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Abstract

This work investigated the wear performanceutdberwhen contacted against
hardercomposite materiahrough experimental analysiBhe focus of this thesis was to
find the optimal type of rubber and the composite material.

Differentkinds ofrubber induding SBR/NR mix, 60 duro, SBR/NR mix, 80 duro,
Butyl, 50 duro and 100% NR, @furo are used. Various composite matesaish as
Polyvinyl chloride(PVC) andfiber-reinforced plasti¢FRP) were also usedrhe
experiments were performed using a pin ok dist up of UMT3 at the loads and speeds
that are in the boundary lubrication regime under air, water and dhualyminary tests
will be conducted to find a combination of load and speed that results in a measurable
amount of weain a reasonable amouaf time. Surfacemetrology were performed using
a precision stylus profilometéWear of rubber was measured basedhewear volume
average wear depth without cracks and nvaar depttwith or withoutcracks In order
to thoroughly characterize the mechanism of the rubber wear, an indention test without
sliding was conducted to compare with the sliding telst@addition, wear of the opposite
composite materials were apagéd according to the weight taend sirface roughness
changebefore and after each slurry test

Based on the results,showed that th8utyl, 50 durorubber had the best anti
wear performancednd the optimal contact pair can be put forward for evaluating

possible design improvemeanincluding the use of alternative materials.



Acknowledgments

| would like to acknowledge everyone who helped and supported me through my
master studies over the past two yebknst and foremost, | want to express my gratitude
and gratefulness to my caring parents and sister for their selfless support and
encouragement.

| wish to acknowledge my advisor, Dr. Robert Jackson for his great motivation,
support and guidance during retpudy. Much thanks to Dr. Hamed Ghaednia for
designing the test rigs affdm Hall and Matthew Sprinkle for helping with the tests. |
also want to express my thanks to my lab mateszkang Wang, Sara Popeaiid
Ghaednia, Yang Xu, Xiaohathang andSwamna Sahal would like to thank my
committee members, DRan Marghituand Dr.David Beale for their support and

guidance. | should also acknowledge all my friends in Auburn for their friendship.



Table of Contents

Y 6111 = Lo PO PP PO PPPPPPPPPPPPPRPPPPN Il
F o [0 1V] =T Lo 0= P i
LISt Of TADIES ... eena e e e e e e vi
LISt Of FIQUIES....oeieeeeeeeeeee e eerrma e e e e e e e e e e e e e e e e e e aneeeaaaaaaaaaeaens Vil
LiSt Of ADDIEVIALIONS.....cciiiiiiiiiiie e ree ettt rmme e e e e emme e e X
1 Introduction and lIiterature FeVIEMY............couiuuiriiiiieaee et 1
1.1 Brief description of polymer Wear..........cccooooeeieeiiiiiieeeiie e 1
1.2 Wear in the rubbery state.........cccceeeeiiiiieiiiccecricicieeeeeeeeeeeeee e
1.3 Literature review of rubber Wear.............cooocuiiiiiiieace e 7
2 Experimental Methods............oooiiiiiiiieeee e 14
2.1 Test equipment INtrodUCHION..............uuueiiiis i eeeee 14
2.2 TESt SAMPIES .. .o e e e e e e e emeere e e e e e e e e e e e e e e e e e reeanarean 18
2.3 EXPErimentaBeEUD .....ccccoeeeiiiiiiieeeetteeee e s 24
2.4 Worn surfaces analysis methods.............ccccoooeviiiieeeii e 29
3 Experimental reSUltS Of WeaAL..........coooiiiiiiiiii e 33

3.1 Wear depths of different kinds mfober measured in both directions.....33
3.2 Wear depths of different kinds of rubber measured in sliding directiar®7
3.3 Wear depths of different kinds of rubber against ERP.......................... 39

3.4 Wear depths of different kinds of rubber against RV.C.............c.cccoo e 40



3.5 Wear depths of differentrids of rubber.............ccooviiiiiiiieee 42

3.6 Worn Surface Visual Analysis of rubber..............eeviiiiiiiieeciiiiiii 45
4 Wear analysis of the PVC and FRP samples...........cooooiiiimmmn i 49
4.1 Weight changs of the FRP and PVC samples............ccccuvvvviiiiieeeiinnnnn 49
4.2 Surface roughness changes of the FRP and PVC samples................ 50
S5 INAENTALION TESL.....eeiiiiiiiiiii it 54
S B St RS < | o PP 54
5.2 RESUIS ...t e e e 55
6 Experimental results of friCtION..........ccccuiiiiiiiiii e 57
6.1 Experimental results of friction fOrce...........cccvvviiiiiiiiieeciiiiieeeeeeen 57
6.2 Coefficient of friction of rubber against FPR............cccccooiiiiiiann. 64
7 Conclusions and recommendations...........coooeeeeiiiiierceieeeeeeee e 68
7. L CONCIUSIONS ...ttt e aeed 68
7.2 ReCOMMENALIONS. ......coiiiiiiiiiieit e e e eeee e e e e e e ee s 69
REIEIEINCES. ... erer ettt ettt e e e e e e e e e e e s amme e e e e e e e e e e e e e a s 70
Y o] 01 o | Gt TP P PR TRTTPPPP 73
APPENTIX 2 ettt e 74



List of Tables

TADIE L .o 19
TADIE 2 .. 21
TABIE3 e 28
TADIEA ..o 49
LI 0] (=2 TP PP PP PPPPPPPPPPPPPPP 57
TABIEG ... 57

Vi



List of Figures

T T 1 2.
FIQUIE 2. ettt 5.
[0 U] £ TSRO 6.
FIQUIE 4 et Q.
FIQUIE 5 et 12
o 18] £ GO TSP 13
o 18] £ O TP RTTRPON 15
FIQUIE 8.t 16
FIQUIE O e 18
[0 18] €= O PP P PP PPPPPTTTPPR 22
o 18] €= 5 PP PP P PP PP PPPPTTTPPR 23
1o 18] €= PP PP PP PP PPPPTTTPPP 25
[0 18] €= PP PP PP PP PPPPPTTTPPRN 26
[0 18] €= PP PP TP PP PPPPPTTTPPP 27
[0 18] €= PP PP TP PPPPPTTPPR 30
[0 18] €= R PP PP PP PP PPPPPTTTPPR 31
1o 18] £ T PP PP PP PPPPPTTTPPRR 32
[0 18] £ < TP PR PP PPPPPTTTPPR 33

vii



FIQUIE DO e e e e e e e e e eaeea e e e s e e e e e e e e e e e e eeeeeannneeeeeeaeeeeeeeennrees 34

FIQUIE20 ... et e e e s ereea e e e s e e e e e e e e e e e e eeeesannneeeeeeeeeeeeenennnees 35
FIQUIE2L ... et e e e e e ernna e e e e e e e e e e e e e e e e eeeesannneeeeeeeeeeeeeennnnees 36
FIQUIB22 ...t e e e e eree e e e e e e e e e e e e e e e e eeeeeannneeeeeeeeeeeeeennneees 37
FIQUIE23 ...t e e e e e eeee e e e e e e e e e e e e e et e eeeeeannneeeeeeeeeeaeeeennrees 37
FIQUIB2A ... e e e e e e eree e e e e e e e e e e e e e e e e eeeeeannneeeeeeeeeeeeeennnenes 38
[0 18] €= PP P PP PP PPPPPTTTPPR 38
[0 18] £ S PP PP PP PP PPPPPTTPPRN 39
FIQUIE 27 . ettt e e e e e e e e e e e smmme e e e e e e e e e e e B0
FIQUIE BB ..t ieee e erere e e e e e e e e e e e e e e e s s nmmme e e e e e e e e e e AL
FIQUIE DD ettt eeee e r e e e e e e e e e e e e e e e e s s smmme e e e e e e e e e e B2
FIGUIE30 ... et eeree e e e e e e e e e e e e e e e e e e s s nmmme e e e e e e e e e e e e e e 0D
[0 18] =3 1 PP P PP PP PPPPPPPPPPPRY o
[0 18] €23 7T PP PP PP PP PPRPTPTPTRRY ¥ 4
[0 U] €3 PP PP PP PP PPPPTTTPPP 50
[0 18] €3 PP PP PP PP PPPPTTTPPPR 51
[0 U] €230 PP PP PP PP PPPPPTTPPR 52
[0 18] £ PP PP PP PP PPPPTTTPPRN 53
[0 18] €= PP PP PP PP PP PPPPPTTPPR 54
[0 U] £ TP PP PP PPPPRPTTPPR 55
[0 U] =T PP PP P PP PPPPPPTTPPR 56
FIQUIBAD ...ttt e e ettt ettt et e e e e e e e e e e e e e e s ammme e e e e e e e e e e e a e aae 58
FIQUIBAL L.ttt e e e e e ettt ettt et e e e e e e e e e e e e e e s ammme e e e e e e e e e e e aaae 60

viii



FIQUIBAZ ...t e e e e e e eeee e e e e e e e e e e e e e e e e eeeeeananeeeaeeeeeeeeeennnnees 61

FIUIEAS . et s e e e e e e e e eeena e e e e e e e e e e e e e e e e eeeeeannneeeeeeaeeeeeeeennrees 62
FIQUIBAA ...t e e e e e eeee e e e e e e e e e e e e e e e e eeeesananeeeaeeeeeeeeeennnnees 64
FIQUIEAD .. e e e e e e eree e e e e e e e e e e e e e e e eeeeeannneeeeeeeeeeeeeennnrees 65
FIQUIBAB ...t e e e e e ereea e e e e e e e e e e e e e e e e eeeesannneeeeeeeeeeeeeennnnees 66
FIQUIE A7 .. e e e e e e eeee e e e e e e e e e e e e e e e e teeesannneeeeeaaeeeeeeennnrees 67



List of Abbreviations

HUMWPE Ultra-high-molecularweight polyethylene

UMT

NR

SBR

FRP

PVvC

COF

Universal material tester

Natural Rubber
Styrenebutadiene rubber
Fiberreinforced plastic
Polyvinyl chloride
Coefficient of Friction
Crack size

Crack mean free path

Shortdistance cubff length
Volume of rubber wear

Average velocity of the crack tips
Cracks on the nominabntact area
Number of order unity

Nominal contact area

Sliding distance

Sliding velocity



~
g

LVDT

Ratio between the rubber contact area and the nominal contact area
Surface wavelength
Pulsating deformation frequency
Heat transfer coefficient
Real contact area
Nominal macreasperity contact area
Heat transfer coefficient for stationary contact
Spreading heat resistance
Nominal contact pressure
Component root measguare roughness
Heat conductivity of the rubber

Linear Variable Differential Transformer

Xi



Chapter 1
Introduction and literature review

1.1Brief description of polymer wear

The behavior of wear igenerallyaffected by the material types, environmental
and operating conditions and geometry of the wearing bd@deserally, the chemical
stability, mechanical properties of materiateloperating conditions are the fundamental
factorswhen we consider about the mechanisms of particular weaf1jpe

The wear mechanics of nanetallic solids has significant differences compared
with thewear ofmetal materials. Analysis of the differenseaneaningful to find new
materials which have better tribological performances to meet the requirements cannot be
satisfied by the traditional metal lic mate
against another polymer, the cohesively weakdymer is worn preferentially to form a
transfer film on the Zohesively stronger p

The general factors affecting the wear of polymer are the hardness, roughness and
the surface energy of the coustigéface.In the practicaéngineeringapplicatons, the
material of thecountesufaceshould be much hardand smoothethan the polymer
itself[3]. In this way,it will not abrade the opposite polymer surfaxeessivelyAnd
for thesurfaceroughnessgenerally, the roughness should be as lowassible to reduce
the possibility of the polymer abrasion because when the ssigateougher, the wear
rate is accelerate@his can be explained by figureBut there is an exceptiothe sharp
asperitieof the optimally smooth surfageay have a pstive effect on controlling
abrasion The pol ymer debr i doceagtnabeadeffhatassvhya o6t r an

the wear rate for thexcessively smooth cowerface may be higher thaéime optimally



smooth counterfac¢4] Also when sliding at highpeed, roughness dependence seems
to be insensitive to the wear rate, which is probably becausmth@antwear
mechanisnthanged Besideghe surface roughness, the other factor affecting the wear
rate of polymer is asperity height distribution of toeintesurface[5]. It is recorded that
some gynificant differencesvere foundn thewear rate between surfaces with a
Gaussian asperity height distribution and surfacés &vnon Gaussian distribution. In
addition,the surface energy of the coustéface may influence the wear ratesaof

polymer by affecting the wear debris shapes and the formation of transféjfilm

Polymer Eliding Drepth of penetration into

E polymer

Zhear angle

Figure 1.Volume of polymer removal against harder rough surface [7]

Because of the relatively low melting temperature and the low thermal
conductivity of most polymers, melting wear can occur on the contact region.aVhen
polymer sliding on a counterface, which usually has bdrignelting point, the frictional
heat in cofined to a thin surface layer and the molten or soften polymer forms a thin
low-shearstrength interfacial layer between the counterface and the polyfh&ue to

the loss of the molten polymer, the wear rate belsevere But, however the continuous



surface melting wear may notcurif the countersurface has a very high thermal
conductivity Inthiscasg t he contact temperature may no
which initiates the severe wear of the polymer. Generally, a severe abrasien of th
relatively soft polymer surface can occur without the continuous melting wear because of
the combined effect of high elevated contact temperature and the rough countersurface.
In addition, if the motion of the polymer against the hard counterface is
redprocating sliding contaatausing mansgtress cycles, it may lead to a fatigue wear of
the soft polymer. An experimental exampB&is that due to the ignition of fatigue wear,
the wear rate aifltra-high-molecularweight polyethylene (HUMWPE} increaed after
a long sliding duration when it slid against a smooth steel subagcag the first 500
km sliding, it is in the early stage of wear. The mechanism of this initial slow wear are
mainly adhesion and deformation with the initiation of crackserpiblymer. While after
a long slidingduration under the fluctuating stresses of the cyclic contact, more cracks
are developedVith the growth and convergence of the cracks, wear debris relatse
the contacinterface andncreassthe wear rate. In this loAtgrm rapid wear stage,
fatigue wear becomes the dominant mechanism instead of the previous adhesive wear or
transfer film. In addition, contact stress plays a very important role in the mechanism
transition. Under the conditisof heae loads, smooth counterfasand long sliding
distancs, thepossibility of fatigue weaincreases
Generally the additions ofubricantswill decreasdhe coefficient of friction and
reduethe wear of polymer. For the fundamental lubricard lkater, it may form a
transfer film on the contact region which can provide sufficient lubricatidr

rubber wear, adding water may have the hydrodynamic lubricating effect on decreasing



thewear rateDue to hydrodynamic liftwith the lubricatiorof water in the contact

region, when the velocity is increased, the wear rate will decrease

1.2Wear in the rubbery state

Due toits unique characteristics of low wear and high friction coefficients (COF),
rubber and rubber like polymer materials are apgbeuipelining and tired 7]. Rubber
is a natural polymer arftas the same wear mechanisush asbrason, adhesion,
fatigue, corrosiormnd the thermal decomposition desedtabove9]. In its rubbery
state, the long linear molecular structurewdber can form an amorphous solid by
0 ciogahd tanghgt o g e t7]Hoesustain §n extremely large strdimaddition, rubber
molecules will arrange themselvestiie direction of the applied straim this way,
relatively high strain can be maintadwith a low tensile modulug/] [9]. The material
properties described above make the contact mechanics of rubbers unique compared with
other materialsSeveral wear mechanisms are introduced below which are particularly
adaptable to rubbery state méaés.
Schallamach Waves

When rubber contacts against a harder matettala sliding movemenits low
tensile modulus will result in a larger true area of contactaatgential movement
which direction is parallel to the sliding without fracturingeleasing wear debri§7]
The latter can be explained by the sliding mechanism of the Schallamach wave [10],
which is the minute ripples in the rubber surface during the rubber sliding prBgess.
van der Waals force, the real contact area of rubbarglyradheres to the most

counterfaces and cannot move without very large tangential Buteindersmaller



tangential force, small parts of the contacting rubber comes apart from the contact region
and forms a ripple between the rubber and the counterface inside the rubber body. With
the movement of the ripples in the tangential direction, the rubber bodyawél a slight
tangential movement forward. At lower sliding speed, the wave generally moves faster
than the two contact parts. However, this mechanism may fail when the speeds of the
wave and the sliding are same. The melting wear of the rubber causedfbgtional

heating may occur.

Grey levelindicates intenzity of shear stress Rubbern Tansential force

Zchallamach waves [minute ripples in O RLETAL B
rubber surface)travelling rapid forward

Figure2. Schallamach wave mechanism of sliding between rubber and a hard counterfac




Roll formation

Foramaterial like rubberorming wear debrisequiresa lot of frictional work
because rubber has the ability to sustain large sti@iswvoid fracture. The tangential
forward movement by adhesi of rubber make the rubber roll itself, and become the

6roll forpM@ationd wear.

”# Rubber K‘“‘xh_

@mu

FigureaMechani sm of oO6roll format.i

onaé



1.3 Literature review of rubber wear
Qualitative theory of rubber friction and wear

Persson edl. [11] put forward a qualitative theory of the relation between the
friction force and surface roughness as well as surface wear of the sliding rubber when
contacted wittahard substrate. Becaustoberhagsiver y | ow el asti c
high internal fri¢cion overa wide frequency region, it has vergquliarfriction and wear
properties. They may be related to the elastic instabilities during sliding, like the
Schallamach wave, or the energy dissipatianinternal dampingThe amount of rubber
wornis related to theesponsetateof rubber, whichs determined byhe temperature,
sliding velocityand the shear stress frequerfegr example, at room temperature unaer
low frequencyshear stress, little wear will be causkdthis case, the rubber istime
elastic state. While at low temperatar@dvery high frequencies, the amount of wear
may be very significant because in this case, the state of rubber is glassy. A
important reason fahe larger amount afibber wear at low temperaturetie crack
propagation[12] The reason for the propagatimthe thermal excitatioover the energy
barriers, whicttauseshe rubber molecule to break instead of elafigaddeform. In
addition, sliding velocity plasyan important role in rubber wear. Gerigraat large
velocities the rubber mapein the glassy state, whigimorelikely to result inlarge
wear. Likewise rubber will have enough time to deform elastically and to fill the void
between the rough contact surfaceslaivly slidingvelocities. In addition,at low
frequencies the rubber will ielow the glassy regiorn this waythe wear otherubber

will be smaller.
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Theory of powdery rubber wear

Perssonj13] alsodescribed a theory of mild rubber weamisubsequent work
which includedhe wear particle sizes distribution and the calculated wear rate.
Generally the detached small rubber particles are formed when rigodleting on a
harder rough surface. Two basic steps can clarify this wear prtoessymation of the
rubberdefeds andthe propagationf the crackslt is alsonoted thathe coefficient of
friction (COF) hasanimportant influence othe wear rate of rubber sliding against
harcer rough surface. The first one is the crack propagation caused by the strong tensile
stress which imitiated by thefriction force. The second is the temperature increase
caused by thé&ictional energydissipation which may causstressconcentrationbond
breakingandeven thermatiecomposion

The wear particle sizes distributiand wear ratevastheoretically considered.
Forrubbersliding againsia harder surfacéor a sliding distance df. Thetheoretical
resultsappear to be in goareement with the experimentidta.The theoretical

method from Peson [13] is explained here.

Wear particle distribution
The crack size, which is the same to the rubber particle si2e| is referred as

the crack mean free path a@dis introduced as the sheatistance cubff length.

"0 & Q T (1)

The cumulative probability

PO p Q T, 2)



hard substrate

Figure&. A Crack can propagate nor mal
produce a wear particle. The crack is on the average strait over a disfag¢e

Wear rate

— §_ —— 0Q0 (3)

>v

WhereV is the volume of rubber wedn addition, thed ‘O representsithe
average velocity of the crack tips when the crack has thé®size & mefers to the

cracks on the nominal contact area
o6 —, (4)
wheregis anumber o theorderof unity, and! is the nominal contact area.
— 060 L, )

The sliding distance=0 0,0 is the sliding velocity.



The wear rate

— 00, (6)

where

—— (7)

andD 8 O BN |, is the ratidbetween the rubber contact area at the valusanot the

nominal contact aredhe magnifications can be related to the rubber particle sige
0 - —mxEARKOERA £A GAIORL AaAd@lis e wavevector of surface

wavelength roughness.

Role of frictional heating in rubber friction

In another workthe effect of the high temperature in the contact region which is
caused by the energy dissipation on the rubber friet@sanalyzed and aequation for
frictional heatingwvas derived by Pessn[14]. Generally, when a rubber blotksliding
with the velocity of3 on a rigid material surface with mukcaleroughnessvith the
wavelengthof a; the pulsating deformation frequenajll be ¥ & 3 The real contact
areawill affect the energy idsipation and the temperature field el asthe flash
temperature and the background temperafuieot tracks effectvhich labelsthe kinetic

thermal interaction waalsousal to explain the influence of temperature on rubber

1C



friction. In addition, aheat transfer coefficiemtas applied to describe the heat energy
transfer at the sliding interface.

The heat tr anletveen rougloserfades[islijiélnt U

| : (8)

where0 refersto the real contacireaand thed is the nominal macroasperity
contactareaand isthe heat transfer coefficient for
of phononsatthec ont act i nt ehangeal slighflanavthei ¢ h istlse

spreading resistance due to Athe diffusive

rough sur f ac e afteded byahe sliding metibni andhveldcity dependent.
| - — — (9)

Wheren is the nominal contact pressure and 1T®'Q fthe length parameter
with "Q the component root mean square roughness when the wavelength less than the
scale of the contact areé® and'Q the heat conductivity of the rubber and the hard rigid
material. In addition, with the definition §f4]

QO p QEW OFY

(@)
QU — Q¢ i OfryYy
vy

Q0 p "QE D OOFY

00

QU — T Q¢ v O0rY
oY
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Criteria for crack initiation during rubbeabrasion

Fukahori etal. [17] analyzed the crack initiation tfierubber abrasin process
experimentallyusing arubberblade test and theoretically by a FEA simulatibhey
postulatedhat in the slip stage ddtick-slip motion, the micrevibration[18] was
generated and it is the origin of the initial cratke gack growth angle was also
considered. At the location of the maximum tensile stress, a crack growth aagfe of
~ U Trresults With the continuous apjglationof the normal load he initial crack will
propagatavith the reduction of the crack growth angle until #teasiorreaches steady
state While for the upper surfaces with the sharp edges, they thought the reason for the

crack initiation was the stress concentration hadithe cracks should be distributed

randomly.
T0
|
al s lmitiation Exp
5 i
2. - = = *Talmtiation FEA
l—" 40
=
o 304
20 . i : o Stedy
I propagsation
[ - N Exp
0 " - ' -
i 5 10 15 20 25

Mormal Load @ N
Figure 5. Crack growth angle against normal load during crack initiation from botr

experimental observation and from FEA computation compared with the experime
values from the steady staieopagation. [17]

12



Figure 6. Initial cracks observed after 100 revolutions with a 20 N normal load.
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Chapter 2
Experimental methods
2.1 Test equipment introduction

2.1.1 UMT-3

UMT (Universal material testgrshown inthe figure 7 can be applied to test the
tribological properties of ferrous and nterrous metals, plastics, composites, different
kinds of lubricants and the thin and thick coatirigje. on disc, ball on disk, pin on-V
block or disk on disk are the commtest types of UMT. In this experiment, a-oin
disk setup is applied to conduct friction experiments under various conditions. The lower
rotational motion drive rotates the lower digkd the pinholder which can be used to
keep the pin is attached tiee contact suspensiofihe appliechormal force is feedback
controlled. The feedback control of the constant normal load is achieved by the-normal
load sensor, which can provide feedback to théoa¢motion controller and theadjust
the upper pinbés vertical position. The pre
range from milligrams to kilograms and the resolution is 0.00003% of thechlé. In
addition, an electrical contact resistance sensor can be used tdloetaritact between
the lower disk surface and the upper pin.

The travel length of the upper vertical linear motion system is 150 mm and the
lower rotational driver, which is controlled by a precision spindle, capable of speeds is
from 0.001 rpm to 5000 m.

The control unit and the testing unit are the two basic systems. The control unit is
used for the data acquisition and computerized motor control. The testing unit is applied

to control the position of the test samples. It is consisted of the vertisisloning

14



system and a lateral positioning system. They are both computer motorized control. For
the vertical positioning system, its maximum travel is 150 mm and the capable of speeds
is from 0.001 to 10 mm/éndfor the lateral positioning systeite maximum travel is

75 mm and the capable of speeds is from 0.01 to 10 mm/s.

Figure 7. UMT3 tribometer
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2.1.2 Stylus profilometer

Profilometry is commonly applied to measure the volume of matenabved
from a worn surface. In our analysis, we use the VeecoDektak 150 profilometer, shown
in the figure8 below. Its vertical resolution is less than 1 nm and when using a stylus tip
of 2 micrometersit has a lateral resolution along the surfacepgroximately 1
micrometer. Its measurement range is up to six inches in dimension and four inches
thick. In addition, its diamontipped L stylus can conduct the precise two dimensional

profile with the stylus force range from 1 mg to 15 mg.

Figure8. VeecoDektak 150 profilometer

16



It can prowde researchers with the topography information of the wear scar, as
well as the surface roughness. When we use the standaieRtak 150, the sample on
positioning stage can be manually adjusted in the X and Y directions.

The Figured below shows therahitecture of the Dektak 150 system and how the
system works. A Linear Variable Differential Transformer (LVDT) is applied, which is
mechanically connected with the stylus. A cusfarmgrammed scan file which has the
information of scan length, time duiat, speed and applied stylus force is used to
control the whole scan process. The stylus moves on the lower sample surface and
because of the surface texture, the stylus will move up and down to track the surface
profile. The movement of the stylus causlee electrical signals which can be translated
as the core position of the LVDT. Through the signal conditioning and A/D conversion,
the position change is converted to the digital format data and stored in the computer

memory.

17



LVDT | 1 signal

Conditioning

l

A/D Conversion
Sample
Stage Computer
Memory

Figure 9. Block Digram of the Dektak 150 Architecture [19]

2.2 Test samples

2.2.1Rubber samples

According to the practical application of the experimémir types of rubber with
significanty different mateal properties were chosen to u$bere arg1) soft rubber
for SBR/NR mix, 60 duro(2) hard rubber for SBR/NR mix, 80 dur@) new rubber for
Butyl, 50 duro and4) natural rubber for 100% NR, 65 dus the durometer (duro) is a
measurement of rubber hardness, the new rubber is the softelForefers to natural
rubber, which isnade from latex liquid, has good mechanical properties like strong
tensile stength Styrenebutadiene rubber (SBR) issgnthetic rubber with high filler
loading capacity, craekitiation resistance and abrasion resistaB@&R/NR refers to the
blends of NR and SBR, NR is used to improve the mechanical properties of the synthetic

rubbers such as tensile strength, resikescd fracture etc. And it is reported that

18



SBR/NR has an improved oxidative stability. [2Q]tf rubber is another type of
synthetic rubbers has a very low resilience, which show a modesa&ncéo abrasion
and compression and an excellent perfaroesfor vibration damping and shock
absorption applicatiarj21]

The aim of this experiment is to see which kind of rubber has the bestesnti
propertiesvhenworn againstomposite materials likBber-reinforced plasti¢FRP)or
Polyvinyl chloride(PVC). The samples of rubber this experimenare larger and are
approximately 14 mm x 30 mm x 8 miseefigure 10(a). They are cut from actual
grommet material used in tipeactical application The rubber samples are larger than

thePVC and FRPsamples and there®their outer dimensions are not critical.

Table 1.Rubber Samples

Name Material type Hardness
Soft rubber SBR/NR mix 60 duro
Hard rubber SBR/NR mix 80 duro
New rubber Butyl 50 duro

Natural rubber 100% NR 65 duro

2.2.2 Composite material samples

The contacting surfaces of the PVC samples are 5 rh@mxm and are the outer
surface of the actual PVC pipsee figurelO (b) and10(c). Therefore these samples are
convex on the contact and also 5.6 mm in thickness, whittteithickness of the PVC.
The FRP samples are similar in geometry, but are thicker due to the larger size of the

original FRP material (10mm).
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The fber-reinforced plasti¢FRP) applied in this experiment is made of a
polymer matrix reinforced withliers such as glass, carbon, aramid or bdsatwidely
applied when the weight saving is needed. It is algoodsubstituteto steel or
aluminum productbecause of the cheaper, faster and easier manufactlinegther
good quality is its structurenhancementor the glaséibersreinforcing material, the
strength, elasticity and heat resistance will be improgtdive to the polymer materjal
while for the carbon and aranmfitbersreinforced, the tensile strength and compression
strength propeies will get better.

For composite materialgihether the mechanical properties of tiber-
reinforcement plastic is improved or not depends on the properties of bdthetrend
matrix, the ratio of each volume, the length offiber and their oriatatior{22]. For the
FRP, by specifying the orientation of the fibers, the strength or other specific properties
can be improved to fa particular requirerant. For example, witthe glasdgiber
reinforcement materials, 1 f the fiberos
force, it will get the best deformation resistance, while if the orientation of the fiber is
perpendicular to the applied force, the enforcement will be weaddition, the strength
and the elasticity properties of the composite material will be lesstibamatrix
material.

Polyvinyl chloride, commonly abbreviat&/C, is the thiredmost widely
produced synthetiplasticpolymer, afterpolyethyleneandpolypropylene[23] PVC has
a high hardness and good mechanical properties in general. With the increasing of

temperature the mechanical properties are decreased while with the increasing of
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molecular weight, they are enhancedds a widegange ofapplicationdue to itdow

cost, workability and good biological and chemical resistance.

Table 2. Material Pairs

Rubbers Hard Rubber Soft Rubber New Rubber | Natural Rubber
Harder FRP FRP FRP FRP

composite PVC1 PVC1 PVC1 PVC1

materials PVC2 PVC2
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(a) Rubber sample
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(b) FRP sample (c) PVC sample

Figure 10. Schematic of test samples
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2.2.3 Maedia environments

According tothe practicabpplication, three test lubricant conditidnair, water,
and slurry, were applied to conduct the experiméirtis.slurryused in this experimeig
a mixture of an isoluble subsince, as cement, clay, coal, limestone, or lviik a
liquid, like water.For the slurry, the particles may settle during the test, and therefore an
agitatingstirrer (see Figurel1) was designed to keep the solid particles mixed in the

slurry.

Figurell Schematic of the stirrer
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2.3 Experimental setup
2.3.1 Test design

The pinon-disk apparatusf a BrukerUMT (Universal Material Tester) Muki
Specimen Test System manufactured by Brukas applied to study the tribology
properties of different kinds of rubber specimeantactingP?VC or FRP. The test
methodinvolves aower specimemade of the rubbehatis reciprocaedin asliding
motionagainst a rectangle shaped upper PVC or FRP sample under a prescribed set of
conditions.During the test, the UMT can monitor the actual dynamic normal load,
friction force and the friction coefficient.

Figure12(a) shows the schematic view of the test rig we used to conduct
experiments.Detailed schematics of the test rig parts are also includégdpendixl of
thisthesis The upper PVC or FRP samples heddin thepin holder which is mounted
on the UMT force sensor. The force sensor can control the normal load applied to be
nearlyconstant at 100 NThe reservoirwhich canhold and fixthe lower rubber sample
andcontainslurry fluid or water is mounted on the UMrotary drive.The section view
of the test ring is shown iAgure 12(b). The rotary drivas controlled through the PC
andmaintairs the prescribedeciprocating motion of the rubber specimen. atherage
velocityduring slidingissettol 20 r ev/ min and the reciprocat
the average sliding distance of rubbgainst thé®VC or FRP is 2.2608 miper a cycle
at 140 cycles for per minut&he duration for each test is 3 houfihenthetotal sliding

distancefor each ést is56.97m.
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Mounts on the UMT
Force Sensor

Mounts on the UMT
Rotary Drive

(@)

(b)

Figure 12Designed test rig to assess the contact wear
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Figurel3. Test setup parts

Test setup parts are shown in Figli8A clamp holds the rubber samptethe
base of the reservoifhe opposite contacting surface of tRRP and PVC samples are
held by a custom fixture that is attached to the vertical stage and force sensors of the
UMT test machine FromFigurel4, it is shown that the PVC/FRP samples are held in
the slot of the upper thaer which is fixed in the UMT by a bolt, so it cannot move up and
down. And the clamp around the slot is held with a pin so the samples cannot slip.

Again, schematic drawings of all of these items are available idghendix2.
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(b)

Figurel4. Test setup assembly
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2.3.3 Test schedule

which are a rubber material and a mating surface material such as PVC1, PVC2 or FRP,

For each single test, a combination of two individually selected material types,

are immersed in a single media, such as air, water or slaroyder to obtain an

undergsanding of the repeatability and scatter of the results, the tests were repeated three

times for each material paifhis resulted in the test matrix shown in Takle

Table 3. Test Matrix

Test Material 1 Material 2 Media
1 PVC Soft Rubber (SBR/NR mixg0 duro) Air
2 PVC Soft Rubber (SBR/NR mix, 60 duro) Water
3 PVC Soft Rubber (SBR/NR mix, 60 duro) Slurry
4 FRP Soft Rubber (SBR/NR mix, 60 duro) Air
5 FRP Soft Rubber (SBR/NR mix, 60 duro) Water
6 FRP Soft Rubber (SBR/NR mix, 60 duro) Slurry
7 FRP Hard Rubber (SBR/NR mix80 duro) Air
8 FRP Hard Rubber (SBR/NR mix80 duro) Water
9 FRP Hard Rubber (SBR/NR mix80 duro) Slurry
10 PVC1 New Rubber (Butyl, 50 duro) Slurry
11 PVC1 Hard Rubber (SBR/NR mix80 duro) Slurry
12 PVC2 Hard Rubber (SBR/NR mix80 duro) Slurry
13 FRP New Rubber (Butyl, 50 duro) Air
14 FRP New Rubber (Butyl, 50 duro) Water
15 FRP New Rubber (Butyl, 50 duro) Slurry
16 PVC1 Natural Rubber (100% NR, 65 duro) Slurry
17 PVC2 Natural Rubber (100% NR5 duro) Slurry
18 FRP Natural Rubber (100% NR, 65 duro) Slurry
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2.3Worn surfaces analysis method

2.4.1Wear analysesfor rubber samples

A VeecoDektak 150 profilometés employedto measure the Wwme of material
removed from thevorn rubbersurface. Irour analysithe measurement provides with
a profile of the worn surface of thebber, the PVC and FRRIthough the wear of theses
samples appears minimal). In ordeobtain reliable results, six profiles, three in the
sliding direction and three perpendicular to the sliding directions, were measured for each
worn surface as shown theFigure15and 5.

The material of volume removed can be assessed from the depévedar
scars. In the current work several quantities were calculated from the measurements 1)
the maximum wear depth including cracks, 2) the maximum wear depth without cracks,
3) the average wear depth without cracks. These were all calculated théatiding
and perpendicular directions to compare the wear for different types of rubber. The
standard deviation for each value was calculated to show the statistical repeatability of
the wear measuremenBasically, two sets of the data were chosemfthe three tests
Maximumwear depthsvithout crackscalculated the single largesear depttwithout
considering the depths of cradks each sample anthose the largest number from
them Then 12 numbers in both directions and 6 numbers in the sldinegtions were
used toobtainthe standard deviationk addition,theworn surfaces were qualitatively
analyzedusing aroptical microscope to see the details of the contact surfaces of the

rubber.
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(a) Test for slurry case

Contact region

(b) Samples after the test

Figurel5. Test observation
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Figurel6. Surface profiles measured using profilometry
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2.4.2Wear measurement of FRP and PVC

For the smalhard PVC and FRBamplesmeasurement of the mass before and
after each slurry test were performed by usirtgghlysensitiveprecisionanalytical scale
(see Figurd?7). The analytical scale has an accuracy olth@. However, the change in
massdue towearon the PVQ@, PVC2and FRPare usually small Thereforeve also
measured the surface roughnesthefPVC1, PVC2 and FRBampledy usng the
profilometerbefore andafter each slurry tesb observe anghanges irtheroughness
during each test. This is not the best method to characterize wear and therefore was not
performed on the earlier tests. Such changes could indicate that the surfaces are indeed

wearing, but at a very slow rate.

Figurel?. Analytical scale

32



Wear depth (mm)

Chapter 3
Experimental results of wear
3.1 Weardepths ofdifferent kinds of rubber measured inboth directions
3.1.1 Hardrubber against FRPtests
As described in the previous sectioriglisg tests were conducted for hard rubber
and FRP material pairs in awater and slurryThree tests were run for each lubricant
condition. The resulting wear depths measured in both directiosti@ne below in

Figurel18. The error bars show the standard deviation of the data.
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Figurel8. Wear depths for hard rubber against FRP measured irdivetitions
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From Figure 8, it is observed thanhithe water and slurry conditions for the hard
rubber against FRP, the wear depths were decreased. And for the slurry tests, the effect
the cracking is statistically less but the overall wear did not decrease very significantly.
The particles in the slurry may be reducing the friction between the surfaces which allow
for more relative motiowith less tangential loading he tangentidoadingcould be
tearing the rubber. Note that tearing and cracking are the same mechanism here.
Cracking is a possible failure mechanism and should be a cottcgrould also be noted
that if the maximum equals the maximum without cracks, then nowberacking was

observed.

3.1.2Newrubber against FRPtests
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Figure19. Wear depths for new rubber against FRP measured in both directions
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Sliding tests were conducted foewrubber and FRP material pairs in, avater
and slurry.Three tests were run for each lubricant condition. The results of wear depths
measured in both directions are shown below in Fi@rd&he slurry has a positive
effect on decreasing the wear. However, once cracks are removed, the difference in the

wearbetween the three samples appears to be minimal.

3.1.3 Softrubber against FRPtests

Sliding tests were conducted feoftrubber and FRP material pairs in, auater
ard slurry.Three tests were run for each lubricant condition. The results of the wear
depths meased in both directions are shownFigure 20. For this pair cracking again
appears to contribute to a large portion of the surface wear and daimagielition, it

appears that the slurry may actually increase the wear for this case.
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Figure20. Wear depths for soft rubber against FRP measured in both directions
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3.1.4 Softrubber against PVC1tests

Sliding tests were conducted fsoft rubber and®VC1material pairs in ajiwater
and slurry.Threetests were run for each lubricamnditions. The results of wear depths
measured in both directions are showikig. 21. For the soft rubber against PVC, the
cracking does not appear to be as severe as against FRP. This is probably due to there
being less friction between the surfacest @hllows them to slide with less stress that may
causeipping or cracking of the rubber. The slurry again here appears to decrease the
wear slightly.In addition, the results of average without cracks are more stable and

repeatable.
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Figure21. Wear depths for soft rubber agaiR&tC1measured in both directions
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3.2 Wear depths ofdifferent kinds of rubber measuredat sliding direction

Figure22to Figure26 show the wear depths of different kinds of rubber we
measured ithesliding direction This differs from the earlier results in that wear was
only calculated in one direction, by taking only a roughness profile in the direction of
sliding. Since there appeared to be more cracking on the edges, this removed that
cracking from the measuremenEromthis data, we can see that overall, the new rubber

seems to be the best for aniear.

UL

Figure22. Schematic drawing of slidn'g‘ airéétin
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Figure23. Wear depth measured at sliding directifor hard rubber again§tRP
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Figure24. Wear depth measured at sliding directiéor newrubber againstRP
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Figure25. Wear depth measured at sliding directifor soft rubber againsERP
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Figure26. Wear depths measured in sliding direction for soft rubber against PVC

3.3 Wear depths ofdifferent kinds of rubber against FRP

A set of slurry tests were run for each type of rubber against FRP to make a clear
comparisonWear depths were measured in bibtd sliding direction anthedirection
perpendicular to slidingn theslurry testsThe results are shown in Figuzé. New
rubber has the smallest wear depth in both directions when in contact againsti&P in
sliding tests. However, natural rubber also has relatively low values, but there appears to
be more cracking for natural rubber. The hard rubber appears to have more overall wear
but less of a contribution from cracking. In contrast, the soft négtygears to have a
larger contribution from cracking. This is probably due to the different types of rubber

having different mechanical properties, such as elastic modulus, friction, and strength
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Nonethelesspew rubber and naturalbber both appear twave significantly less wear

and damage than the soft and hard rubber samples.
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Figure27. Wear depths of different kinds of rubber against kRiRe slurry

3.4 Wear depths ofdifferent kinds of rubber against PVC

Tests of different types atibber against two types of PVC were also performed
and compared. Theear depths were measured in both directiortbeseslurry testsas
noted previously

From theFigure 28, we can see that the natural rubber has the least wear for the
PVC tests inlsirry compared with all the other kinds of rubber. The natural rubber

against PVC1 also appears to have slightly less wear than against the PVC2. However,
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this is reversed for the hard rubber. Since these differences are relatively small, overall
the type of PVC does not appear to be critically important.

Here it appears that a large portion of the damage in the natural rubber is due to
teaing and cracking. In contrast, the wear for the new rubber has less of a contribution
from cracking. Cracking and tearing of the rubber should be a concern as it could cause

eventual failure of the rubber.
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Figure28. Wear depths of different kinds of rubber against two different PVC
material formulationgn slurry

41



Wear depth (mm)

3.5 Wear depths ofdifferent kinds of rubber
3.5.1Wear depths ofdifferent kinds of rubber in both directions

All the results of the rubber teststimeslurry are shown irFigure 29 below on a
comlined plot to allow for directisualcomparisons. The new, sadind natural rubber
all appear to have good average wear, but the soft and natural rubber both appear to have
significant cracking. Overall the new rubber appears to show the best perfermanc
followed by closely by the natural rubber. The effect of the type of PVC and FRP does

not appear to be a statistically significant factor.

02 m FRP_Average
0.18 m PVC1_Average
0.16 = PVC2_Average
014 m FRP_Max
m PVC1_Max
0.12
PVC2_Max
0.1
FRP_Max without cracks
0.08 PVC1_Max without cracl
m PVC2_Max without cracl

New Rubber Soft Rubber Hard Rubber Natural Rubber

Figure 29. Wear depths of rubber in both directions in the slurry
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3.5.2 Wear depths ofdifferent kinds of rubber in sliding directions only

The results are now separated into only those in the sliding direction, since the
cracking usually appears to occur mostly parallel to the sliding direction (i.e. a profile
perpendicular to the sliding diréat will measure it). Therefore, as expected, except for
the hard rubber, the effect of cracking is reduced by only considering the profile in the

sliding direction.
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Figure30. Wear depths afubber in sliding direction only the slurry
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TheFigure 30 showsthat new rubber has the best am@ar performanci this
direcion as well. However, the natural rubber also shows very good properties against
PVC and for the averaged wear. The averaged wear for the soft rubber also seems to be
very good, but cracking seems to be a major issue for that material. Hard rubber is
clearly the least desirable material. The differences between the PVC types and FRP also

appear to be statistically insignificant compared to the influence of the type of rubber.
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3.6 Visual analysis of worn rubber surface
3.6.1 Typicalworn surfaces for rubber against FRP
Photographs of typical samples were taken in order to allow for visual analysis
and confirmation of the quantitative measuremertitg. lighting is slightly different in
the photographs which can cause the appearance of discolofatiabeled in Figure

31, the sliding direction of the rubber samples is in the vertical orientation.

Soft Rubber Hard Rubber New Rubber

Air

Water

Figure31. Worn surfaces of soft rubber, hard rubber and new rubber in air, avater

slurry against FRP
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Fromthe worn surface pictures in Figus#, there are wear and cracks on the
edges of the contact surfaces. The cracks are especially significant for soft rubber. There
are cracks fothenewrubbe samplesontheedges of the slidg directions but the wear
is not obvious.In the samples tested in the slurry, one can also notice the presence of a
few solid particles of dried slurry on the surfaces, and especially in the cfacksan
show thaslurry deposited and influencedemubber weawhen the upper samples
contact and slide against the rubldére slurry samples appear to possess slightly less

cracks. Overall the visual inspection confirms the quantitative profile results.
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3.6.2 Typicalworn surfaces for rubbers against PVC

Soft Rubber_PVC1Slurry Hardrubber_PVC1slurry Naturalrubber_PVQ@_Slurry

Sliing ]

Soft Rubber_PVC1_air  Hardrubber PVQ_slurry

Soft Rubber_ PVCilwater  Newrubber_PVC1lslurry

Figure32. Worn surfaces of soft rubber, hard rubber, natural rubber and new rubber
against two different PVC material formulations
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For the worn surfaces of rubber against PVC tastshown irFigure 32, visually
the cracks on the edges seem less compared with the FR®vIesksalso matches the
profilometer wear measurementBhis may be due to the FRP being a more abrasive
material.New rubber and natural rubber have a betéefgpmance against wear than
hard rubber anthe soft rubberTherealsoappeas to be cracking and possible cutting in
some of the rubber tests due to edge effetste that cutting, cracking and tearing is all
referring to the same observations, bt tasearchers are unsure of the specific
mechanism actually causing the damage. The roughness of the natural rubber also

visually appears to be different from the other types of rubber.
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Chapter 4

Wear analysis of the PVC and FRP samples

4.1 Weightchanges of the FRP and PVGamples
The weightsof the PVC1, PVCand some FRP samples are measuréardand
after each slurry test. The change in weight is then calculatede3hiés are shown in
Table4 below. The data for the measurements are shothertables belowHowever, as
shown,the weight changes for both samples wamaller than the resolution of the scale
and sometimes even positive, which suggests a gain in mass. This gain in mass could be
due to some residual slurry material on sahenple othe absorption of watelOverall the
wear on these harder samplegsagligiblecompared to the wear on the softer rubber
This is the expected result according to the accepted Archard theory d2djeahich
states that wear decreases wititenial hardness (i.e. softer materials usually wear faster

than harder materials).

Table 4. Weight of the FRP and PVC samples

Sl unPVCl aMewnRUPVC1l agaRobtPVC2 agaRobl
Uni t| 1 2 3 1 2 3 1 2 3
Bef c0O.380.390.370.3|0.36/0. 37 0.3€¢0. 3
Aft(0.3¢§0.390.370.370.36/0.370.3€60. 3
Chan/ 3EH5-0. 002E50. 0 9ED05|0. 00 O 104 O

e
o
w

SIuPVC1l aNat msallPVC2 aNat RedlfFRP adlat us @l

Uni t 1 2 3 1 2 3 1 2 3

Bef|0.380.38§0.400.410.410.370.970.8{1. 014
Aft) 0.3¢(0.3§0.4(00.410.410.370.970.811. 01
Chail 1ED4 0 0 0 14 0 -0. 0/-0. 0(-0.0
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4.2 Surfaceroughnesschanges of the FRP and PVGamples

In order to quantitatively observe the wear properties of the cosemeples (FRP
and PVC), we measurelde surface roughness of the contact surfaces of these samples
before and after each slurry test by using the profilometer. If the roughness of the contact
surfacexchangedthis indicateghat the surface did wear when in contact with the sliding

rubber amples.The oughness data are shown in Figu38s36.
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Figure33. Surface roughness of PVC before and after the tests
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Figure34. Surface roughness of FRP before and after the tests
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The surface roughness of almost all of the samples were slightly increased after
each test, especially for FRPNote that the counter samples and rubber samples were
changed for every tedt.shows that PVC and FRP dikar during the contacthe
averagechange in roughness for PVC1 and P\&E@ calculated and shown in Fgh. It
suggests that the PVC 1 might wear slightly differently than PVC2, but a more thorough
analysis is needed to confirm thihe roughness chgas of the FRP samples were
calculated and compared with the values of the natural rubber wear of the sliding tests in
order find if there is a relationship between the a change in roughness and wear measured
via profilometry (see Fig36). There is alsancreased wear rate to higher roughness,

which intuitively seems correcthis relationship appears to be confirmed.
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Figure35. Average srface roughness changeR¥C before and after the tests
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FRPNatural rubber sliding tests
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Figure36. Surface roughness change of FRP before and after the tests
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Chapter 5
Indentation test

5.1 Test setup

In order to thoroughly characterize the mechanism of the rubber wear, an
indention test withousliding was conducted to compare with the sliding tests. PVC1
samples were loaded normally against the new rubber material in air. Basically, without
reciprocating motion of the lower rubber sample, a constant normaldbi€@®N was
applied on the new hler by the upper PVC1 sample for 3 hours, (i.e. the same time

duration as the sliding tests).

FZ Air

PVC1

New rubber ]
- Fl}{Ed

Figure37. Schematic of the indention test
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5.2 Results

The contour of the permanently deformed surface under compression were
measured in both directions on the new rubber. Pictures of the loatxksare also
shown in Figure38. No visible cracks or cutting appear to be present on the worn surface.
Therefore, the cracking and cutting most only occur when sliding motion and a lateral
force are presenthis suggests that a portion of the damaggh¢ rubbesampls may
be permanent set in the rubber that could causeibieer parto loosen its contact with
the FRP and PVC. This loosening could lead to more relative motion and sliding, which

would also result in more wear.

Figure38. Compressedurface
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Figure 39 Wear depths of indentation test measured in both diredbom&w rubber
in air

It is shown inFigure 39 above that thendentationdepths of indentation test,
compare the max value and the value of max without cracks, the difference is extremely
small.As cracks are usually the reason for large wear depth, this also reveals that no
significant cracks or cutting are formedtire staionary contact, while for the sliding
motion case, cracks are shown on the edges of the contact fHggomicrevibration

effect in stickslip motion mentioned abowmuld be a reason for the formation of the

cracks.
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Chapter 6
Experimental results d friction
6.1 Experimental results of friction force
The friction force is also recorded during the experiments. Because the motion of
the upper rubber specimen is reciprocatthg,trend of the friction force geriodic The
friction forces ofthesoft rubber against FRP in air, watend slurryas a function ofime
are shown in Figurd0-43respectively All of themalternate betweepositive and
negative valugbecause the sliding direction of the rubber aglaFRP is changing with
time. Thus, only the peak values of the positive part and the negative peoinaidered
in order to make a comparison betwéeadifferent lubricating conditions as well as
different rubber in the same condition. The peakibictorces of the soft rubber and

hard rubber against FRP are shown in T&kded6.

Table 5. Peak Friction Force of Soft Rubber against FRP

Soft Rubber/ N| Positive Peak Max Min | Negative Peall  Max Min
AIR 37.5 2.500E+00| -1.5 -37.0 2.000E+00Q -3.0
WATER 35.7 1.833E+00| -3.2 -34.5 5.500E+00 -3.0
SLURRY 38.0 8.000E+00| -6.0 -37.2 5.667E+00 -7.8

Table 6. Peak Friction Force of Hard Rubber against FRP

Hard Rubber/ N| Positive Peak Max Min | Negative Peak  Max Min
AIR 43.3 3.667E+00| -5.3 -43.3 7.333E+00 -5.2
WATER 46.3 1.667E+00| -1.3 -44.0 1.000E+00| -1.5
SLURRY 47.0 1.000E+00| -1.0 -47.7 1.667E+00| -1.8
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Figure 40 Peak friction forces of soft rubber and hard rubber against FRP
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A clear comparison dhe peak friction force in different casegh the error bar
is shown in Figure34. The error bars represent the difference between each peak value of
the three tests for each case and the mean W&lleiean see that the peak values of hard
rubber is significantly larger than the soft rubfranyof thelubricating conditions.
But their values arenore consisterttecause the error bars are relatively snkalt the
hard rubber againgihe FRP case, with lubrication, theeakfriction forces areincreased,
especially for the slurry casélhile for the soft rubber, the difference between air, water
and slurry cases are not significant and the smallest peak friction forces of both positive
and negative is the water case. And the values are really close to each other for the slurry
case and the atrase, but the error bar is larder the slurry case. The reason for these
results probably is that the soft rublemoreelasticand because of the relatively small
sliding distance and large reciprocating frequency, the deformable part of the beft rub

in the contact region has a big influence on the friction.
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Figure 41. Friction force over time of soft rubber against FRP in air
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Figure 42. Friction force over time of soft rubber against FRP in water
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Figure 43. Friction force over time of soft rubber against FRP in slurry
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Figure 41 to figure @ show the variation of friction forcas a function of time
during the reciprocating motioBhattacharya et al §} thoughtthat the initial micre
cracksand he | ater propagati on wa sAstheadimesrande by t h
increased, more reciprocating cycles are applied to the rubber. Because of the block of
the deformation part in front of and behind the upper samplesippespecimenust
sticksinto the rubber samples and keep still with no sliding relate to the reaigiles
The ripples were formed during the sliding process and because of the reciprocating
motion, the rubber surfacessraining alternatively. In this wague to the fague
mechanism, the tip of the ripples are easily torn apart to form the debris, which are
generally the maigontribuor torubber wearRelative sliding motioms gradually
dominated as more permanent deformation on the contact area of rubber samples are
formed.At first, deformation dominates while after the formation of the permanent
deformation, the relative reciprocated sliding between the rubber and the harder materials

may cause fretting on the rubber surface.
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6.2 Coefficient of friction of rubber against FPR

During theentireduration of each test, the friction force and the normal load are
recorded accordings a function of theme. The coefficient of friction is also calcuéd
by dividing the friction force by the normal lod8lecause the motioof the upper rubber
specimen iseciprocating, the trend of the friction forcepisriodic In this way, the COF
calculatedat every pointin time are also distributed in a range.€eTtoefficients of
friction of soft rubber against FRP in air, water and slurry changing with the time are
shown respectively in Figur-47. Because the COF is a scalar, its magnitude is not
related to the direction of the friction force. In this part, tiredian CORvere found for

each case in order to make a comparison, the results are showFigutieet4.
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Figure 44. COF of soft rubber and hard rubber against FRP
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Figure 45. COF of soft rubber against FRP in air
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