
K=
8
£ 10.0 1
g3
8
8 5.0
0.0 ; ; ; ; ;
0 10 20 30 40 50 60
Number of measurements

Figure 112: Capacitance variation at constant freqancy

Before all tests were conducted a background ctgrane was measured in order to eliminate
the influence of different outside parameters (Idectromagnetic fields coming from the
motors, computers, and electrical resistance usdukat the rig) that could tamper with the
EHD contact measurement. The background capacitaeesurements imply measuring the
capacitance of the entire system in testing camutitiexcept for the contact (the ball is not
loaded against the disc).

Background capacitance was measured for all testmrdless of the disc, lubricant,
temperature, sliding condition used to measure atgpee. Additional value fluctuation
resulted from temperature and sliding as well &s dhpacitance value from the electronic
circuit that was connected to the measuring cablaployed to capture results were also
included in the background capacitance.
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Figure 113 presents the measured background capeeifor the PAO 40 base oil at 40°C
temperature, using a steel disc. From this graptait clearly be observed that even the
background capacitance varies with sliding. Théedihce in capacitance is ~0.8pF from pure
rolling to sliding conditions. Value difference beten the two sliding conditions is les than
0.2pF. This variation can be attributed to anéase in disc speed to facilitate the two sliding

conditions, resulting in an increase in backgrocapacitance.

As shown before, the signals from both disc antldral collected though a brush. In the case
of the disc, a graphite brush was employed and this researcher’s opinion that the faster
spin rate of the disc supplies this small, but iggnt variation, in background capacitance.
Figure 114 presents the way the background capaeits influenced by the temperature; the
results are for the base oll, in three differeittisy conditions, for each temperature.

Even in this case the variation with temperaturena$ that large. In fact capacitance is
influenced more by the sliding condition than by ttemperature. Values wise, the gap
between 40°C and 100°C in pure rolling conditions-0.3pF and increasing to ~0.6pF in
sliding conditions. This variation can be explaing a slight fluctuation of resistance with
temperature, the resistance can influence the ttapae variation with temperature.

This small variation with temperature and slidiragn dave quite an impact on the final results

if it is not taken into account.

Capacitance variation
8
*
E 7.6
3 * Pure rolling
8 = 20% Sliding
g -, 60% Sliding
8 [ ]
6.8 T T ‘
0 1 2 3 4

Figure 113: Background capacitance measurements ifferent rolling conditions
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Figure 114: Background capacitance variation with ¢émperature
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5.5.2 Calibration of the Capacitance of EHD Contacts
The calibration of the capacitive method was donevio stages. The most important step was
to measure the lubricant film using a well knowrticgd method. This was a very important
stage of the research, as all results obtainechéycapacitive method were compared with
results obtained using the optical method.
For the calibration, a Cr sputtered disc with akhess of 15nm was used. The decision to use
the disc with this particular Cr thickness has begplained in chapter 5.3.

All tests were done at the same speeds and tempesatsed for the optical measurements.

PAO 40
40

—e— 40°C Measured

20 +%
( —=— 40°C Calculated
7“ ) 60°C Measured

60°C Calculated

—%— 80°C Measured

20 —e— 80°C Calculated
11 —+—100°C Measured
——100°C Calculated

Capacitance [pF]
o
<
<4
<4
4
>

'40 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Speed [m/s]

Figure 115: Capacitance measurements for PAO 40 different temperatures using a Cr
sputtered disc

Capacitive results using the Cr sputtered disafange of temperatures starting from 40°C up
to 100°C is showed in Figure 115. It can clearlyobserved that with a raise in temperature,
the film thickness decreases and the capacitanices/ancrease, phenomenon observed by
previous researchers [66]. The difference in capace value at high speeds when the film
thickness is the highest is very small, maximum;3ptplicitly for low speeds and low film
thicknesses, the capacitance is higher and therdif€e in value is obvious it almost doubles
from 40°C to 100°C.

Figure 116 represents the film thickness variatigih temperature. The graphs were made in
such a way to eliminate the influence viscosiy thight have on the oil film thickness thus
showing that the capacitance method is precise gintm accurately measure lubricant gap

over a range of temperatures and speeds.
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Figure 116: Film thickness measurements using thepacitive method

Figures 117-120 present the film thickness obtausedg a Cr sputtered disc with a thickness
of 15nm and the film thickness measured using ldssical optical interferometry technique.
The capacitance measurements were taken and usiadrdm [93] and correlating the EHD
contact with a parallel plate capacitor employirmmg&tion 104 film thickness was extracted.
From the graphs a conclusion can be drawn, thatad@nd electrical film thicknesses follow
the same trend and are close in value therefoi® sbfe to say that the electrical method

developed in this project is precise enough to omeaflm thicknesses without any further

calibration.
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Figure 117: Film thickness measurements for PAO 48t 40°C using a Chromium sputtered disc
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Figure 118: Film thickness measurements for PAO 48t 60°C using a Chromium sputtered disc
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Figure 119: Film thickness measurements for PAO 48t 80°C using a Chromium sputtered disc
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Figure 120: Film thickness measurements for PAO 4t 100°C using a Chromium sputtered disc
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6 RESULTSAND DISCUSSION

6.1 Film Thickness Measurement by the Optical Method

The Chromium thickness that gives a better imag¢éhefcontact has been chosen and the
calibration of the capacitive method against thicapmethod has been done using a disc with
a Cr thickness of 15nm.Before optical measuremeete done, the lubricants viscosity was
analyzed over a range of temperatures.

Vlls are effective at large temperatures, when \tseosity of the base oil has dropped
significantly and the film thickness is very lown the case of the lubrication in mixed or
boundary regime the VIl (a polymer) [42] is adsatla the surfaces, increasing the viscosity
at the inlet of the contact, resulting in an inseéilm thickness (Figures 143-146). When the
temperature is lower, the measured film thickneskiger and the adsorbed layer does not
influence the general film thickness.

The data obtained in Figure 121 is from a rotafisscometer, where the gap between the
surfaces is fixed and quite large in comparisonnteasured film thicknesses at high
temperatures, thus the viscosity index does notapi change in comparison to base oil at
higher temperatures.

Figure 121 presents the measured viscosities éoluttricant mixes used in this project.

Lubricant Viscosities
500
400 - =
w
g
c 300 - . « PAO 40
> PAO 40+1% OFM
g 200 # PAO 40+10% VII
(&) ]
> 100 =
A
: S
O T T T T
20 40 60 80 100
Temperature [°C]

Figure 121: Lubricant viscosities at different temgeratures

A clear influence of the two additives can be obedron lubricant viscosities; higher
influence is seen at low temperatures. The OFMa(uigfriction modifier) additive supplies a
slightly larger viscosity at low temperature ané tralues obtained for higher temperatures
overlap with the values obtained for the baseTdik VII (viscosity index improver) mix gives
a bigger difference in viscosity compared to theebail, but this influence diminishes with an

increase in temperature.
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6.1.1 Base Oil
Film thickness measurements were measured for deuonf speeds and different slide/roll
conditions and the resulting graphs are presergknhb
Figures 122-124 present the log/log graphs obtaioethe chosen base oil at temperatures
varying from 40°C to 100°C, using pure rolling citieehs for Figure 122 and introducing two
different slide to roll ratios for the other twoaghs.
A clear difference can be seen between the tempesused, an increase in temperature

supplies a significant decrease in film thicknessised by a lubricant viscosity drop.

PAO 40
Pure rolling
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‘£ 1000 -
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g —e—40°C
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Figure 122: Film thickness measurements for a PAOQubricant at different temperatures in
pure rolling conditions
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Figure 123: Film thickness measurements for a PAOMIubricant at different temperatures in a
20% slide/roll condition
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Figure 124: Film thickness measurements for a PAOMIubricant at different temperatures in a
60% slide/roll condition

Figures 125-128 give a better understanding ofilimethicknesses variation, when different

slide/roll lubricating conditions are applied t@tsame oil.

It can be stated that film thickness varies quilet avith temperature. On the other hand, a big
variation of film thickness with slide/roll conditis cannot be observed.

As fond by previous researchers [101] positiveistidresults in a decrease in central film
thickness more so than negative sliding. The eapba for this phenomenon is that the
temperature increases in the contact influencirggltical lubricant viscosity resulting in a

smaller film thickness.

PAO 40
Temperature 40°C
10000
‘E 1000 ="
g J\/"M
7 M‘/"/"/n
3 100 on—""" —e—Pure rolling
c
S —=— 20% sliding
= 60% sliding
£ 10 A
=
l T T
0.01 0.10 1.00 10.00
Speed [m/s]

Figure 125: Film thickness comparison for a PAO 4@t 4°C in different slide/roll conditions
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Figure 126: Film thickness comparison for a PAO 4@t 6(°C in different slide/roll conditions
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Figure 127: Film thickness comparison for a PAO 4@t 80°C in different slide/roll conditions
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Figure 128: Film thickness comparison for a PAO 4@t 100°C in different slide/roll conditions
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The difference in film thickness between the cotitgc surfaces is not observable when
different rolling/sliding conditions are employdd.numbers, the variation in gap between the
two contacting surfaces starts at 1nm, for lowikdot film thicknesses, and going up to 20nm,
when the lubricant gap is close or over one mictenihick.

Two different types of additives have been chosemklserve the influence of the additive
presence in the lubricant mixture. From an optzaht of view things are pretty clear, as this
combination has been studied thoroughly by previeesearchers [41, 42]. To see the
influence of the additive on the capacitive methad,first optical measurements of the
lubricant mixture have been done, in order to peedualues against which the capacitive

method can be calibrated.
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6.1.2 Film Thickness of Organic Friction Modifier Solution
Two types of additives were utilized to see thduifice they have on the film thickness
measured by optical interferometry and on the nrealscapacitance.
The first type of additive used is an organic fantmodifier (OFM). This additive influences
the lubrication process only when the elastohydnadyic and hydrodynamic lubrication fails
and boundary conditions apply.
As stated before, even when additives are intradiuocethe lubricant, there is no noticeable
difference in film thicknesses when slide/role satare employed.
When sliding is introduced in the testing condiighe lubricant mixture behaves in the same
way as the bulk oil, the actual film thicknessué tontact decreases.

Film thicknesses have been measured and the reselgesented in Figures 129-131.

PAO 40 + 1% OFM
Pure rolling
10000
E 1000
@ —e—40°C
S 100 —a— 60°C
[&]
= 80°C
100°C

=

l T T

0.01 0.10 1.00 10.00

Speed [M/s]

Figure 129: Film thickness measurements for a PAOQHubricant with a 1% organic friction
modifier [OFM] present in the mixture at different temperatures in pure rolling conditions

PAO 40 + 1% OFM
20% sliding
10000

E 1000 -
a —e—40°C
% 100 1 —=60°C
2 80°C
g 10 100°C
i

1 T T

0.01 0.10 1.00 10.00

Speed [m/s]

Figure 130: Film thickness measurements for a PAOMubricant with a 1% OFM present in the
mixture at different temperatures in 20 % slide/roll condition
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PAO 40 + 1% OFM
60% sliding
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4 M —e—40°C
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Figure 131: Film thickness measurements for a PAOMubricant with a 1% OFM present in the
mixture at different temperatures in 60 % slide/roll condition

A comparison between the lubricants in pure formh when additives are introduced has been
done and the results are presented later on. Duedt influence on the film thickness is given
by the viscosity index improver [VII], which willddiscussed in the next chapter.

The next stage is to see if the introduction ofedént slide/roll ratios has the same effect as it
does for the base oil employed, i.e. no signifidantease or decrease in film thickness was
observed. Figures 132-135 present the graphs &dréom the conducted tests on the 1%
OFM lubricant mix.

PAO 40 + 1% OFM
Temperature 40°C
10000
€ 1000 pr='
% M P i
—e— ure rollin
S 100 - g
ﬁ —u— 20% sliding
ic 60% sliding
|_
E 10
=
1 T T
0.01 0.10 1.00 10.00
Speed [m/s]

Figure 132: Comparison of film thickness measuremea for a PAO 40 lubricant with a 1% OFM
present in the mixture at 40°C in different slide/oll conditions
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PAO 40 + 1% OFM
Temperature 60°C
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Figure 133: Comparison of film thickness measuremea for a PAO 40 lubricant with a 1% OFM
present in the mixture at 60°C in different slide/oll conditions
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Figure 134: Comparison of film thickness measuremes for a PAO 40 lubricant with a 1% OFM
present in the mixture at 80°C in different slide/oll conditions
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Figure 135: Comparison of film thickness measuremea for a PAO 40 lubricant with a 1% OFM
present in the mixture at 100°C in different slidefoll conditions
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6.1.3 Film Thickness of Viscosity Index Improver Solution
The second additive used is a viscosity index im@rgVI1l), this type of additive has been
used for a long period of time in order to supplyltigrade lubricants mineral based oils.
VlIs are polymeric compound@n the present thesis a polymethylacrylate typewas
used)which becomes more soluble and, thus, adopts & mmen molecular conformation in
the solution as the temperature is raised. In apreyece they make a proportionately greater
contribution to the viscosity of the blend at higither than at low temperatures, thereby
raising the viscosity index [42].
In the case of the viscosity index improver, a kiginfluence can be observed on the optically
measured film thickness and as shown in the nesgbtein, Figures 143-146 the same influence
can be seen on the capacitive measurements.
Figures 136-138 represent the graphs resulted fteen conducted tests at different

temperatures, employing different rolling condigon

PAO 40 + 10% VII
Pure rolling
10000
€ 1000 2
. M v
S 100 —= 60°C
[&}
£ 80°C
i 100°C
g 1
=
1 T T
0.01 0.10 1.00 10.00
Speed [m/s]

Figure 136: Film thickness measurements for a PAOMIubricant with a 10 % viscosity index
improver [VII] present in the mixture at different temperatures in pure rolling conditions
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PAO 40 + 10% VII
20% sliding
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Figure 137: Film thickness measurements for a PAOQubricant with a 10 % [VII] present in the
mixture at different temperatures in 20 % slide/roll condition
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Figure 138: Film thickness measurements for a PAOQubricant with a 10 % [VII] present in the
mixture at different temperatures in 60 % slide/roll condition

Base oil and oil mixture with a viscosity index iroger tests employing different rolling
conditions have been carried out. As in previogssteesults are no different in this case (as
for the two previous lubricants used) and no bigat®ns can be observed when sliding is

introduced.

Figure 139-142 present the resulting graphs fraanctimparison of the pure rolling and two

different sliding conditions.
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PAO 40 + 10% VIl
Temperature 40°C
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Figure 139: Comparison of film thickness measuremes for a PAO 40 lubricant with a 10% VII
present in the mixture at 40°C in different slide/oll conditions
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Figure 140: Comparison of film thickness measuremes for a PAO 40 lubricant with a 10% VII
present in the mixture at 60°C in different slide/oll conditions
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Figure 141: Comparison of film thickness measuremes for a PAO 40 lubricant with a 10% VII
present in the mixture at 80°C in different slide/oll conditions
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PAO 40 +10% VI
Temperature 100°C
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Figure 142: Comparison of film thickness measuremes for a PAO 40 lubricant with a 10% VII
present in the mixture at 100°C in different slidefoll conditions
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6.1.4 Thickness Measurements Comparison Film Using Diffemt Lubricant Solutions
A comparison between the base oil and the oil Emiatemployed has been conducted and is
presented in this chapter.
One percent OFM gives the accepted boundary finm#&dion on the two surfaces in contact;
ten percent VII provides the typical viscosity gain the lubrication process of the contact.
Figures 143-146 present a comparison between te dihand the two lubricant solutions
resulted from a mixture of 1% organic friction mioeli [OFM] and 10 % viscosity index
improver [VII]. The mixtures were chosen in suchway that each additive will give the

expected enhancement to the lubricant mixture.

As the graphs show, the main influence on the fitickness is generated by the viscosity
index improver [VII]. At low temperature and spegedse film thickness between the two
measurements is twenty nanometres thicker when atthditive is present. At higher

temperatures the surfaces gap doubles for low spaed is one third higher at high speeds

than the film thickness given by the lubricant urgstate.

In the case of the organic friction modifier théfelience in film thickness is more difficult to
see, as this additive will give larger film thicleses only when a boundary film condition is
introduced. The highest film thickness variatiooypded by this additive is given at very high
temperatures. In our case, the boundary condit@amnat be used because in boundary
condition we have mixed lubrication, i.e. the afijmr of the contacting surfaces touch. This
phenomenon translates into a short circuit and thegaalues in the case of the capacitive

method. A bigger influence of the OFM will be obgat in the next chapter.

Lubricant mixtures
Temperature 40°C

10000
E 1000 nen
m -
4 i —e—PAO 40
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< —=—PAO 40 + 10% VI
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E
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0.01 0.10 1.00 10.00

Speed [m/s]

Figure 143: Film thickness comparison for a PAO 4Qubricant with different additives in the
mixture at 40°C in pure rolling conditions
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Lubricant mixtures
Temperature 60°C
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Figure 144: Film thickness comparison for a PAO 4Qubricant with different additives in the
mixture at 60°C in pure rolling conditions

Lubricant mixtures
Temperature 80°C

1000
€
o
= 100
2 —+—PAO 40
< —a—PAO 40 + 10% VI
S 10 PAO 40 + 1% OFM
£
=

1

0.01 0.10 1.00 10.00

Speed [M/s]

Figure 145: Film thickness comparison for a PAO 4@Qubricant with different additives in the
mixture at 80°C in pure rolling conditions

Lubricant mixtures
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Figure 146: Film thickness comparison for a PAO 4@Qubricant with different additives in the
mixture at 100°C in pure rolling conditions
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6.2 Limitations of the Capacitive Method

During the experiments an interesting phenomenos @l@served. Accurate measurements
below an optically measured film thickness of awme hundred nanometres could not be
measured using the capacitive method. This incépabif measurement is thought to be
attributed to a short circuit between the plateshef capacitor i.e. the ball asperities touched
the disc asperities, resulting in a short circliite capacitive values decrease significantly with

a decline in gap between the capacitor plates ggaérfar as negative values.

<

Disc

Ball

Figure 147: Contacting capacitor plates

Figure 147 illustrates, on an enlarged scale, W t¢apacitive plates touching. Only the
highest peaks of the surface roughness touch lipjtias the gap between the two surfaces
decreases, the contact patch increases and theitoapsaalues goes in the range of negative
values.

To overcome this problem with the capacitive mettedurve has been employed using the
values that provide a predicted trend from the mmesmbvalues. A formula has been extracted
from this curve and using speed as an extensidunesavere extracted to continue the set of
values that was measured. Figure 148 shows a cuapdretween the measured values and
the calculated ones, for a lubricant mix consistdra PAO 40 base oil with a 10% viscosity
index improver additive, at a temperature of 8096ing a Chromium sputtered disc with a

metal film thickness of 15nm.

PAO 40 + 10% VII
Chromium disc
480 20
400 + 15
£ 320 CA 10 &
ﬁ 8 —e— Film thickness
c 240 T5 g
g 8 | —=—Measured cap
£ 160 1 +0 r§_ Calculated cap
£ S
T 80 +-5 O
0 T T T T T '10
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [M/s]

Figure 148: Capacity measured values compared witthe calculated values at 80°C
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PAO 40 + 10% VI

Chromium disc
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Figure 149: Capacitance measured values comparedtithe calculated ones for a range of
temperatures

Figure 149 provides an insight in the behavioutha capacitive values with a variation in
temperature and implicitly, a variation of film ¢hkness. The main trend to be observed here is
the decrease in value for the measured capacitantean increase in temperature. On the
other hand, this phenomenon can be predicted eafirththickness decreases with an increase

in temperature.

The measured capacitance values after this analydimited to a lubricant film thickness of
100nm. Below this value, the surface roughnesdsstauching, resulting in negative values
for the capacitance. On the other hand, if a cheefalysis of the results is done, it can be seen
that out of the 50 values measured for each testcaipacitor plate gap of 100nm, the values
are quite close to each other.

A number of speeds were used to observe this phemamfor the PAO 40 base oil at 80°C in

pure rolling conditions using the Cr sputtered disc

Figure 150 presents a graphical representationeo€apacitance variation when film thickness
is lower than 100nm. The measured film thicknesd. H3m/s is 118nm. As the lubricant gap
decreases with the entrainment speed going downcameclearly see a higher variation in
capacitance measurements. When the speed is 098@enlubricant film thickness is 52nm,
resulting in an increase in capacitance variatieger ¢the range of the 50 measured values per
test. When the speed decreases even further,2a0&@nd a capacitor plate gap of 22nm, the
measured capacitive values are experiencing a higty variation from —34pF at the lowest

point and going up to 10pF as the highest point.
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Capacitance [pF]

Capacitance variation with speed

—e—0.163 m/s
—=—0.056 m/s
0.020 m/s

0 10 20 30 40 50

Measurement number

Figure 150: Capacitance variation at different spegs
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6.3 Capacitance Measurements Results for EHD Point Coatts

6.3.1 Base Oil

Capacitance measurements using the base oil waeeiddwo configuration settings, the first
one was to calibrate the capacitive method ag#iesoptical method using a Cr sputtered disc
with a Cr thickness of 15nm; the second one wa® dona steel disc to see the influence of
the steel disc on the capacitance. Apart fromwleedifferent types of discs that were used, the
tests were conducted under three slide/roll camaliti pure rolling, 20% sliding and 60%
sliding.

Figures 151-153 present the resulting graphs ffandsts carried out on the base oil, using a
steel disc, over a wide range of temperatures kdlidg conditions.

As found by previous researchers, a decreasenntfiickness i.e. capacitor plates distance,

results in a significant increase in capacitance.

PAO 40 Pure rolling
40
—e— 40°C Measured
o —=— 40°C Calculated
& 60°C Measured
§ 60°C Calculated
g —x— 80°C Measured
é —e— 80°C Calculated
8 —+— 100°C Measured
—=—100°C Calculated
-40 . ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [m/s]
Figure 151: Capacitance measurements for the basé im pure rolling conditions
PAO 40 20% Sliding
40
—e— 40°C Measured
"-E_ 20 1 —a&— 40°C Calculated
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g 09 ( 60°C Calculated
'§ >/< —%— 80°C Measured
3 20 "xj‘( —e— 80°C Calculated
O f —+— 100°C Measured
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-40 ‘ ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 152: Capacitance measurements for the baséd when 20% sliding is present
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PAO 40 60% Sliding

—e— 40°C Measured
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Figure 153: Capacitance measurements for the baséd when 60% sliding is present

Figures 154-157 present the log/log graphs for fiimckness over a range of temperatures
obtained from the optical and the electrical measents. Film thicknesses for the capacitive
measurements were obtained using Equation 104 @msldering that the contact is a parallel

plate capacitor.

PAO 40
Temperature 40°C
10000
E 1000
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]
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g 100 ~ —e— Opttical
Q —a— Electrical
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Figure 154: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 40°C
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PAO 40
Temperature 60°C

1000

100

—e— Optical
—=— Electrical

10

Film thickness [nm]
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Figure 155: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 60°C
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Temperature 80°C
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Figure 156: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 80°C
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10 —=— Electrical

Film thickness [nm]

Speed [m/s]

Figure 157: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 100°C
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Figures 158-161 present a comparison between ItheHickness measurements done using
the classical optical interferometry method anddéygacitive results obtained.
The trend discovered by previous researchers aplpliee. As the capacitance values increase,

the lubricant film thickness decreases.

PAO 40
Temperature 40°C
16 1600

— 12 A ~ 1200 €
L c
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) k ?
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8 4l ‘\0\‘\‘\_‘\‘ -+ 400 g
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0 ‘ ‘ ‘ ‘ ‘ 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 158: Film thickness comparison with capacitace measurements for the base oil at 40°C
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Figure 159: Film thickness comparison with capacitace measurements for the base oil at 60°C
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PAO 40
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Figure 160: Film thickness comparison with capacitace measurements for the base oil at 80°C
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Figure 161: Film thickness comparison with capacitace measurements for the base oil at 100°C

When sliding is introduced, the capacitance vatlesot change drastically. However as seen
for the optical measurements, a small differencelm observed at low speeds; low lubricant
film thicknesses and a higher influence of theistidcondition can be observed at higher
speeds, especially for low temperatures. At highpteratures, the capacitance measurements
are almost imposing on each other, phenomenoniaegpldy a low film thickness.

Figures 162—-165 present a comparison done for At 40 base oil in three different sliding

conditions, for a number of temperatures.
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PAO 40
Temperature 40°C
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Figure 162: Capacitive measurements comparison inifferent sliding conditions at 40°C
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Figure 163: Capacitive measurements comparison inifferent sliding conditions at 60°C
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Figure 164: Capacitive measurements comparison inifferent sliding conditions at 80°C
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PAO 40
Temperature 100°C
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Figure 165: Capacitive measurements comparison inifferent sliding conditions at 100°C
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6.3.2 Organic Friction Modifier Solution
The first additive that was used in capacitive meaments is an organic friction modifier
(OFM) in a base oil combination of 1% weight. Aspkned in previous chapters, the
variation in film thickness and implicitly in captance was not prominent when the OFM is
used.
Figures 166—-168 present the results obtained 8PHO 40 base oil mixed with a 1% weight

OFM additive, using a steel disc over a range ofiperatures and in different sliding

conditions.
PAO 40 + 1% OFM
Pure rolling
40
—e— 40°C Measured
— 20 4 —a— 40°C Calculated
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Figure 166: Capacitance measurements for the basé mixed with 1% OFM in pure rolling
conditions
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20% Sliding
40
—e— 40°C Measured
E 20 4 —=— 40°C Calculated
-6- 60°C Measured
e 04— T — A X —x 60°C Calculated
.g —¥— 80°C Measured
% 20 —e— 80°C Calculated
O —+—100°C Measured
—=—100°C Calculated
‘40 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [M/s]

Figure 167: Capacitance measurements for the basé mixed with 1% OFM in a 20% sliding
condition
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PAO 40 + 1% OFM
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Figure 168: Capacitance measurements for the basé mixed with 1% OFM in a 60% sliding
condition

As specified before, the variation with the disebetween the two capacitive plates is clearly
shown by the boost in measured capacitive valui avdecline in capacitor plates distance i.e.
film thickness.

Figures 169-172 present a comparison betweenlthaHtickness measured optically and the

film thickness obtained from the capacitance meamants over a range of temperatures, as
explained in the previous chapter the lubricant @@ the electrical measurements was

obtained using data from [96] and considering thatcontact is a parallel plate capacitor.

PAO 40 + 1% OFM
Temperature 40°C
10000
E 1000
[%)]
8
S 100 * —e— Opticall
E —=— Electrical
£ 10
=
1 T T
0.0 0.1 1.0 10.0
Speed [m/s]

Figure 169: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 40°C for a base oil mixed witi% OFM
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PAO 40 + 1% OFM
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Film thickness [nm]
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Figure 170: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 60°C for a base oil mixed witi% OFM

PAO 40 + 1% OFM
Temperature 80°C
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Film thickness [nm]
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Figure 171: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 80°C for a base oil mixed witi% OFM
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Figure 172: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 100°C for a base oil mixed witi% OFM
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A comparison was made for the film thickness valabtined, using the classical optical
interferometry technique and the obtained measunenieom the capacitive method.
Figures 173-176 offer a better understanding orptlemomenon that takes place in the EHD
studied contact. For these set of tests a steelvdis employed, accompanied by a lubricant
mix with 1% wt. OFM.

PAO 40 + 1% OFM
Temperature 40°C
12 1600
— 8 1200 g
5 £
[}
@ %]
e 4] | goo 2 —e— Measured
S $ | —=— Calculated
I \‘\-’\‘\‘ = Film thickness
8 0 + 400 E
LL
-4 . . . . . 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [m/s]

Figure 173: Capacitance values compared with filmhickness for the base oil mixed with 1% OFM at
a temperature of 40°C

PAO 40 + 1% OFM
Temperature 60°C
20 800
— 10 + 600 g
5 E
3 e 2 —e— Measured
g o0 400
= S —a— Calculated
2 = . .
o + Film thickness
8 -10 200 g
; T
-20 ‘ ‘ ‘ ‘ ‘ 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [m/s]

Figure 174: Capacitance values compared with filmhickness for the base oil mixed with 1% OFM at
a temperature of 60°C
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PAO 40 + 1% OFM
Temperature 80°C
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Figure 175: Capacitance values compared with filmHhickness for the base oil mixed with 1% OFM at
a temperature of 80°C

PAO 40 + 1% OFM
Temperature 100°C
40 320

— 20 4+ 240 €
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)]
§ 0 T =2 160 § —e— Measured
g 5 —=— Calculated
§ i Film thickness
-20 80
i
-40 T T T T T O
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 176: Capacitance values compared with filmhickness for the base oil mixed with 1% OFM at
a temperature of 100°C

Sliding tests were repeated for the lubricant rixttincludes 1% OFM. The results obtained
do not show a significant difference for the caf@atwe measurements. As explained for the
base oil, there is a small difference in valueoat temperatures and low speeds; the highest
influence can be seen at higher speeds, where gerbijfference in capacitive value was
measured. At high temperatures, unlike the phenomeseen for the base oil, here, the
capacitance values do not superimpose on each etlézar difference can be observed even
all be it small. This can be explained by the feett the organic friction modifier forms a
boundary film on the steel disc surface.

Figures 177-180 present the resulting graphs frencapacitive tests for the PAO 40 base oll

with a 1% OFM mixture, over a range of temperatamas sliding conditions.
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PAO 40 + 1% OFM

Temperature 40°C
15 1600
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i . )
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Figure 177: Capacitive measurements comparison inifferent sliding conditions at 40°C
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Figure 178: Capacitive measurements comparison inifferent sliding conditions at 60°C
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Figure 179: Capacitive measurements comparison inifferent sliding conditions at 80°C
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PAO 40 + 1% OFM
Temperature 100°C
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— 240 ¢ .
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m 3 Measured 20% Sliding
o o}
E 160 % Calculated 20% Sliding
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o
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Figure 180: Capacitive measurements comparison inifferent sliding conditions at 100°C
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6.3.3 Viscosity Index Improver Solution
The second additive that was used in the capaeitameasurements was a viscosity index
improver (VII) tested in a base oil mix of 10% weigThis additive has a higher influence on
the film thickness measured by the optical tech@igphenomenon that transfers in the
capacitance measurements as well.
Figures 181183 present the graphic representafitime results obtained using a steel disc at

four different temperatures, over a wide numbespafeds in different rolling conditions.

PAO 40 + 10%VII
Pure rolling
40
—e— 40°C Measured

E 201 60°C Measured
g gl.-ﬁ 77 . 60°C Calculated
g O : . - = - —x— 80°C Measured
§ —e— 80°C Calculated
% -20 —+—100°C Measured
© —=—100°C Calculated

-40 ‘ ‘ ‘ ‘ '

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [M/s]

Figure 181: Capacitance measurements for the basé mixed with 10% VIl in pure rolling
conditions

PAO 40 + 10%VII

20% Sliding

20 —e— 40°C Measured
ng 60°C Measured
8 o] — - X 60°C Calculated
% —¥%— 80°C Measured
g —e— 80°C Calculated
o -20
@ f —+—100°C Measured
© —=—100°C Calculated

-40 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Speed [M/s]

Figure 182: Capacitance measurements for the basé mixed with 10% VIl when 20% sliding is
present
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PAO 40 + 10%VII

60% Sliding

20 —e— 40°C Measured
"'g 60°C Measured
g ol Ty~ — —F—%————x 60°C Calculated
g —%— 80°C Measured
g —e—80°C Calculated
Q -20 A
© —+—100°C Measured
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Figure 183: Capacitance measurements for the basé mixed with 10% VIl when 20% sliding is
present

The expected phenomenon does not change, eversinase. A shrinking gap between the

capacitor plates results in an increase in measiapacitance.

Figures 184-187 present a comparison betweenlthetfickness measured optically and the
film thickness obtained from the capacitance meamants over a range of temperatures.
Comparison made possible by considering that thetact is a parallel plate capacitor

employing Equation 104.

PAO 40 + 10% VII
Temperature 40°C

10000
E o M
0
8
S 100 —e— Optical
-E —=— Electrical
= 10
=

1 T T
0.0 0.1 1.0 10.0

Speed [m/s]

Figure 184: Film thickness measurements comparisdmetween the optical and electrical method
at a temperature of 40°C for a base oil mixed witi0% VII
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Figure 185: Film thickness measurements comparisdmetween the optical and electrical method

at a temperature of 60°C for a base oil mixed with0% VII
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Figure 186: Film thickness measurements comparisdmetween the optical and electrical method

at a temperature of 80°C for a base oil mixed with0% VII
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Figure 187: Film thickness measurements comparisdmetween the optical and electrical method

at a temperature of 100°C for a base oil mixed witi0% VII
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A comparison between the film thickness measuresnantl the capacitive values obtained
using the capacitive method has been done andrasemied in Figures 188-191. For these
tests, a steel disc was used in combination willibegicant mix of 10% VII and base oil in

three sliding conditions and four different temperas.

PAO 40 + 10% VI
Temperature 40°C
12 1500
= 3
S 8 + 1000 <
8 8
S £ | —#—Measured
g 2 Film thickness
g 4 + 500 S
8 E
LL
0 T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [m/g]

Figure 188: Capacitance values compared with filmhickness for the base oil mixed with 10% VII at
40°C
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g O 250 E
O] ic

-4 hd T T T T T 0
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Figure 189: Capacitance values compared with filmhickness for the base oil mixed with 10% VII at
60°C
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PAO 40 + 10% VII
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Figure 190: Capacitance values compared with filmHhickness for the base oil mixed with 10% VII at
80°C
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Figure 191: Capacitance values compared with filmhickness for the base oil mixed with 10% VII at
100°C

The same sliding conditions were employed for titicant mix with the PAO 40 base oil
mixed with 10% VII. As shown for the other two casstudied, so far no big difference in
capacitive values can be extracted from the reséitta low speed and low temperature, the
influence of sliding is barely observable. At higlspeeds, a small difference in capacitance
can be seen. For this lubricant mix, at the higleenperature, the capacitive values clearly
overlap on each other, phenomenon experiencedhéobase oil. This means that this additive
behaves differently at high temperatures, as coeapaith the previous one.

Figures 192-195 provide a better understandinghefway the different sliding conditions

influence the capacitive values, over a range operatures.
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PAO 40 + 10% VI
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Figure 192: Capacitive measurements comparison inifferent sliding conditions at 40°C
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Figure 193: Capacitive measurements comparison inifferent sliding conditions at 60°C
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Figure 194: Capacitive measurements comparison inifferent sliding conditions at 80°C
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Figure 195: Capacitive measurements comparison inifferent sliding conditions at 100°C
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6.4 Capacitance Measurements Comparison for Base Oil an
Different Oil Mixtures

A comparison between the base oil and the two rdiffieoil solutions has been done to see the
influence of the additives used on the capacitaesalts.

First tests to be analyzed were carried out in polfing conditions.

Figures 196—-199 present the results obtained #othiee lubricants in pure rolling conditions,
over a range of temperatures.

As it can be seen from the resulting graphs, thmaacgnce measured for each lubricant is
different from one another; as shown for the opfita thickness measurements, the lubricant
mix with the viscosity index improver has the higfien thickness. This implies that in the
case of the capacitive measurement, the resultihges are the lowest of all lubricants; the
organic friction modifier behaves similar to thel VI

The higher the temperature used in the tests, ihgeb the difference in the measured
capacitance. The reason why the capacitance differstensifies with a raise in temperature
is that as seen for the optical measurements aerigerature increases so does the difference

between the measured film thicknesses for thedahtimixtures with additives.

Lubricant mixtures
Temperature 40°C

o
% —e— PAO 40 Measured
e —=— PAO 40 Calculated
£ PAO 40+1%0FM Measured
X
% 31 \x\*\x PAO 40+1%OFM Calculated
O e —%— PAO 40+10%VIl Measured
'2 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [m/s]

Figure 196: Capacitance measurements comparison falifferent lubricant mixtures at 40°C pure
rolling
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Figure 197: Capacitance measurements comparison falifferent lubricant mixtures at 60°C pure

rolling
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Figure 198: Capacitance measurements comparison falifferent lubricant mixtures at 80°C pure

rolling
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Figure 199: Capacitance measurements comparison falifferent lubricant mixtures at 100°C pure

rolling
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When sliding is introduced, the resulting graphaixdbchange significantly. In the case of the
tests carried out in a 20% sliding environmenttf@ three lubricants used, the results show
the same trend as for the pure rolling conditioashigher capacitive values for the base oil,
due to a lower optically measured film thickness.
Figures 200-203 present the results obtained B?& diding condition for all three lubricants
used in four different temperatures.
A more visible difference in capacitance values t&nseen for the lowest temperature,
meaning that even a small change in experimentihgecan have a significant influence on
the outcome of the tests.
At higher temperatures, the measured differencestém be constant over the range of speeds

for which capacitive measurements were done.

Lubricant mixtures 20% Sliding
Temperature 40°C
15
(T
& 10 y —e— PAO 40 Measured
[}
8 —=— PAO 40 Calculated
% PAO 40+1%OFM Measured
8 54 PAO 40+1%OFM Calculated
S \‘\‘\.\‘ —%— PAO 40+10%VIl Measured
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
Speed [m/s]

Figure 200: Capacitance measurements comparison falifferent lubricant mixtures at 40°C 20%
sliding
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Figure 201: Capacitance measurements comparison falifferent lubricant mixtures at 60°C 20%
sliding
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Lubricant mixtures 20% Sliding
Temperature 80°C
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Figure 202: Capacitance measurements comparison falifferent lubricant mixtures at 80°C 20%
sliding
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Figure 203: Capacitance measurements comparison falifferent lubricant mixtures at 100°C 20%
sliding

The same trend was observed for a 60% slide/rodl & for the pure rolling condition and the
20% sliding one.
Again, it can be seen that the lubricant with tighlist measured capacitance is the base all,
which has, in fact, the smallest registered filmakhess.
Figures 204-207 show the graphs for the measuredcitve values in a 60% sliding
condition in a range of speeds and temperatures.
As seen for the 20% sliding condition, a good vatligtinction can be made at a low
temperature.
For all tests, in all conditions, a definite ditece between base oil and the other two lubricant

mixtures can clearly be seen, especially for loees|s.
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Lubricant mixtures 60% Sliding
Temperature 40°C
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Figure 204: Capacitance measurements comparison falifferent lubricant mixtures at 40°C at
60% sliding
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Figure 205: Capacitance measurements comparison falifferent lubricant mixtures at 60°C at

60% sliding
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Figure 206: Capacitance measurements comparison falifferent lubricant mixtures at 80°C at
60% sliding
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Lubricant mixtures 60% Sliding
Temperature 100°C
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Figure 207: Capacitance measurements comparison faifferent lubricant mixtures at 100°C 60%
sliding
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6.5 Comparison between Chromium—coated glass and Stegikcs
Capacitive Measurements

A comparison between the measurements obtained asi@r disc and the results from the
steel disc were made, to assess the influence eofrabghness and resistance on contact
capacitance.
All tests presented in this chapter were conduasteter pure rolling conditions.
The measured resistance for the two discs is zerathfe steel disc and 11Qkfor the
Chromium disc.
The roughness of the two discs was measured usilogtical profilometer, with the resulting
measurements presented in Table 9.
For the steel disc the measured roughness valtédnm; this is an average taken for three
different measurements, on three different positiom the disc.
For the Cr disc the measured roughness value Bril.representing an average for the three
points on the disc where measurements were taken.
Same measurements were carried out for the stdlelhba was used in these tests, with a

resulting roughness of ~7nm.

Table 9
Steel disc CR 15nm Ball
3.26 1.38 7.07
Ra
4.3 1.33 7.28
[nm]
3.82 1.47 7.09

Figures 208-211 present the optically measured fimckness against the electrically
measured film thickness graphs extracted from wst® using the PAO 40 base oil, using a
Cr sputtered disc and a steel equivalent.

The results clearly show slightly higher measuretues for the steel disc, phenomenon
explained by a lower contact resistance in the adséhe steel disc. This trend can be
especially observed for higher speeds where thectwees start to be clearly distinguishable
from one another.

From these measurements we can draw the concltisarihe resistance has a much higher
influence on the measured capacitance than thalacughness of the disc used.

At low speeds, the capacitance measurements ailarsfior all temperatures resulting in a
close similarity for the extracted film thicknesslwes. The higher variation is observed for the
higher speeds and it is more accentuated for theatld temperatures, where as shown before,
the film thickness is smaller.

For the higher temperatures, the values measurkdvadpeeds are almost imposing on each

other.
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Figure 208: Film thickness measurements comparisdmetween Cr and Steel at 40°C for PAO 40
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Figure 209: Film thickness measurements comparisdmetween Cr and Steel at 60°C for PAO 40
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Figure 210: Film thickness measurements comparisdmetween Cr and Steel at 80°C for PAO 40
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Figure 211: Film thickness measurements comparisdmetween Cr and Steel at 100°C for PAO 40

Figures 212-215 present the film thickness refdte/een the Cr disc and the steel disc using
a lubricant mix that has 1% OFM over a range ofperatures.

In this case it can clearly be observed that tighdri recorded film thickness is measured for
the steel disc, not for the Cr one.

Although this behaviour is not the expected ongyémced by the difference in resistance, for
the two discs in this case the higher influencgiven by the boundary layer formed on the
steel disc surface by the employed additive.

A small difference can be observed for all tempeest used for these tests. At low speeds and
high temperatures the determined values at aresailsimilar from one disc to another, and the

most noticeable dissimilarity comes at high spesabhigh temperatures.
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Figure 212: Film thickness measurements comparisametween Cr and Steel at 40°C 1% OFM mix
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Figure 213: Film thickness measurements comparisdmetween Cr and Steel at 60°C 1% OFM mix
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Figure 214: Film thickness measurements comparisametween Cr and Steel at 80°C 1% OFM mix
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Figure 215: Film thickness measurements comparisdometween Cr and Steel at 100°C 1% OFM
mix
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Figures 216-219 present a comparison between shdtgebtained using a Cr disc and those
obtained for the steel disc utilizing a lubricanixnthat has 10% VIl over a range of
temperatures and speeds.
As shown for the other lubricant mix that uses 1%MD) the film thickness measurements
obtained using the Cr disc are lower than the obégined using the steel disc.
In this case, a small differentiation can be obsérat all temperatures. At low speeds and high
temperatures, the achieved values are almost sifnilen one disc to another; however the
more noticeable distinction comes at high speedshigh temperatures.
In contrast to the other additive, the most hidhtiégl variation in capacitance over the whole
range of speeds is given at higher temperaturssitirgg in a much higher adsorbed boundary

layer produced by the VII additive on the steetdiarface.
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Figure 216: Film thickness measurements comparisdmetween Cr and Steel at 40°C 10% VII mix
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Figure 217: Film thickness measurements comparisdmetween Cr and Steel at 60°C 10% VII mix
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Figure 218: Film thickness measurements comparisdmetween Cr and Steel at 80°C 10% VII mix
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Figure 219: Film thickness measurements comparisdmetween Cr and Steel at 100°C 10% VII
mix
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7 CONCLUSIONS

A novel method to measure elastohydrodynamic corfitae thickness based on electrical
capacitance has been developed and presentedcitaapa measurements have been used for
some time, but a successful precise calibrationnhseen achieved yet. This project has
attempted to overcome some of the difficult isstegmrding the application of the capacitive
method for the study of thin elastohydrodynamimé] with the hope that this method could

ultimately be used to monitor and measure filmkheéss during machine operation.

Optical methods, which are currently more poputerve the disadvantage that they require
one of the contacting surface materials to be parnt (typically glass or sapphire). These
methods are generally accepted as providing aecuesults and hence have been used for
calibration. In order to achieve this, the widelyploited Ultra Thin Film Interferometry
technique (UTFI) was modified to use a chromiunetags a contacting surface instead of a
silica layer, thus simulating a metal-on—metaldpigir as encountered in real life machinery,

and potentially allowing simultaneous capacitanu @ptical measurements.

The experimental rig used in the tests was basednoaxisting EHL (Elastohydrodynamic
Lubrication) rig capable of measuring lubricantrl as thin as few nanometres. Changes
were made to the experimental setup to allow actrétal signal to be applied and collected
from the two contacting bodies. Conditions emptbyfor the optical method were

successfully replicated for the electrical methcap@citance) as well.

This study started with the premise that a thiack@omium layer applied to a glass/sapphire
disc will provide the necessary phase change fer ribrmally fragile silica layer to be
eliminated. This would potentially allow very thfilms to be measured, even when sliding
conditions are applied, which would normally degtrthe silica layer very quickly.
Theoretical analysis showed an increase in phaasgehcaused by an increase in Cr thickness.
After a detailed investigation and multiple attespith different chromium thicknesses it was
shown that an increase in metal thickness resnlta strong reflection of the metal/glass
interface. This makes it very difficult to use iopt interferometry method without the silica
layer. It was concluded that for test conditiossd) an increase in chromium thickness does
not supply the necessary phase change requirgde@ccurate measurement of lubricant film

thicknesses.

The first stage of the project was to obtain a berark (accurately measured lubricant film
thickness) for the capacitance values to be caéliragainst. Film thickness measurements

were carried out using the classical UTFI methodl thie calibration values determined. First,
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a base-oil was used to obtain film thickness valt@sa range of entrainment speeds,
temperatures and sliding conditions. The resuitained for the base-oil were compared with
results obtained for oil mixtures using two diffiereadditives: an organic friction modifier
(OFM) and a viscosity index improver (VIl). Theeusf these additives had a significant
affect on the observed results:

A The OFM additive provided a boundary film when rodimamic (HD) and elasto—
hydrodynamic (EHD) lubrication failed, whilst itdlinot influence the overall film
thickness as significantly as the VII additive.

A The VII additive provided a good overall improverheon the film thickness,
especially at higher temperatures, providing meooggetion against film failure due to

vibration or surface asperities.

Overall, the biggest variation in film thickness svabserved as a result of an increase in
entrainment speed, as predicted by a number ofirxismodels. As the entrainment speed
increases there is a corresponding and prediciatlease in the amount of lubricant pushed

into the contact, which results in a significardremase in the film thickness.

Lubricant temperature was also shown to influenioe thickness. This effect was found to

have inverse effect of speed, with film thicknesscréasing as the lubricant temperature
increased. This is largely due to the effect ofijerature on the lubricant viscosity. As the
lubricant temperature increases, its viscosity eleses resulting in a rapid drop in lubricant

film thickness.

The introduction of sliding (surface velocity diféace) showed no significant effect on film
thickness, as has been predicted in previous éptitarferometry studies. Whilst positive
sliding tends to reduce the film thickness, thieefis small in comparison to the effect of
temperature and entrainment speed. This outcorakmisst certainly due to a small increase
in temperature of the contact region that occurthviie introduction of sliding, which

influences the local viscosity of the lubricantuiéisg in a drop in oil film thickness.

In order to calibrate the capacitance method, abmurof capacitance tests were carried out
under identical experimental conditions to thoseduor the optical method. The largest
variation in capacitance measurement was found@daraas a result of changes in temperature,
with increasing lubricant temperature resulting ancorresponding increase in measured
capacitance. From the results of the optical nreasents, increases in lubricant temperature
result in a noticeably decreased film thickness.

Using the analogy of a parallel plate capacitogrelasing the plate separation increases the

capacitance, hence this result is to be expected.
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As found using optical methods, the introductionstiling had little effect on the measured
contact capacitance, however, a small variation atils observed. This could either be
attributed to a small variation in background cédaace or that the capacitance method used
is accurate enough to measure the minor changdaninthickness that result from the
introduction of sliding. A small increase in cortt@apacitance was measured over a range of
speeds; probably as a result of a slight decreagiém thickness due to the small localised

temperature increase that occurs because of sliding

The introduction of the two additives had a simié#fiect on the capacitance measurements as
was found for the optical method, with the highiefiuence resulting from the addition of a
VII. The optical methodology showed that the idirotion of a VII resulted in an increase in
the film thickness, which was indicated by a deseeia the measured capacitance. The OFM
behaved similarly to the VII, albeit with a smalldecrease in measured capacitance value.
The reason why the OFM does not have the sameeimtlkion the capacitance as the VIl is
that the OFM additive has an influence on the kdiron process only when the HD or EHD

film fails and is replaced by boundary lubrication.

Further capacitance tests were conducted to shewftlct of replacing the steel disc with the
various chromium-layered discs. The results o$ehtests highlighted the importance of the
electrical resistance of the disc and the surfacghness. For tests conducted using the base
oil alone the disc resistance played an importaté n influencing measured capacitance,
resulting in a higher value for the steel disc thatl zero resistance as compared to the
chromium disc that has a measured resistance dtlbetween the contact and the point of

signal collection.

The capacitance method developed in this projdotvald accurate measurements for EHD
film thicknesses larger than 100nm. Attempts madmeasure the capacitance of films with
lower thicknesses failed, likely as a consequerfceoatacting asperities between the two
surfaces, which resulted in a short circuit of thve capacitor plates. Theoretical capacitance
values for film thickness lower than 100nm werezd®ined by the use of curve—fitting of the
measured values. A formula was extracted fromcilmve and using the speed values the

capacitive results for lubricant film thicknessewér than 100nm were extrapolated.

Achievements in this thesis in the study of EHDricdnt films are listed below:
A The existing experimental rig was successfully riiedito allow the use of a modified
optical method as well as an electrical method dase the theory of parallel-plate

capacitance.
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It has been shown that the optical interferometgthad which employs relatively
thick chromium layer did not provide the expectedcfsion required for capacitance
calibration due to the strong reflection of the alglass interface; hence a more
traditional optical method was employed for calilma.
The new capacitive method developed in this projess capable of accurate
measurements for EHD film thicknesses conditiontoasas 100nm. A model was
proposed for thinner film thickness based on exti@mon of the measured results.
Results obtained from optical and capacitance nmeasnts were compared and a
good correlation was found between the resultsis Tdicates that the capacitance
method can potentially be used as a reliable metifiddim thickness measurements,
including in real metal-metal machine elements ouththe need for further
calibration.
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RECOMMENDATIONS FOR FUTURE WORK

A paper [92] has been written to observe the imitgeof different lubricants on artificial
roughness features. This paper concentrated orffeet of two lubricants with different
pressure/viscosity coefficients and two discs (giass and one sapphire at different loads), on
the artificially deposited bumps as they pass thihaihe contact.

Figure 220 shows a schematic representation oflavith an artificial roughness feature on

the surface passing through a lubricated contact.

Cr layer

Avrtificial Lubricant

roughness
features

Figure 220: Ball with artificial roughness featurespassing through a lubricated contact

The next step was to repeat the same measurenmehtdbaerve the influence the bumps have
on the capacitance. It is the authors’ opiniort tha capacitance method developed in this
project is sensitive enough to detect the passinthese Cr bumps across the lubricated
contact.

As shown in the next chapter the capacitive metbdimited to measuring film thicknesses

not smaller than 100nm. This is perfect for théfiaidl roughness setup, as the longitudinal

bumps have a height of 85nm.

A special disc will have to be made o enable thasueement of capacitance and optical film
thickness in the same time. Figure 221 shows ahgrabrepresentation of the disc that was

designed to be used.
The gap in silica will permit wires to be connectedhe Cr layer allowing measurement of the

EHD film thickness optically and electrically (ugicapacitance) simultaneously, permitting a
calibration with a higher level of accuracy eventfacknesses lower than 100nm.
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/ \Cr

Sio,

Figure 221: Schematic representation of the speclgldesigned glass disc

A new method for capturing the signal from both testeel disc and steel ball has to be
designed and used in order to eliminate the backgtmoise introduced by the configuration

used at the moment.

A number of tests have to be carried out to astfessvariation of capacitance in these
conditions by taking into account the variationtlod lubricant dielectric constant at different

pressures [different loads].
A study on the effect of the pressure on the digteproperties of lubricants (by high pressure
viscometry) would provide data which lead to a dredvaluation of the capacitance in EHD

conditions.

The effect of the polarity of the fluid may als@ypla role in the capacitance measurements,
thus a study on this phenomenon may also be désirab
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APPENDIX

L1ST OF PUBLISHED PAPERS

M. D. Furtuna, R. P. GlovneaAh Experimental Investigation into the Effect obticant on
the Local Film Thickness of Artificial Roughnessatfoees Proceedings of the STLE/ASME
1.J.T.C. 2008, Miami, Florida.

Y. Nagata, M. D. Furtuna, C. Bell and R. P. GlovfiEgaluation of Electric Permittivity of
Lubricating Oils in EHD Conditions™2nd International Conference on Advanced TriboJogy

3-5 December 2008, Singapore, also submitted twlogy International (under review).
R. Glovnea, M. D. Furtuna, Y. Nagata and J. Suganiitectrical Methods for the Evaluation

of Lubrication in Elastohydrodynamic Contdctthe paper was submitted to the Japanese

Journal of Tribology and is currently under revisio
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MODIFICATION TO THE EXISTING EXPERIMENTAL RIG

Modifications to the PCS Instruments rig were damel in this chapter the design of the
additional parts needed to collect the electriéggha from both the ball and the disc are
presented.

The first stage was to electrically insulate disd ¢he ball from the rest of the experimental rig,
this was resolved by using a plastic spacer inttedibetween the screw that holds the bearing
on the carriage. The disc solution was to use stiplapacer between the shaft and the disc
surface.

The next problem approached was to collect theasiigom the disc, to solve this problem the
existing disc shaft spacer was redesigned to atleavwires to pass from the bottom of the
disc to the copper nut holding the disc in place.

Brushes used to collect the signal from the distthe ball were designed, the brush used for
the disc was straight forward as the solution eggaouses one of the oldest methods used to
apply/collect electrical signals from rotating ekmts. For the disc the brush was made from
graphite and the rotating element made from cogfmrthe ball the signal collection was very
difficult to deal with due to the fact that the lbahd the shaft were submerged in lubricant and
it is believed that an oil film is formed betwedretbrush and the shaft when they are in
contact. Several combinations of brushes and wig@ and the one that gave the best results
was chosen.

Drawings of all parts employed to collect and eieatly insulate the glass/steel disc and the

ball are presented below.
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