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surface, where it is bound in a complex tribofilm containing Si, Co, and W. Strong chemical

interaction occurs between Si and Co, and there was some analytical evidence for a complex

Si-Co-O compound in the tribofilm. Such effects do not appear to occur under water-

lubricated conditions, probably as a result of the combined effects of lower temperatures,

reduced adhesion and material transfer, and the fact that much debris is swept out of the

contact zone by the water.

The formation of Co and Si-rich tribofilms was explained in terms of a thermally activated

mechanism whereby the relevant binder phase migrates to the surface of the PCD compact

under the influence of frictional heating. While further studies are required to confirm and

describe the mechanistic details. indications are that differential thermal expansion between

the binder phase and the surrounding, rigid diamond network cannot account completely for

the effect. It appears that the migration is sustained by a diffusion mechanism. which

probably involves the ciffusion of vacancies into the PCD compact. The precise nature of the

driving force for tilt' migration remains uncertain, but it is possible that a significant part is

provided by the binder phase undergoing chemical reactions (oxidation) at the sliding surface.

Loose wear debris generated from the binder phase played a contributory role in tl'lb011l111

formation, by becoming compacted on the sliding surfaces,

Drilling fluid constituents bentonite, silica. and barite have (1 beneficial effect 011 the friction

coefficient and LCC of self-mated Syndite. This is related to the removal of deleterious Co ..

rich tribofilms by these materials. through a complex mechanism involving both mechanical

abrasion and chemical internctlons, The addition of haematite must be avoided since it results

in rapid seizure of self-muted Syndite and severe surface damage. This was most likely

caused by graphitization and structural degradation of the diamond surfaces. which is known

to be promoted by the presence of catalyst (or solvent) materials such as cobalt and iron.

The friction coefficient of self ....mated Syndite in dry sliding increased with increasing

temperature, reaching <111 apparent maximum between 60 T and 100 'C. Beyond this point,

both parameters decreased to an npparent minimum at ·,160 "C. These effects were explained

in terms of the influence of temperature on the rate of binder phase migration and tribofilm

formation, as well as 011 the mechanical properties of tho tribofilms,
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ABSTRACT

This thesis describes a study of the friction and wear characteristics of a range of oxide and

silicon-based ceramics sliding against AlSI 440C stainless steel, as well as various sliding

combinations of two types of De Beers polycrystalline diamond (PCD), namely Syndite and

Syndax, To facilitate the former work, a high-speed reciprocating sliding test machine with

computerized data acquisition and control was developed.

It was confirmed that under water-lubricated sliding, the oxide ceramics (alumina, PSZ, 3Y-

TZP, and Ce-TZP) showed higher friction coefficients and Weal' rates than the silicon-based

ceramics (Sialon and silicon nitride). This was related to different levels of adhesion and the

formation of metallic transfer films. For the zirconia ceramics, increased transformation

toughening was associated with increased surface fracture damage and metallic film formation.

In general, the metallic transfer films were beneficial, protecting the underlying ceramic and

dominating the friction and wear behaviour. The superior performance of the silicon-based

ceramics was related to the formation of lubricious tribofilms containing silicon oxides and

hydroxides.

Experiments with synthetic mine water as lubricant demonstrated that the presence of

significant amounts of chloride and sulphate in the water generally reduced friction and wear.

This was tentatively explained in terms of reduced adhesion and the promotion of iron oxide

and hydroxide formation. It is suggested that the influence of sulphate may be more

important in thi'3 regard than that of chloride.

The tribological behaviour of self-mated Syndite PCD sliding couples is dominated by the

formation of Co-rich trlbofilms, which nrc associated with increased friction coefficients and

reduced load carrying capacity (LCC). Syndax, which employs silicon as the binder phase,

shows lower friction coefficients anti higher LCe under both dry and water-lubricated sliding

conditions. Mixed Syndax/Syndite couples show superior performance to self-mated Synditc

tinder dry sliding conditions, but 110 improvements in the presence of water. The former

effect is related to the preferential removal of Co 11'0111 the Synditc surface to the Syndax
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('1 tAPTER 2: Llremrure Review 5---------------------------------------------
CHAPTm:t 2

2. LlTERATIIRE RIWIKW

:t.l Introduorion

Engineering ceramics mainly include compounds of C, Nand 0 with Si and various metals,

for example nlumina (AIPJ)' zirconia (ZI'02)' silicon curblde (SiC). silicon nitride (Si,1'r,J, und

slllcou-alumlnium oxynitride (~'liAION). The materials combine low density wi',ll good

mechanical properties, such as high hurd JSS. strength and stlffuess up to high temperatures,

Together with their excellent e01'1'OSi0l1 properties and oxidntlonul stability, these

chamctcrlstlcs mnke engineering ceramics very attractive for usc in u wide runge of ngressive

sliding applications where demanding mechunlcnl, corrosive and thermnl requirements
exist [1]. Syntlwt'c tiinmoNI materials exhibit 11um)' of the clmrncteristics which distinguish

cngineering ccrnrmcs and arc thus considered under the same category for the purpose of the

Pl'~SCl1f discussion,

IIIStOriCUlly. intensive research emwts into the sliding fd.:lion und wear behnviour of ceramics
were stimulated by industrial applications Stich !IS mechnnlcul Pt1ll111 seal rings, ~:uttilll~ tools

and components for internal combustion engines, 111 response to the rcquncmcnrs of

nerospace development programmes, curly research in the 1960's and 1970's focused 011 the

elucidation or fundumcntul Irictiou and WI,'UI' mechanisms llsing slngle crystal CI.1I'(\I11ios,such.
tiS sapphire 12J and silicon curbldc P], 'I'ogethcr with Iuudumentul studies 011 coutac;

phenomenn ami fracture 14][51[6]. this work provided the basis for much of th(.1 current

undcrstnndlng of cerumlc tribology, as outlined by Buckley 17],

As ceramic mnterluls technology developed further und industrial upplicutions gained in
lmponnncc dLlring tl.e 1t)70's snd l\!ll'ly 11)HO's, the research lhells shlftcd towards the study

of pulycrystnlllnc CCHl111ics in mutua! sliding contact und also hegnn to eonsider metals in

contact with cernmlcs in more detail. Although much of this work involved unlubricuted

sliding couples, thu overriding lmporumcc of (he environment and the Jormntion of surface
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1.3 Thesis Organfzntlon

A literature review was initially curried out to cstuhllsh the level of exiHtillg knowledge
concerning the trlbological charncterlstics of metal-ceramic and PCl) sliding couples

(Chapter 2). A high-Frequency reciprocating sliding trlbomcter with computerized data

ncqulsitlon was developed to simulate the essential features of the motion of components in

hydro-powered gold mining cquijunent (Chapter 3), This was subsequently used to study the

friction and wear behaviour or various engineering ceramics sliding ugninst AIsr 440C

stainless steel under both dry and water lubricated conditions (Chapter 4). A study of the
tribolcgicel chnrncteristics and operational performance llmltntlons of various PCl) sliding
couples under both dry nnd water-lubricated conditions is described in Chapter 5. Finally. the
results obmlncd n'0111 the work nrc summariacd in Chapter 6, ami conclusions \.lrawll
pel'tnining to the selection and development of improved sliding couples for use in hydro"
powered stoplng equipment as well us thrust bearings for down-hole drilling applicutlons

4
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a thrust bearing is limited hy the dlametcr of the outer bearing housing. which is similar to
the diameter of the drill pipe. and the diameter of the bit drive shaft which is concentrically
located in the bearing housing and connects the down-hole powerpack with the drill hit,
Typically. this nnnular space is 1R 111m wide with a pitch circle diameter of ,,·120 111m. In
order to nccommndnte the high loads, tmdltlonnl thrust bearings arc thus made tip of bearing
stacks, which can comprise as many as 30 or 40 individual rotor/stator bearing sets. As a

result, these benring assemblies nrc up to 2.5 m Iong which, in turn, limits the radii which cnll
be achieved in directional drilling. (In this drilling technique. the borehole is diverted from

the vertical direction to access multiple oil fields from a single drlll rlg location, or to access
oil deposits which could otherwise not be exploltod).

Against this background, it was proposed to develop nn Improved thrllst bearing which utilizes
POlYC1'yst(\Uinodiamond (PC!)) bearing faces. It was anticipated thnt the extreme hardness,
wear resistance and low friction coefficients associated with diamond could provide the
potential fol' rcduclng the overall length of the bearlng, by making use of only two bearing
face sets. and J.01'impmving the Wc(\\' li!'e of the assembly, Similar work has been curried out
by Smith Intcrnntional, USA, and other organtzntlon«, but has been protected by u
comprehenslve patent portfolio. No Informntlou regardlng the fundamenml friction nnd wear
characteristics of such bcuriugs could be found in the open Htemturc,

Initlnl development work conducted by the writer and CO-WOl'kCI'H showed that the
performance of peD theust bearing» uppcnrcd to be limited by crratlc friction behaviour and.
unanticipated seizuro of the bearing surfaces at high contact pressures, rather than by WGm'.

A more fundamental study was thus initiated to examine the friction characteristics of vnrlous
combinations of two PCD types untie!' both dry and water-lubricated sliding conditions, The
prlmnry (lim was to generate useful datu concerning the opGl'Hliol1ul limitations of these sliding
couples, as well HS to develop nn understanding of the fundamoninl friction (lind wear)
mcchunisms, to 111dlimtc the selection and/or development or imp1'Ov..!dmnteriul couples ['oJ'
peD thrust bearings.
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progrnmmc of work was thus initiated by the Chamber of Mines Research Organization

(COMRO) to study the friction and wear characteristics of AISI 440C - engineering ceramic

sliding couples, with the aim of generating data and lm()wll!tige which could hc applied in the

design of improved reciprocating water-powered components.

1.2 Borehole Drllllng ill the Oil Industry

It is C{)llU11011 practice ill the drilling industry to 11Ump large volumes of a water-based ddllitlg

ftuld (or mud) down the drill pipe and through the drill bit to cool and lubricate the drill bit

and Hush the generated cuttings om of the borehole, Analogous to the hydro-power concept

in gold mining. this has led to the development of down-hole powcrpneks whlch mnke usc

of the stored cn.crgy in the drilling Iluld to directly drive the drill bit. The two prima!'y tynes

arc the Molnenu positive rlisplucemeut motor, which incorporutc» (\ helical shan: ruunlng ln

(I rubber stntor ns the driving element, and the turbodrill, which comprises numerous rotor and

stator mrbine blade stages analogous to a gas turbine. Both motors nrc driven by the drilling

fluid which is supplied at a typical rate of' 3500 11111il1,

The hydranllc and drilling loads nrc supported by a bearing pack which comprises n set of
radial ami bl-directloual .hrust bcnril1gs and is typically mounted between the drive unit and

the drill bit nt the bottom of the drill string, Due to the high flowratcs nnd fuluy agressive

natnrc of the drilling fluid (which contains solids such as bcmouite. barite and silica), it is

usually imprl\ctkal to seal these heal'il1g units. Therefore, the hcnring surfuee» ure generally

lubrlcnted with the drilling fluid, and this lends to rapid wear of tllc rubber/molal 1,1<1111 thrust

bearings or the all-mctnl !'OIling element thrust bearings which Hl <.) trnditionally used. The

typkal lltetlmc of such u trmlitiol1nl thrllst benriug set may vary between about 40 hours and

IOO hours, Comparing this to the lyph:nl time required for retrieving tho dri]] string Irom the

borehole to replace the beurlng (24 hours), the economic implications become clear.

l'urthcunore, the typlcn] thrust loads which must he nccommodntcd (Ire or the order of to •
12 tonnes timing drilling. while the superimposed shock loads can momentarily rench values

in exc.;css of three times this static load. The annular space which is uvullahlc to nccomodnte
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CHAPTER 1

1. INTRODUCTION

Mining is probably one of the 1110:-:t important industries worldwide, and particularly so ill

South Africa. Altlmugh the contribution of mining to the South African GDP has declined

slightly over the past ten years, it remains an important contributor and an integral part of the

eColt()I11Y·

The current trend for base mineral prices to remain static 01' decrease slightly has placed

tremendous demands 011 the local and overseas mining industries to reduce unit production

costs in order to preserve profltnblllty. This has led to much reseurch activity into improved

mining methods and more efflclent use of engineering materials in mining applications, Due

to the arduous nature of these applications, the tribological characteristics of materials ure of

particular importance, and this aspect is addressed in the present work.

South Afrlcnr, gold mines arc among the deepest ill the world and efllclent cooling of the

stope regions is criticul to malntaln (\11 acceptable working environment. For this purpose,

large amounts of chilled water nrc pumped down the mine shufts nnd into the stope regions.

The hydro-power concept makes lISC of the potential energy stored in the vertical, chilled

water column in the mine Hhafl to provide hydruulic power to stoping equipment, such as rock

drills, This has important economic advantages OVCI' undhionnl pneumatic or hydraulic power

sources. Other benefits include increased safety and compatibility with the existing mine
Infmstructure.

I1\i(i(\1 research wOl'k Hhowcd thut n seriolls I'cl'1\mn(\llcc.limiting fuctor in the duvclopment

of high pressure, high Ircqueney I'~ciprlleating componen« for water powered equipment like

water hammers nnd rock drills, was severe sliding wear tlnd stick-slip motion (l.c, high und

variable Irlctlou coclflcicnts) of the traditional AISI 440C stainles» steel COmpOllL1l1lS, A
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2.2.3 Friction I\U({ wear tl'l\l1sitiol1s

The current understanding of the wear of ceramics is lnadequnte for cnglnccrlng design

purposes [53], One aspect of the problem is that investigators have used luhoratory lust

conditions under which one particular went' mechnnisru dominated, It is now well known,

however. that different wear mechnnlsms may operate slnmltaucously 01' scqnontirrlly, thus

creating transitlons as the experimental conditions change, Cunacquently, much of the datu

reported in the literature is 110t compamblc, A recent review of the knowledge statlls on wear

and lubrication of cerumlcs [54] demonstrated that of 300 collected PUj1Cl'S, only 70 contained

comparable wear lnformution, EWI1 among these, the scauer in data concerning material

propertie« and wear is unncceptalily high. as summarized in Tuble 2.1 by Hsu et al [551,

'I'lIllle 2,1: Cerumlc WI!UI' data from llternture

IF" - - - F- '-
Alt()l SIJN~ SIC PSZIl)

j M~_
..........-

Menu Rnnge Menn Rnllgc Menu Rnlll~e Hnngc
.....",,~ - " 1..-• - ~- -Fracture toughness, 4 2·6 4,4 1,4·6 2,0 1,5·,1 8 5·15
MPllIm"1 - -- ~_.:- 1-- ..........-
Ilnrrlness, <WI1 16 11·22 16,3 1:'1·17 25 13·34 12 10·1·1- ~ - -Elastic Modulus, :170 3,10·410 :1IJ 29u·3:'13 :197 :190·402 2(l(i 196,,216
GJlII ---- --Density, g/ClllJ 3,0 :'1.8·3,'> 3,2 3,1·3,01 3,0 .. 2,8~3t2 5,9 5,7,,6,0

'~

WC(/J' C()cfJicicllts(2J

Ambient IO'~ 10" ·10' 10'1 I()\IOI I()" IO"·IO'~ 10'1 10".1 ()"I

-------.1-- '~ ....
ffi"nl<l nlr

I()" (lh 10'\ 10"'·10,1 N/A N/A 10" N/A

;ht'lcntcd(~ I{r', I(),~ --..".,....,.._*-
10'\ I(),,, N/NI) 10'" N/" I()" 1011.11),1,--

NOTES: I. PSt': Partially stabilized zlreoulu.
2. Dlmcnsinnless wear coefflclent, K, us dullucd hy in the ArchilI'd weu. equntlon.
3. l.ubrlcntcd dunotes liquid lubrlennts were uscd, which 1ll11Y 01' lIlay not luhricurc
4, N/A insufflclent dutu for rensonnble vutue,
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ceramics, lending to increased intergranular cracking, 1IOWIlVel'. there is disagreement in the

literuture concerning the influence of this cfIbct 011 wear rates, For example, Fischel' et at

[47J and Scott [48] found that the wear rates of toughened zirconlus were signiJictlnlly higher

in water tltan in nil'. Conversely, a decrease in went' rate was recently observed hy Stachowiak

at al [491, despite un increase in small-scale surface iractnre.

Third-body fllms which may be formed by trlbochemicul reaction, material transfer, 01'

compaction of wear debris also exert n strong lnfluence, to the point where went' CUll rarely

be correlated directly with crack growth rates [16], Laucastct [50] argued that improved

wear models will need to be based not only Oil fracture mechanics, although frncture is clearly

Important ill the generation of wear debris, hut n180 need to take into nccount third-body

fonnation ant! materlal mlcrostructure. It would nppenr thnt such It model would have to be

specific (0 pnrticulnr materials, 01' at leest to a material class. and that it may thus be

imposslble to develop a general model whlch will ullow the uccuratc theoreticul description

tint! prediction of went' fot' most commie mnterlals.

It is nevertheless useful rOl' the following discussion to consider u simple model of wear, often

referred to us the Archard went' equatlon, which relates the volume wear Q to the materinl

surface hardness Il, upplied load F and sliding dlstnnce D:

Q (2.4)

where K is the dlmenslonlcss weur cocfflcient, us dc!illUd by Rnhin()wit.)~ [51J[5:2I, CCl'tlmic

mnterials display u reasonably linear rclatlonshlp between weal' und sliding distance und loud

and therefore the wear coefflclcnt is used by many investigators to I'I.!POl'tluborutory WI.)UI·

dnta. In some cases, the dimcnsionul 01' volumetric wear coeflleient is ulso used, It is defined

(IS KIll with units nun lIN .m and I'Cpl'l.)Sellts the volume weal' pel' unit sliding dlstnncc 1M' unit
upplied loud,
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a trnnsformation of the tetragonal to the monoclinic phase, analogous to the martensitic
tmnsformatlou observed in steels [141, The fracture toughncs« of the ceramic is increased
since the trnnsformurion ubsorbs u proportion of the driving energy of H propagating crack,
Funhermore, the tmnslbrmntion is associated with a volume expansion or between 3 unt! 5 %

which further retards crack propagation by generating compressive stresses at tho crack tip,
These mlcrostructural toughening mechanisms have been described in more detail by Evans
[35] and have led to the successful usc of the mnterlals in demnnding npplications such as
tappet facings in internal combustion engines, screw conveyor hearings and scraper blades in
the mining industry and extrusion dies ill the metallurgical industry [36],

The transformation toughening effect can have u dmmaticnlly honcflclal lufluence on weal'
resistance, as demonstrated by Fischer et at [37) who found that the wear resistance of yurfu-

stabilized zlrcoulas is prcportlonul to the fourth pOWC1' of the fracture toughness, In contrast,
several investigators have found minima in the wear reslstance between room temperature and
about 500 0(' [381[39] while others demonstrnted high wear rates of zirconia ceramics under
various test conditions, purtlcularly ,It high sliding speeds and upplled lends r40 )[41 ][421[43J,
In these cases, the high wcur rates were explained in terms of the lnrgc-scale tetragonal-to-
monoclinic unusfonnaricn and subsequent delnminntlon of the nenr-surfucc lnyer, The plcture
that emerges is that tinder lower loads, temperatures und sliding speeds, purtial transfbrmntlon
of the tetragonal phase in tho near-surface regions of zirconia cernmlc inhibits mlcrofrneturc

nnd improve» weal' rcslstnncc. t lnllet' more severe lodiding conditions, however, the
transformntlon is more complete and am'clS 1I thicker subsurface layer, Tho volume expansion
ussocinted with tho nunslbrmutlou then results in spulllng und d(.)lm~liJ1utionof the trnnslormed
layer, thus increuslng the \V1.lt\1' tate 1441,

In practic«, wenr of cerumics is clearly u complex phenomenon since mcchanlsms such us
plnstic defounntion, mlcrofrncturc, futlguc und trihochemical I'CHClil'I1S ll1(\)' occur
simultuneously [451 and are ullectcd strongly by opcmtlng condltlons and tho cnvinuuncnt.

Dlrec: envlronmentnl cflccts include stress-corrosion cracking which is known to increusc tho
wear rate or ulmuina in water 14(11, A similar mccbnnism has been observed ill zirconia
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Figure 2.3: Influence of grain siz(.l on volumetrlc wear rcslstnnce of
alumina and zinmnin during «(I) unldlrectlonal and (b) reciprocating
sliding contact. caneI' Zum tilthl' <'l ,,/ [n]l

.
Zirconia ceramics display a unique microstructural effect which has nil overriding influence

ou fraciure and wear properties. 7.('(\ exists in three crystallcgraphic structures, namely cubic

above 2370°(,. tetragonal above 1170nc and monoclinic below 1170 'C [33], The tetragonal

or cubic phase can be stabilized over the entire temperature runge by additions of MgO, ('nO.

Yl)" (yttria) and Ceq (ceria); such ceramics arc termed 1\I11y stnbilized zirconias (FHZ),
However, by carefully selecting the level of these additions and controlling the microsuueture,

varying proportions of the tetragonn! phase can be retained to room temperature in a

memsmbl« LImn (tetragonal zlrconi., polycrystals, TZP, or partially stabilized zirconin, PS7.),

In these eernmlcs, the upplication of localized thermal and/or mechanical stresses can cause
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dry sliding since the silica layer is easily sheared, reduces the coefficient of friction and thus

inhibits microfructure. Eventually, the surfaces may become smooth enough to enable

hydrodynamic lubrication at very low sliding speeds and weal' becomes negligible [27].

Most ceramics exhibit low thermal conductivity. diamond being the notable exception.

Fracture due to thermal shock can thus OCC1.l1' as steep temperature gradients are developed in

the surface due to frictional heating [28], This mechanism is of particular importance in high-

speed, dry sliding and/or high temperature applications. Winer and Ting [29] studied these

aspects and proposed a thermcmechanical wear model wherein fracture is caused by n

combination of mechanical and thermal stresses and is influenced by the temperature-

dependent mechanical properties of the ceramic,

It will be apparent from the preceding discussion that lntergranular fracture and fracture 011

the scale of the ceramic grain size nrc most important tinder practical contact conditions. It
is thus not unexpected that ceramic material microstructure and properties exert a strong

influence on friction and went'. Ajny! and Ludema [30] found that the extent of damage nnd

wear 011 n grain size scale was significantly different for ceramics such as silicon nitride,

silicon carbide, alumina and zirconia due to the influence of microstn.cturc. Nevertheless,

macroscopic damage mechanisms such us transverse spalling were found to be similar 1'01'

these ceramics, and therefore mighf still lend themselves to modelli..g based on fracture

mechanics and friction theory considerntions. Ajayi und Ludcma [31] extended their work

by showing that materials with weak grain boundaries (three different alumirms) W01'O
,

predominantly by grain pullout and so exhibited higher wear rates than n material with

stronger grain boundaries (silicon carhidc), Zum Ou111'et al [32] dcmonstrmcd n strong

Influence of grain size on wear resistance for nlumina and, to u lessor extent, for zirconln

ceramics (Figure 2.3). Note also the vast difference in the behaviour of uluminu in

uukluectionn) vs reciprocating sllding. This dcmonstrntes the relevance of' the PI'OSOl1t work

Oil engineering ceramics since most published studies \V(.'I'C curried out on unidirectional pin"

on-disc tribotest machines.
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(n)

"

100,101

(b)

~.----------..........---------------------,--- .....--------~FIgUl'1l 2.2: Formutlon of Hertzlan cone cracks (n) under n statlc Indenter lind (b)
during sliding. (as prese 1tl!d b;. Ilulci1ings [l~]l

present work. since the stress u'e completely dlffercnt.

Apart from plastic defbrmation and brittle frncture, ceramlcs can wear by trlbochcmical
reactions or corrosion, For example, ~H~N.Ireacts with water to form silica ant! silica hydrates
which nrc relatively soft and can be easily removed from the surface by mcchanicul
actlon [26], Nevertheless, the wear rate is generally reduced by this mechanism compared to
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friction greater than 0.3, these stresses reach (he surface of' the ceramic where they reduce the

fracture initiation stress, as mentioned previously, and promote fracture. Under these

conditions, fracture is typically on a small scale and ocelli's along the grain boundaries,

leading to the removal 0[' individual ceramic grains and H roughening of the surface.

Under concentrated (counterformal) but clastic contacts below a blunt indenter. contact

conditions are intermediate between the above two extremes, brittle fracture occurs on a larger
scale and can be understood in terms of the Hertz elastic stress distribution. For a sphere

pressing against a plane, it can be shown that the maximum tensile stress 0rnl1x occurs at the
surface and just at the edge of the circle of contact:

(2.3)

where PIl1~nl1 is the normal stress applied over the contact urea and \) is Poisson's ratio. This
tensile stress component causes a Henzian cone crack to initiate and propagate when a certain

critical normal load is exceeded (Figure 2,2(n)). The strong influence or friction on this
critical fracture load was confirmed recently by Sliney [21] who demonstrated that ion-plated
silver films lowered the coefficient of friction between diarnond and alumina nnd thereby
reduced fracture. When fracture docs occur, it tends to appear in the 1'01'111 of nrc-shaped
cracks which intersect the contact surfuce transverse to the sliding direction (Figme 2.2(h)).

Other fracture rnechunisms which have been observed include subsurtace crack initiation and
propagation [221[23] as well as the related Iructure and fhlgmel1tntiol1 of tho ceramic surfhcc

through fatlgue [24][251, These studies showed that fracture can occur at lends and stresses
which arc below the critical levels for spontaneous fracture by the initiation of cracks at
mnterial detects, such as pores, and/or by the progressive uccumulatlon of dislocations in the

material. Brookes and PUl'l'Y [25] demonstrated that such mcchauisms me active even when

sliding under softer metal indenters, Tho Ihtiglle mechanisms me dependent on the frequency

of tho applied stress cycles; this illustrates the importance of selecting the correct methodology
in laboratory tests, Evidently, it will be dangerous to rely on datu acquired from

unidirectional pin-on ..disc tests if a reciprocating component is being investigated, us in the
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Importance in metnl-cernmlc sliding systems. Such 'trlbo-' 01' 'third body-' films can have

a dramatic effect 011 ceramic friction and will btl discussed in more detail in. Section 2.2.4.

2.2.2 Fracture and wear

At least three basic particle detachment mechanlsms can be distinguished for ceramics [16]:

plastic deformation, brittle fracture and corrosion 01' weal' by a 'ulbochemical' mechanism.

Brittle fracture undoubtedly leads to the highest weal' rates nnd can thus be regarded as the

most important mechanism.

The most severe contact conditions occur with rough sliding surfaces or sharp indenters
(particles) where high localized loads mid plastic deformation nrc experienced by the ceramic

surfhce. Where the depth of deformation exceeds n critical value, vertical median vent cracks

tend to form directly under the contact zone during the loading cycle [4]. Lnteral cracks 1'01'111

during the unloading cycle, driven by residual stresses in the deformed zone beneath the

contact, and these often extend beyond the contact zone. Eva..s, Lawn and Marshall [171[181

[19][20] studied these crack field 'ntensively and suggested that material removal occurs

when the radial cracks (01' the median vent cracks) and the laternl cracks intersect to Cause

spnlling. They proposed a model which relates the wear volume, V pel' unit sliding distance

s to the fracture toughness Kc' hardness of the wearlng surface H. elastic modulus E and

applied load ]>11 dS follows:

( E] usV:::P 1.125K . o'SH 0.625~:" s
II C 11

(2.2)

However, ill most practical sliding systems. surfuces in contact tend to he conlormul and

smooth, for example sliding bushings and mcchunlcal seal rings, Localized stresses lend to

be low, the contact is churncterized by clastic stress fields and the above model is not
applicable. Nevertheless, as a result of Irictiou at the interface, significant tensile stresses

occur neat' the commie surface at the trailing edge of the contact [15]. At coefficients of
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Under high applied loads or concentrated (ccunterformal) contacts, plastic deformation and

fracture of the ceramic surface occurs, which results in roughening of the surface, Fracture

provides an additional mechanism for the dissipation of energy, the contribution to friction

by mechanical interlocking of asperities increases and thus the coefficient of friction increases,

sometimes by a factor of four 01' more [9], An example is shown in Figure 2,1 for a diamond

indenter sliding on a single crystal of silicon carbide [14, 15] (a more detailed discussion on

friction and wear transitions is provided in Section 2,2.3), It is important to note that fracture

initiation is influenced by the tangential friction stress [8]. For coefficients of friction greater

than 0.3, the maximum shear stress is located at the surface of the ceramic rather than below,

which lowers the fracture initiation stress and promotes fracture,

Apart from fracture, the second important factor which governs ceramic friction is the

formation of surface films by chemical reaction or material transfer, Non-oxide ceramics such

as silicon carbide (SiC) and silicon nitride (Si3N.,) are susceptible to oxidation when sliding

in ail' white oxide ceramics such as alumina (AIPJ) and zirconia (ZI'OJ) form hydrated surface

films in the presence of water or water vapour [14, 15], Material transfer and the compaction

of loose wear debris 011 the sliding surfaces is commonly observed and is of particular

O'8j'

Oil "

.t
" 0,01
C

;11 ",:;;: . ;1[': .. .'
o 0 :' "'-.~t

l 0L~;_;...~"..1'.,"" ,., •.;"",.,.,L"."",,,,",,,",,,L,,,, ..,,,,,~,,,,,J.,,~•• _.........J..._ ••
lJ ~ >1 U tJ 10

Nmmalloa(J(N)

,-----. -----FigUI'C 2.1: Vnrlatlon of coefflclent of frictlon with normal loud for a 60\1

diamond cone sliding on a silicon carbide single crystal. lib presented by Hutchings [15))
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2.2 Basic Concepts in Cernmic Frlction lind Wear

2.2.1 Slidlllg friction

Sliding friction in this context may be defined as the resistance to motion by one solid body

over another. The friction force II.!usually proportional to the applied load, N:

F= IJ.N (2.1 )

where the proportionality constant, IJ.,is the friction coefficient. Under sliding conditions, the

frictional force 111Ustbe overcome over the entire sliding distance. The resulting energy is

dissipated as frictional heating of the sliding surfaces and through other processes such as

surface deformatlon and fracture, which have recently been discussed in detail by Tabor [13].

There is now general agreement [10] that a number of microscopic mechanisms are

responsible for generating friction, namely adhesion, mechanical interaction of surface

asperities (interlocking), ploughing of asperlties through the mating surface, deformntlon

and/or Iracture of surface and I1Cnl' surface layers, and interference and local plastic

deformation as a result of trapped debris (third body effects [14]), The relative contributions

by each mechanlsm to friction depends on the nature of the materials in contact, the applied

loads and speeds, as well us the environment.

,
Ceramics, because of their high hardness, exhibit only very limited plastic flow at 1'00111

temperature and thus the contribution to friction by plastic deformation is small under low

applied loads. Moreover, the ionic 01' covulent nature of ceramic bonding limits adhesion

between ceramics. In the absence of oxygen, the coefficients of friction for cernmlcs HI'I.! thus

lower than for compnmble meml-metal contacts [15]. 111unlubricated sliding in nit', ceramics

typically show friction cocfflclents between 0.25 und 0.8, which are comparable to those 1'01'

metallic sliding couples separated by continuous mcmllic oxide 11I111S.
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decades, very little published information is available on polycrystalline diamond composite

materials (peD). The low coefficient of friction a.id low wear rates of diamond make peD

materials attractive for use in highly loaded machine components in agressive environments,

such as thrust bearings in down-hole motors which are used in drilling oil and gas wells,

There is a strong need for an improved understanding of the tribological characteristics of

peD to facilitate the development of these and other sliding components.

Against this brief historical background, the present study focused on two aspects:

i. the generation of previously unavailable laboratory friction and wear data

which can be used with confidence in the design and development of specific
hydraulic mining equipment; and

ii, an improved understanding of the interrelationship between operating

parameters, environment and friction and weal' behaviour, particularly for peD

materials.

Being focused on specific industrial applications, namely reciprocating elements in hydraulic

rockdrills and thrust bearings in down-hole motors, the study is limited to water-lubricated

engineering ceramics sliding against AISI 440C stainless steel, as well as various

polycrystalline diamond material couples in dry and water lubricated sliding contact.

In this chapter, published information 011 important aspects of the friction and wear of
~

engineering ceramics and diamond, which relate to the work described in this thesis, is
discussed.
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layers, such as adsorbed films and transfer layers, in controlling friction and wear was soon

confirmed. Good reviews on the state-of-the-science at this time were published by Cranmer

in 1987 [8] and Buckley in 1989 [9]. Cranmer identified the following primary research

needs [8]:

i. generation of labo ~tory friction and wear data which is applicable to industnat

applications;

ii, better characterization of the test materials, particularly the worn surfaces, to

elucidate chemical surface effects and transfer layer formatio», especially in

metal-ceramic sliding contacts; and

iii. the development of new high-temperature lubricants for ceramics.

Despite efforts in these directions during the late 1980's and cady 1990's, the friction and

wear behaviour of ceramics remains relatively poorly understood, compared to metals [10].

There is no adequate unified theory which describes the relationship between friction, wear,

operating conditions and environn-cnt. Reliable prediction of ceramic performance in field

applications based on theoretical cor .lderutions 01' laboratory tests is largely impossible, unless

the essential conditions experienced in the field arc closely matched in the lnboratory tests.

A further aspect to the problem is the poor reproducibility of many laboratory tribotests, as

confirmed by recent round robin tests 011 metal-ceramic sliding couples carried out by vurlous

lnboratories within the framework. of the Versailles Project on Advanced Materials and
Standards (VAMAS) [11][12].

As a result of the histoucal focus 011 internal combustion engines and aerospace applications,

comparatively little information is available ott water-lubricated metal-ceramic sliding systems.

These are of interest in many aj.plications, particularly ill the mining industry, and thus one

part of the present work examines such trihologlca] couples in S0111edetail.

The rribcloglcal knowledge base is considerably more patchy in the case of synthetic diamond

materials. Although l1U111el'OUSbasic studies 011 the friction and wear of natural diamond

single crystals and polycrystalllne synthetic diamond films have been carried out over the past
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III the case or alumina, it is known that water CUll increase the extent of fracture by a stress-

corrosion mechanism [46][94J, Where this is the dominant ()OcCl. the went' rate would clearly

be expected to increase, as observed by Wnllbridgc et (11[64, 82. 84, 89), Kupclskl 187] and

Scott [48], However, it has been equally veil documented that alumina is susceptible to

hydrolysis [83. 84][95J[96][97J, In the presence of liquid water 01' at relative humidity levels

above approximately 20%, (111101'0 01' less continuous nIl11 of aluminium hydroxide (boehmite,

AI(OH)) is formed on the alumina surfaces, This could occur directly by reaction with the

alumina surluce itself 01" and this is 1110rc plausible, indirectly through reaction between water

and finely divided alumina weal' debris. The imposed friction stress modifies the hydroxides

to n Iuyercd structure which is easily shenrcd tutti 113 effective ill reducing the friction
coefficient and protecting the underlying surfaces from Irncturc and weal' [98], Whore these

effects override the stl'CSS corrosion effects, the friction coefficient and WCHl' rate would hl~

expected to decrease, as observed by Susukl [83J, Gates et ell [84]. Pcroz-Unzucta et al [
Takadoum [86] and Jeng at ai [89],

The influence of water on the friction and wear behaviour of zirconia ceramics is poorly

understood, It has been suggested that the presence of water reduces tho HllI'l(ICL' energy und

increases crack propngation rates, frncturo and wear, analogous to alumina ceramics, although
no direct evidence was provlded [47][48], Nevertheless. empirical evidence is now

uccumulattng which nppet\l's to confirm that zlrconia ccramlcs arc susceptible to some klnd
of stress corrosion mechanism ill water, On the other luuu], r .uncastcr et at !991 recently

observed n reduction in the weal' rute or PS2 sliding in water and attributed this effect ttl

trlbochcmlcal reactions. Once again. no direct evidence was provided to support this

hypothesis anti till} possibility of formation of softer, lubricious layers 011 zirconin ceramics

hns yet to be proved [49].

Silicon based ccrurnics me much more reuctivc in water than uluminu or zirconia ceramics.

The formatlou of tribochemlcal surface JilIllS composed of SiO., or hydrated l:iilkntcs Oil these

materials hus been confirmed by many investigators [1 (lOn 10 1J[ 102][ 1();1J[l04H 1OSJ[ J 061
[lOT]. Furthcnncrc, although tho ccmrnics wear by micrulrncturc at low and Intermediate

humidities. the crack propagation velocity in fiI.N" 1b1' example, remains unchnngcd with
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Tnhle 2.3: SUlllllHllY ol' previous WOI'I,on the effect of water 01' increasing relative humidity for various
ceramic sliding couples

Combtnuttou Euvlronment
-- .-====:;::;:;::::=====:-:-..:::I Rcfcl'CIICCTcst

Cuuflgurntlou
Frlctlou

Effect of water Oil

Wenr rnte

Varying rh
Water

Decrease
Decrease

t\lp/itself Pin/disc
4·ball
Pin/disc
Pin/disc
Pin/disc
Ball/disc

Vnrylng I'll Decrease
Decrease
lncreusc

Ball/platc
(rcciprocatlng)

Pin/plntc
(l'ccipl'tlCaling)

WUlcI' Decrease

Si.1N./itsclf Pin/disc
Pin/disc
Pin/disc

Varying rh
Wntcl'
water

[)CCI'ClI!lC
Decrease

Unchnugcd

Decrease
Decrease
Increase
Decrease
Decrease
Increase

Decrease

lucreuse

Decrease
Decrease
Decrease

[83]
[8<1]
[64]
[85]
[S(l)

[87J, as referenced
in [88]
[89J

[48J

[83]
[90]
[26]

SIC/itself Pin/disc
Frcttlug

Decrease
Decrease

(83)
[91]

Varying I'll
"

Decrease
Decrease

ZrOa/itsclf Pin/disc
Fl'ctting
Pln/plmc
Pin/ring

Varying I'll Increase
Uuchungod
Increase
Decrease

Increase
Decrease
lncl'cnse
Increase

[41]
[92]
[48]
[45]

Watlll'

lv, the al terution of the deformation properties of the surface layers or the

materials (chcmomcchanical effects).

When present us n liquid. water may flush debris out of the sliding interface and thus impede

the formutlon of thlrd-body Illms. There appears to be general agreement that thi:; results in

an increuse in wear rate but u decrease in friction cocfflcicnt [93]. Wear rates will also

increase if surface fracture increases due to u stress-corrosion effect. On the other hund,

ttlbochomicul rcuctlon» bl~tWCUI1 WU(Ul' and the ceramic surface or tho weer dd.ll'is may result

In the Iormntlon of more tcI1tH,:iotts protective surface films with a concomitunt decrease in

wear rate.
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ceramic, followed by the progressive ngglomeratlon and dcnsillcutiun of these particles into

small cylinders by u wiling uction. The cylindrical debris particles arc usually oriented

transverse to the rolling direction and may thus provide all udditionul, low resistance

mechanism of velocity accommodution across the contact by acting like miniature roller

bearings. Indeed, the presence of these particles hus been associated with a significant drop

in Irlctlon coefficient [78].

There nppcars to be general ngrccment ill the literature thnt the presence of well-developed

third-body surface layers which exhibit loud currying capacity is beneficial in reducing the

wear rate of the first bodies l79]. However. the influence or such layers Oil the friction
coefficient appears to depend both on the nature of the film ami the location and mode of

velocity nccommodutlon across the interface. Clearly, trictlon coefficients may be expected

to drop if the third-body fllm is mechanlcnlly weak nrul velocity uccommodution OCellI'S by

shear tlCl'OSS the third body. On the other hand, well-developed 'beds' of debris on the sliding

surfaces are often associated with slgnlflcant increases in friction coefficient, probably as u

result of ploughing and ubrusiou effects [79][80J. Velocity uccommcdatlon sites and

mechanisms have recently been discussed in more detail by Alcxeycv [81.1 und Berthicr [82J.

Trlboohcmlcnl cfferts ~ the influence of water-~~_""'''''''-l"''''''''''''' __ ''1

It has become clear that 1110:-;t ellgineering ccrumlcs nrc prone to tribochcmical reactions 01'

modlflcatlons of their surfuce mechanical propcrtlcs under the influence or adsorption and

other mechanisms. However, there is considcrahlc disagreement in the literature conccrnlng

tho inf'llcnce of water 011 friction and wear compared to dry sliding. us illustrated in

Tnhh! 2.3.

These nmblgultics may be explained in t01'111S of the lufluencc of water on:

l, debris ugglomcrntion and the formation of third-body surface films;

it the formntion or changes in the structure or trlbochemicul surface Illms;

iii. the extent of crack growth tint! fracture; und
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suggests that they may be effective in reducing fricuon and wear.

Table 2.2: Mlcrchardncss of trlbofllms and lapped parent surfaces (Ill several commies, (110111:\ wlth bulk
tlnd contact Icm}10I'1l11ll'CS ("C)

-- .
Mnterlnl Hardness (IIV O,UI) Built Contnet

Lapped surface TI'ibofllm
tcrnpera tUI'O tempernturc

-- - ==
Alutnlnu 2200,l 100 . 210 1:150 • 1450

WRA 2500,1; 100 I 750,1: 150 215 T;' 1450---SIC 3 100 ± 150 800,L ISO 195 T" 1100
_.......,__

SISIC 2600 d, 150 1750 J ISO ZOO T,.. uoo
1..-., - --

Third-body 11Im8 form in It somewhat different way on silicon bused ceramics. It is well-

known tbat silicon nitride LIndsilicon carbide oxidize easily at high temperatures [74][75][76]:

(2.5)

Irlbofllms on these materials arc therefore usually composed of silica (Si02). which is formed

by direct oxidution of the ccramlc surface. Similarly, film Iormntion 011 sialun involves

chemical reaction uf the surfhce comblncd with mcchunical shear to form n homogeneous film
comprising fine. crystalline sialon fragments ill a silica matrix, which is usuully

amorphous [72J. Despite the Ihct thnt tribnchemlcnl rcnctions play a much more prominent

rOic than mechauicnl comminution and cornpnctlon of' wear debris, the TB/\' is applicable to

(1'ib0111111S formed 011 these ccramlcs in the S()llSC that the Illm» HIM) display load carrying

cnl~ncity and nrc uhle to accommodutc the sliding velocity through plastic dcl'ormntiol1 or

internal shear mechanisms.

It hus also been well documented that cylindrlcul weur debris is generated on silk-on-bused
ceramics which arc subjcetcd to rcciprocuting motion [77][78], The likdy mechanism of

formation involves the detachment of small particles Irom the silica surfuce layer on the
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forces are involved in the ugglomcrution and attachment process and that these forces are

sufficiently strong to prevent the tribofilrn from boing removed during sliding contact.

Pursuing this argument and bused on extensive studies of alumina, zirconia, silicon nitride and

silicon carbide ill dry sliding. they suggested that the nature of the trlbofilms depends 011 the

bonding type of the ceramic (Figure 2.10). For two ionically bonded eC1'l\111h.:s sliding

together \,~.g. alumina or zirconia). continuous and adherent films are generally formed

because the V.U1 der Waals forces arc strong in such couples. On the other hand. these forces

arc relatively weak in the case of covalently bonded ceramics, such as silicon nitride 01' silicon

carbide, and thus 11\) distinct films or only individual particle reattachment are observed.

Patcny trlbofilms occur when combinations of ionic and covalent materials (l1'C in sliding
contact.

Blomberg at al [70] attempted to characterize the mechanical properties of tribofilms formed

011 ~:lUHlllh1!whisker reinforced alumina (WRA), and two silicon carbides by mlcrohardncss

indentation methods. Although the porous film on alumina could not be evaluated. the

remaining films exhibited hardnesses significantly lower [hun those Dr the parent surfaces

(Table 2.2). The Indentations were nssoclnted with plastic now or the tribofiltns, which

- ... Typo 1him ...._
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i. detachment of wear debris from the two 'firs: bodies' which arc in contact

(c.g, by fracture or delaminntiou):

Ii. entrapmcut of some proportion of the wear debris within the contact zone: ant!

iii. the gradual mling of surface valleys (Abbot's volume) with debris, When

Abbot's volume is full, the debris spills over onto the slldlng surfaces and

separates them. At this point, a third-body interfacial layer is formed which

is associated with u certuln loud currying capacity,

The central argument in the third-body approach is that debris particles entrapped in tile

contact ZOl1e are 'transported' at velocities which differ Irom panicle to partlclc unci me not

ncccssnrlly parallel to the imposed sliding dlrection. The sliding velocity between the first

bodies CUlt thus be!accommodated UCI'()SS the: thickness of the third body (or intcrluciulluycr)
by these velocity grndicuts, Therefore, it should be possible to describe the friction and weal'

behaviour of mnterials in terms of the rheological properties of the third body, analogous to

Iubrlcation theory, Unfortunately, 110 suitable technique exists to measure the rheological
properties of third-body films directly; nnd so recent st\.ldi\!s have focused on elucidating their

structure and likely mechanical properties.

Blomberg and coworkers [70 J [711l72] demonstrated that tribofllm» formed on uurcinforccd

alumina ill dry sliding consist of small ulumlna frngments, typically 10 • 100 11m in diameter.

These ihlgments comprised (X-nlumina crystals and did not undergo any phase change during

formation, The films were pOI'OUS, poorly adherent and, in agreement with the 'fHA, appeared

to have been formed by mechanical fracture of the alumina surface, followed by milling and

compaction of the wear purtlcles. No binder phmw was detected and tho films were described

[IS either 'well-sintercd' through the thcrtuowcchanicnl intcructicn of high contact pressures

and temperatures, 01' more lnoscly adherent and forming II particle lh)d 011 the underlying

surface.

In contrast, Ajayi and Ludcma 173J suggested that till.' dl'iving force rot' debris ugglomcration

is the high surface energy of the small particles. which is reduced when particles bind to n

surfhce 01' ttl euch other. They went on to show that van dcr Wanls nnd clcctrostntic uttructivc
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studies should endeavour to identify frictlon and WOUl' transitions which may be important to

the particular npplicutlou. Whl!L'C relevant, these could be presented in the form of simple

two-dimensional transition diagrams such us graphs of weur OJ' Irictlon aguinst applied loud,

depending 011 which is considered the 111000C Important, Due considcrntion was given to

truusition phenomena in the present work,

2.2.4 Surface film formation and environmental effects

So far it hus become clear that WCUI' of ceramics is n complex phenomenon which docs not

lend itself to simple modelling, From the preceding aections, it would appeal' that npart Irom

fracture, the formation of third-body interfuciul films and tribochomlcal effects critically

infl\ICI1CC friction unci wear, Through such mcchnnlsms. the environment (l.e, lubricant

presence nnd 00111110sitioll, temperature) exerts a strong influence on trlbologicul behaviour by

shining the location of friction and wear transitions. It is thus relcvnnt to discuss the role of

third body films and tribochcmlstry in more detail for nlumiun, zirconla and sllicon-bascd

ceramics which nrc of interest in the present work,

Third-body interfacial layers composed of compacted went' debris have been observed in

numerous studies on ulumlnn [61][62][63][64J and zlrconlu [!12][47][65J[MJ[67][68Jl691

tinder unlubricated sliding condltions, In ull cases, the friction nnd weal' behaviour of the

ceramics was explained in terms of the fornuuion und removal of these layers, (As discussed

previously. however, the behaviour of zirconhr ceramics is complicated by phase

tmnsformatlons in tho ueur-surfncc regions),

Godet [14J realized thut the mechanical notion of went' debris in the contnct :;'OI1\.l· one factor

which is common to different materials in dlfferen: types of sliding contact. In an attempt

to nulonalize these aspects, he developed the 'third-body approach' ('1'131\) to wear. He

distinguished three :-:tages in the lbrtuatiun of third-body interfacial layers:
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Figut'c 2.1l: Alumlna wear map under dry sliding condltlons,
determined using a step loading test procedure. (nner I lsu ct a! [55]l
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Figure 2.9: Wear mops for the sclf-mntcd dry slidi&lg of silicon nitrlde, (aile!' l.im,'! !IllS')])
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In an attempt to visualize tribological transitions and the complex interrelationships between

operational variables and friction and wear rates, the concept of 'wear mapping' was

developed, Wear maps or transition diagrams were originally referred to by Tabor [53], who

attributed the idea to Johnson, and essentially represent three-dimensional plots of wear rates

against combinations of operational parameters such as Ioad, speed and sliding distance over

a wide spectrum of tribological conditions. They arc generated for particular material couples

and are useful to the design. engineer for the identification of critical operating limits.

For the construction of wear maps, the independent variable of the tribosystem are classified

into continuous variables (load, speed, temperature and time) and discrete variables (material.

lubricant, environment, contaminants) with went' rate being the dependent variable, According

to HSll et al [55J, five three-dimensional went' maps can be drawn for each allowed

combination of discrete variables, namely graphs of wear against (i) speed and load, (it) speed

and temperature, (iii) speed and time. (iv) loud and temperature, and (v) load and time. The

complete set of maps then fully describes the tribological characteristics of the system.

This illustrates a key weakness of wear maps, namely their requirement for vast amounts of

data. With the traditionnl tribotesting approach, each datu point: on the map represents one

test at a particular set of experimental conditions; thus the gencrntion of went' maps with nn

adequate resolution becomes extremely time-consuming and expensive, Hsu et at [55][57]['58]

recognized this and developed a step loading technique, using a unidlrectioual pin-an-disc test

machine, in order to generate data faster. '~lh'Ydemostrated the technique by deriving wear
,

maps for alumina (un example is shown in Figure 2.8), Recently, went' maps for self-mated

silicon nitride under dry sliding conditions wore also published by Lim at al [59] (Figure 2,9)

and Dong and Jahanmir [60] but these were constructed 1.\shg traditional methods,

In summary, it must be concluded that threc-dlmenslcnal wear maps 1'01' ceramlcs have not
yet been developed to a level where they can be widely used. Few are currently available

and, since they nrc time-col1suming und expensive to generate, selected laboratory studles such
as the O'lC described in this thesis will be required for some time to come to obtain the data

nntl undcrstanding required by specific upplicntinns. It is equally evident. however, that such
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Figure 2.6: Phase-change induced wear transitions in MgO·PSZ us n
function of sliding speed and ambient temperature, (atter Woydt I!t al [56])
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Figure 2.4: Transitions in wear coefficient, K. of' the total sliding
system for self-muted Si·SiC under un lubricated sliding. (after Woydt <.!l a/ [56J)
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Figure 2.S: Humidity- and stroke length-dependent wear transltions
for self-muted MgO.PSZ under unlubricated fretting. (alter \Voydt <'I al [5h)l

100'10-
o

J:!oQ::E.fil
~lnOnPSZ

FN" 20 N
I ; 20 liz
N • 1,2.10° 1-
T • 23 -c



CIIAPTER 2: Literature Review 18

Analogous to metals in sliding contact, wear transitions in ceramics arc characterized by sharp

changes in wear rate with changes in load, sliding speed, or environmental conditions

(temperature, lubricant composition, etc.), Mild wear is typically characterized by smooth

sliding surfaces and low friction forces and wear mechanisms are dominated by plastic

deformation or tribochemical reactions, leading to low wear rates. In severe wear regimes,

ceramic surfaces are roughened, friction coefficients are higher and wear mechanisms are

dominated by brittle fracture, leading to higher wear rates. The dimensionless wear

coefficient K typically varies between 10,4 and 10"2 in the severe weal' regime and is two 01'

1110reorders of magnitude lower in the mild wear regime [15]. The variations in the data

reported in Table 2.1 may thus be attributed to went' rate transitions and illustrate the

difficulty associated with extrapolating ceramic performance for a particular application from

even n relatively large body of literature data.

Woydt et al [56] have investigated transition phenomena extensively and recently classified

transitions as follows (note that in all diagrams referred to here, the volumetric wear

coefficient k is used, ruther than the dimensionless wear coefficient):

i. stress-induced surface fatigue transitions, for example Si·SiC materials sliding
under unlubricated conditions (Figure 2.4);

ii. humidity-dependent transitions resulting from the mechanical and chemical

formation of third body surface layers, for example fretting of MgO • partially

stabilized zirconia (MgO-PSZ), (Figure 2,5);

iii. trnnsitions induced by temperature- and pressure-dependent phase

tmnsformations of the ceramic microstructure, typified by the unlubricnted

sliding of MgO·PSZ pairs at different temperatures and sliding speeds
(Figure 2.6); and

iv. transitions induced by trlbooxidation, which may cause increased 01' decreased

wear: for eXn1111'k~,the formation of Si·O"N surface layers on silicon nitride

pairs in unlubricated sliding (Figure 2.7),

\
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Figure 2.14: Welll' rates (a) and fiictlon CUI'V!.!S (h) for stninless steel sliding ugninst
ceramics and itself under 10 N load and 0,1 m/s velocity in water, Transfer layer formnrion

on the ceramic discs is represented by Hhudowed columns in (l\), Thl.l thcliotl curves
represent 2500 III of sliding '11111 the shadowed areas represent their umplltudes, (aller Andersson ct III [1'IN])
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il :"clear that the precise characteristics, mechunlsms of formutlon und role or such layers arc

not m.leqtmtcly understood yet.

Where the ceramic surface is not udcquatcly protected hy a transfer layer, cbcmionlly-assisted

damage to the ceramic has been reported, leading to increased wum ratel" FOl' example, IIe.
at al [ISO] showed that zirconia ceramics arc less resisllUlt to went' in wuter and surmised that

this may be the result of watcr-nssisted phase trunslormntiun and Iructurc. Yang and Bahadur
[151] studied the hehuviour of aluminc-based ccrnmics against ton: steel and (bum! that, in

the absence or a well-developed trnnster luycr, the uluminu suffered suess-corrosion damage,

The chemical inrcruction between steels and silicon-based cerumics is less strong than fill'

oxide cernmics, leading ttl wry little transfer layer formarion [14H], As in unlubricntod
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to increase slgniflcantly with increasing humidity in the case of Ti and AI. The effect was

attributed to enhanced oxidation of the metal surfaces at higher humidities, which increases

adhesion between the ccmmlc and metal oxides. Nevertheless, the lubricating effect of

adsorbed water vapour "vas confirmed in experiments with Ag sliders,

In broad agreement with these basic studies, Papuphilippou at at [145] showed that the Iriction

and weal' behaviour of ductile cast iron against alumina is dominated by an oxidutional wear

mechanism. At low humidity levels (25% IU I), the lnterfacial wear debris contained

significant lU1l011l1tsof metallic debris and weal' coefficlcnts were high due to nbruslvc weal'.

With incrcnsing humidity levels lip to 80% RIl, both 1he friction and the weal' coefficients

decreased significantly. which was attributed to more extensive oxldatlon and better protection

of the W~ ttl' surfuces, The effect W!1!i more pronounced at 10\\1sliding velocities while fot' high

velocities COl; • 0.7 m/s), humidity had only u slight elfect on the wear coefflclcnt.

When used as L\ liquid lubricant. it has bCf.'11 shown that water is not effective in preventing

trlbologicnl phcnomcnn such us mutcrial lnll1s1br l\\1d tribochcmlcnl reactions, which have been

described in previous sections (If this review [146][ 147][ 148]. In the case of oxide ccramlcs

sliding against hardened or stuinlcss steels. the formatlon of ferrous transfer layers is

commonly obsc vcd which often resemble those observed under unlubrlcatcd conditions

[148][ 149], Typical frlctlon and wear results obtained by Andersson und co-workers [1481

fbI' stainless steel sliding 011 U vurlcty or cnglnccrlng ceramics me summnrizcd in Figure 2,14.

111contrast with this earlier Wm'I~, Ilc et al [150J very recently found that copious lrnnstbl' oi

hardened steel CArSI 52(0) to form thick und rotatively continuous trunslcr layers unly

occurred on zlrconlc-toughcned alumina (ZTA), blJ! very little trunslcr occurred on z;"collia

ceramlcs (TZP). They also thund that th~)coelllcicnt of friction I'm' (he stccl-aluminn couples

Wl\S a factO!' or 2 higlwl' than that 0(' the steel-zirconia couples,

Despite these nmbiguilics, there is fairly good agreement ill the litcruturc that metallic tl'alUilt~I'

byers nrc effective in protecting the underlying ceramic surluce und reducing dUl1lage to the
cernmlc, although their presence may result in higher em~mckllts of li'i~lion. Nevertheless,
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the rates of these two processes become cumpm.tllll,), whorca» stable friction coefflcients arc

observed when either of the two pl'Oe~1SSCS me dominant.

In the case of Si1N.1 sliding against steel, the formation of a Siq transfer layer 011 the steel

surface has been reported [116] [140J and the Irlctlon and wear behaviour is dominated by

trlbochemicnl effects, analogous to self ..mated Si,N,I'

The inl1uclh.!e of humidity l)nd WlltCI' Illbl'iclltiOll,

It is evident Irom the preceding discussion that metal transfer to the ccnunic surface appears

to occur by intcrfaclal bond Ionnatlon, followed by rupture of cohesive bonds in the metal.

This model is suppmted by tho work of 'lukudoum et al [1411[1421. who studied pure Cu. Ni,

'Ii nnd Al in sliding contact with Alp". Si,lN1 and PSZ. and demonstrated thnt the mngnitudc
of the coefficient of frlction and the extent of metal transfor is related to the oxidation nctivlty

of the metal, lit the case of coppcr-ceramlcs nnd nickcl-ceramlcs systems. increasing rclatlve

hmnidity in the runge of 20% to 90% resulted in a signi.lcun; decrease in the measured

coelflcicnts of Iriction. In conuust, the relative hunudity level had no slgnlflcunt eflcct in the

case of tho chemically 11101'0 reactive aluminium (111(1titanium, where tho coefficient of friction

was found to be constant at c'<O.60 and ",,0,80 respectively. 'Iukndoum et (It speculated that tho

reduction in frictlon coclflcient for copper" and nickcl-ccramlcs systems is reluted to the

l\lbl'ieating oneat of an adsorbed water vapour Illm, More active metnls, thl.JYUl'gul.!. Ul'C

covered with more stable oxides and tht.) adhesion or this warer vapour mill is reduced,

resulting in much lower sensitivity to incrousing humidity levels.

Similar results were obtained by Domini (It ul [1431[144). who found the Iriction coefficlcnts

of pure '11C\"ls against AIPl' Zl'O.l(T{,p), SiC' and SP'i1 to correlate strongly with the Oihbs

li'l!c Ql10rgy (11' j\)l1i"~l(ion of' the metals, pHl'ticllial'ly in VI.!I'j' humid nil' (9!)I)iO RIO: that is. the

11101'1.l active 1l11.)1Uis showed higher cociflclcnts of iricuon. }lol metal» such as Cu. Nl, Fo and

Cr. which are relatively unrenctive cumparcd to Ti and AI. till' Irictlou coclllcicnt dccreused

slightly 01' was not greatly Influenced by increasing humidity in the I'Un!!,!.:10% to (lOCh) RII,

Ilowever, in contrns; with the findings fir 'l'nkndoum ot al, the friction coefflclent wns SI,'UI1
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2.3.3 Surface fllm formation and cnvlrnnmentul effects

Analogous to ceramic/ceramic sliding couples, material transfer and other third-body effects

such as intcrfhcinl oxide layer formation also occur in mctul/cernmic sliding systems and, us

indicated in Figure 2,12, play a fundamental role in controlling friction and wear, The basic

mechanisms of third-body formation and their influence on tribulogical characteristics have

been described in Section 2,2.4 and arc broadly similar for metal/ceramic sliding,

DIy slidh].g

In sliding agninst oxide ceramics such as AI20J unci 21'02, mctul is commonly trnnsferrcd to

the ceramic surface to form u 11101'e 01' less coutlnuous third-body layer [45)[68][ 115.1[134]

[135][136], When sliding against ferrous alloys, the tl'tll1sicr layer is mainly composed of iron

oxides nnd adheres firmly to the ceramic substrate [119][137]. There uppcars to be general

agreement in the Iltorature that such trnnsfcr films prevent direct metal-ceramic contact lind

thus dominate the friction bchavlour of the sliding couples and protect the underlying ceramic

from further damage, In the case of ductile (Inti grey cast iron, it hUH been shown thm

graphite 1'1'0111 the cast iron CUll act n:1 a solid lubricant lit the Interface and lead to (t further

reduction in ceramic weal' ruto [138].

In view of the strong adhesion between the metallic tl'(u1SH.1I' 11Ims and the ceramic SUbS(l'Ul~'S,

most luvcstlgntors haw attributed the fornuulon of till! filrns to chemical lnteraction between

the metal nnd the ccrumic. Zhou et iu r 1151 recently suullcd the uulubricnted unidlrcctlonal

sliding went' bchuviour of high chromium cast i1\)11with various matrices against Al,IO, and

Zl'O,l' and confirmed that the ex tent of metallic transfer Illm formntlon was related to the

adhesive energy between the ccrumlcs lind the cust irons. Direct evidence for chcmh':t\l

intcinctlou between AI~O, and EN24 steel was provided by Ruvlkirun und Pramtlu Bul [DlJl,

with mctul transfer Hill! iron oxide fonnution at low sliding speeds und thl.) Iormntion of u

spinel-type solid solution between iron exide and alumina at high speeds, Furthermore, these

investlgators uuributcd observed oscllhulons in the friction coclflclcnt to the competing

processes of transfer layer formntlon and depiction. They argued thm oscillations occur when
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wear mechnnism map for different ceramics, such as that derived by Lim and Ashby [132J

for steel/steel wear (Figure 2.11),

This complexity is demonstrated by the load-velocity friction and weur maps developed by

Gautier and Kato [133] 1\)1'alumina, PSZ and Si3N" in unluhricated, uuidirectional slidln«

against steel. The maps provide an excellent summary of typical friction and weal' data fo.

these sliding systems and arc shown in Figures 2.12 and 2.13,

Referring to Figure 2,12, it will be seen that the coefficient of friction is rarely stable for uny

of the sliding systems throughout the test period, It is therefore meaningless to quote a single

coefficient of friction l\)l' a particular metal/ceramic sliding system, Nevertheless, there

UppCUl'S to be n general trend towards increasing stability with increasing sliding speed and

applied loud, This may be related (0 the formation of thicker, more well-developed transfer

layers under these conditions, ()1' the occurrence of direct contnct between the ,"; , .,

materials. The interfacial material properties and contact conditions may thus be more stumc

and well-defined, leading to more stable friction coefficients,

The friction and wear maps reveal a further lmportant characteristic, namely that lower

coefficients of friction (Ire not necessarily ussocintcd with lower wear rates, In fact,

particularly the SiJN.j- and PSZ-slel.ll couples exhibit generally lower friction coefficients at

higher sliding speeds und applied loads, where increased overall wear rutcs nrc experienced,

Gautier and Kato [133] compared theil' results to data published previously in the open

Iitcraturc and Iound gencrnl ugrcemcnt, They further demonstrated that H lineal' relationship

appeal's to exist between the wear rate of the ceramic 01' the steel sliding partner HIlt! the term

I"Wv, whore It is the cocfflcicnt of fl'icti~)n, W the npplietl loud and v the sliding velocity.

This tCI'111 represents the Irictional energy generated tit the slidin~ interface, which controls the

growth rate or interfacial oxides und the onset of softcnlng and melting.
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Lim and Ashby [132] developed a wear mechanism map for steel-on-steel wear in

unidirectional, unlubricatcd sliding which illustrates the different wear regimes us a function
of sliding speed and applied loud (Figure 2.11), They also found that the scverl ty of wear and

the boundaries between weal' regimes correlate well with the general surface and contact nash

temperatures expected at particular values of load and speed (Figure 2,11 (bj), Although

limited in that it applies only to a pin-on-disc system, this map is very useful to engineers in

predicting the likely weal' mode of a particular steel-steel sliding system,

The wear mechanisms described above arc fundamentally controlled by the energy dissipation

at the interface (which depends on the sliding speed, the applied load and the friction

coefficlent) and thus also occur ill metal-ceramic sliding systems.

Abrasive wear of the metallic counterbody by the ceramic asperities has also been reported,

for example in steel/nlumina and steel/silicon nitride systems [133][117]. This is not

unexpected in view of the high hardness of the ccrarnlcs compared to steels and other alloys,

However. the mechanism. appears to be relevant only where the ceramic surfaces are rough

(o.g, ground) and contact loads are relatively low. Moreover, most ceramics tend to show

improvements in surface roughness with increasing sliding distance, unless significant surface

fracture occurs, by mechanisms such as plastic deformation and tribochemical reaction.

Together with the rapid formntion of metallic transfer layers on most ccramlcu (sec Section

2.3.3), which may be accelerated by abrasion, this effect will tend to limit abrasive dumuge

on the metallic countorface to the early run-in stages of sliding contact,

Friction lind WCltl' data

Motal/ccramic sliding pairs arc susceptible to transitions in friction und weal' rate, analogous

to metal/metal und cornmlc/ccrnmic sliding systems, which me u function of tho sliding

conditions, It is clear from the preceding discussions, however, that the weal' or ceramics also

st:'ollgly depends on the material characteristics of the ccrumic itself (chemical nature,

fabrication route, mechanical properties, etc.), and is probably more complex than metallic

wear, It would therefore seem difficult if not impossible to derive u single pressure-velocity
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combinations of high sliding speed (..."0,5 m/s or 1110re)and applied load (~ ~ 30 N in a pin-

on-disc or ball-on-disc test), Examples include spalling of a transformed surface layer in

zirconia ceramics as well as surface microfructurc of alumina ceramics [114] [115], Analogous

to ceramic-ceramic wear, the extent of surface fracture appears to decrease with increasing

ceramic fracture toughness,

For silicon-based ceramics sliding against metals, the dominant weal' mechanism at lower

sliding speeds is tribooxldation, as discussed before [116)[117][118], At higher speeds and

applied loads, localised fracture is observed on the surfaces of silicon nitride [119] und silicon

carbide [120), which results in an increase in friction coefficient and wear rate,

In addition to the established mechanisms described above, a few investigators observed

abrasive weal' all zirconia ceramics [121] and silicon nitride [122]. It is thought that this is

attributable to ceramic wear debris particles which move through the sliding interface 01'

become embedded ill the metal counterface. Nevertheless, the other weal' mechanisms arc

usually dominant.

Metallic COUllh'll'hody wem'

Under most practical contact conditions, the unlubricated wear of metals is dominated by two

pl'iI11Ul'Y mechanisms, Firstly, oxidational wear occurs where the real contact areas of the

metals nrc covered by a protective oxide f1Il11. typically 3 " 4 1.t111thick, from which wear
particles arc detached during sliding 1123][124][125][126][127J, The mechanism is associntcd
with little subsurface plastic deformation and low wear rates and typically OCClll'S at

combinations of relatively low nppllcd loads and sliding speeds 01' low loads and high speeds.

As sliding conditions become 1110resevere (e.g, high loads/ high speeds or high loads/ low

speeds), n transition occurs to plnsticity-controllcd weur mcchnnlsms which nrc chntactcriscd
by severo subsurface plastic deformation and high wont' rates. Material loss then tH;CUI'S by

asperity adhesion and silent' 1.15], nucleation and growth or subsurface cracks leading to
delamination wear [128][ 129][ 130][ 131.1,and various forms of surface futlguc,
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hydraulic cycle of a water-powered rockdrill, While it is relatively straightforward to replace

the steel reciprocating spool with a ceramic component, it is presently not cost effective to

do so in the case of the spool housing because of its complex shape.

The following sections describe previous published work on the friction and Weal'

characteristics of metal-ceramic sliding couples. Emphasis is placed 011 highlighting

simllarities and differences compared to ceramic-ceramic systems. In addition, some key

friction and weal' data arc presented.

2.3.2 Friction and Wear

Ceramic conntcl'hody w~lli!

As described earlier, material loss and wear of engineering ceramics OCClm: mainly by

tribochemical reactions (for non-oxide ceramics), fracture and, to a lesser extent, by plastic

deformation. Tribochemical reactions are dependent 011 the environment while the latter

mechanisms are controlled by the stresses which arc generated in the ceramic surface during

sliding, Environmental parameters arc lnrgely independent of the counterfacc material

composition, while the stress state in the sliding clements is a function of the applied loud and

sliding speed .. It is thus not surprislng that these fundamental ceramic wear mechanisms occur

in metal-ceramic sliding couples as well.

Nevertheless, the stress distribution in the ceramic is a function of the mechanical properties

of the counterface niatcrial. It will be readily appreciated thnt the surface asperities on softer

metallic materials will deform plastically when loaded against n hard ccrumic surface, The

applied load is thus distributed 1110reeffectively than in the case of ceramic counterbodies,

which results in less concentrated contacts and lower stresses ill the mating ceraruic surfaces.
As might be expected, ImU1Y investigators thus reported no damage 01' only polishing and very
mild wear of the ceramic clement (e.g, un lubricated sliding of alumina against tool steel. [1131

and zirconia ceramics against BS. 970: 1991 8:?6M40 tEN26) steel, brass and cast iron [()8]l.

Significant tlmnagc and surface fracture is typically only observed under severe sliding.
conditions, which occur at
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increasing humidity [lOS]. The trlbochcn-' • (ormation of protective surface films is thus

the dominant effect in all cases, which explains the 11101'0 consistent results obtained for these

ceramics.

Nevertheless, some instabilities in friction and wear coefficients can occur. Very recent work

by Takadoum et at [109] demonstrated that protective hydrated silica films tire formed by

aggregation of weal' debris, rather than by direct oxidation of the ceramic surfaces (i.e, the

mechanism follows the third body approach discussed earlier). As might be expected, the

friction coefficient and wear rate were seen to increase significantly when the wear debris was

continually removed f1'.'111 the interface. These findings arc in agI'C"JhlC'11twith and explain

results from earlier work by Yamamoto and Ura [110], In reciprocating sliding, much of the

protective film is removed during each stroke and unless the film can be re-formed rapidly

enough, friction and weal' coefficients increase [111]. A further source of instability has been

reported very recently by Andersson and Blomberg [112] who showed that silicon monoxide

(SiO) is formed on SiC within narrow operational regimes and appears as a loose powder on
the sliding surface, This debris is unable to produce a protective tribofihu and is associated

with higher friction coefficients and wear rates.

23 Metal-Ceramic SlitliIlg Systems

2.3..1 Introduction

The! previous sections have focused on cernmic-ccrnmlc sliding couples in order to introduce

and discuss the basic response of different ceramics to tribological stresses, In recent years,

n.etal-ccramlc sliding systems have gained in industrial importance for a number of reasons.

There is increasing interest in the substitution of ceramics for 1110l'etraditional materials in

engineering systems, even in technologically conservative industries such as mining and

mlnernls handling, This frequently leads to metal-ceramic sliding interfaces since the

substitution of both sliding partners is often impractical due to the relative brittleness of the

ceramics, Cost considerations further mitigate against the lise of ceramics for both sliding

t (\I'(1l01'S in many cases, A typical example is the spool valve assembly which controls the
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A~ described by Wllkli and Wilks [179]. some work has been done on peD in 1'1' !ing contact

with steel. in response to the usc of pcn as a cutting tool. Not surprisingly. the dominant

purnmetors which determined weal' rates were found to be the roughness (d' the PCD surface

and chemical went' lind transfer of steel to the PC!), The latter effect is probably related to

the presence of the cobalt binder phase since no material transfer was observed with single

crystal diamond.

Agnin, no systematic study could be found in the open literature of the wear of pcn compacts

in sliding contact with slmllar matcrlals. It would, however, be reasonable to nssume that the
mechanlsms outlined above would also he operative in this case, depending on the contact

conditions such as PCl) roughness. contact temperature and contact Pl'CHSLtI'C.
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Abrasive wear:

Mechanical fatigue:

Thermal-Physical :

This occurs us a result of rubbing against abrasive rock

surfaces such us s ndstone ami results in u smooth weal'

nat 011 the PCD compuct by the frncture and cleavage

mechanisms described earlier.

Mlcrochipplug of single 01' multiple diamond

crystals occurs as a result of cyclic applied loads

which breuk the bonds between the diamond

pL\rticlcs, Where thermal effects arc. negligible,

the went' resistance of PCD Increases with
decreasing diamond grnin size,

As described earlier, PCl) exhibits thermal instability at
temperatures above .....730 "C, At these temperatures,

the mlcrochlpplng wear mode changes to severe thermal

degrudution and the pull-out of entire diamond grnins.

This is caused by internal stresses between the diamond

grnlns which are the result of dlffercntiul thermal

expansion of diamond and the cobalt binder phase.

Below 730 ·C, inere(\sing ternpcruturcs incrcuse the r, ;(C

of microchlpping and the rate of Went',

'I'hermal-chcmlcat: In the presence of oxygen, diamond begins to graphitize
at tcoipcrnture« above ". 875 "C. However. due to the

presence of the cobalt catalyst phase, convcntionnl PC!)

compacts can begin to grnphitizc at tcmpenuures around

700 'C. as described curlier,

Studles of the WCHt' of PCD cutters have often tended to focus on the tempernturc-reiatcd Well I'

mechanisms due to their prevalence in drilling application» [188],
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an industrial finishing process, much of the research work has concentrated on the polishing

of Hingle crystal diumond using a cast iron scaifc loaded with diamond grit [180 J. Under

these conditions, the rate of polish (i.c. the resistance to abrasive weal') is strongly dependent

Oil the crystnllographlc orientation of the polished face and the direction of abrasion. This

arises because ubrusivc wear and polishing of diamond occurs primllrily by a microscopic

cleavage process, and diamond cleaves preferentially along {111} cleavage planes. It is

interesting that graphitization as a primary diamond wear process is now generally rejected

in favour of mechanical chipping and clcuvagc ([ 181], as quoted in reference [182]).

It hus (\IS0 been shown that seller materials such as steel and even aluminium can cause went'

of diamond [183]. This points to a fatigue mechanism which cnuses the forrnation and growth

of small cracks in the dlumond surface which eventually result in material loss.

Chemical wear occurs when diamond is brought into sliding contact with matorlals which have

a high affinity for carbon [179.1. A typical well-known example is the machining of ferrous
alloys, which results ill very high wear rates of the diamond tool and is thus generally

avoided.

peD cumpositc materials me essentially isotropic due to thelr polycrystallinc structure and
therefore exhibit no wear anisotropy. Nevertheless, runny of the diamond crystallites present

themselves to the wcarlug coutcrface in very abrasion resistant orientations and this caused

initial difflculties III the polishing of these materials, However, it has since been shown that

PCl) can be polished more rapidly on It seaife than single crystal diamond. provided the scuifc
is kept adequately chnrgcd with diamond nbraslvc [184J. This is due to the ubrnsive purticlcs

being pressed into the mc.al binder regions whore they then also damage the less resistant
edges of the PCD diamond grains.

Besides Imlishitlg, most 0[' the work on PCD has conccnnutcd on the wear of this materiul in

cutting and particularly drilllng (of oil and gas wells) since these (Ire the most common

appllcatlons of PCD [161 ][185]1186][ 187]. The primary wear modes whlch have been

identiflctl me briefly described below.
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cocfflcicnt of friction und explained this effect in terms of the gcncrutiou und annlhilution ,,1'

dangliug bonds on the diamo I surfaces during sliding. In experiments with silicon carbide
sliding ngninst diamond coatings • Jahunmir et a! [173] nttl'ihulcd low Irictiou to the Iormution

of graphite at the sliding Interface,

The overriding influence 011 friction. however, nppcars to be the surface roughness of the

diamond coating [174J[175][ (76J. Friction coefficients nrc high C'" 0.5) 1'01' rough coatings

(RII > 200 nm) unci similar to that for single crystal diamond (.~ 0.05) for smooth coatings

(RII .... 1 11111). A review of the tribological characteristics of diamond coatings and
technological challenges associated with their industrial lISC hus recently been published by

Bull and Matthews [177].

Only very limited work has been published on the friction characteristics of PCD. Field ami

Fl'eCl11Hn [178] studied the frlctlon of syndite (a De Beers PCl) with cobalt binder) against

various metals and alloys and found that, in general, friction is lowest 1'01' dlamond, highest

fot' amborite (£I De Beers cubic boron nitride cornposlte) and interrucdiatc for syndite, Fcng

[169] cxamlncd the Iriction of C01111Cl\ tungsten carbide and cobalt on syndite nnd found, not

slwprisingly. thnt material transfer and roughness effects dominate the bchuvlour with softer

mnterlals. With tungsten carbide, the frlction coefficient was lower at '" 0,4 and did not vary

greatly with synditc roughness. The effects were explained in terms or ploughing and

adhesion, with transfer also playing u significnut tole.

To the best of the writer's knowledge, however, no systematic study of PCl) Irlctlon and wear

has been publishod in the open literature which explores the tribologicul I11cchuI1iBl1lS und

operational Iimits associntcd with these mntcrinls. The present study therefore ulms to make
a contribution in this urea.

2.4.4 Weill' of diamond

Diamond is susceptible to two main forms of Weal':mechanical 01' abrasive wear and chemical
wear, ns outlined in a recent review by Wilks and Wilks [1791, In view (1[' its importnncc as
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incubation period, compared to unlubricutcd and paraffin lubricated couples (Figure 2,17),

This clearly shows that adhesion effects are important in diamond tribology. It is suggested
that diamond surfaces ill ail' are covered with a chemlsorbed layer of II or OIl, followed by

an adsorbed layer of water, No dangling bonds arc therefore available Oil the diamond

surfaces and adhesion and frictlon is reduced.

Air
Liquid paraffin
Wall)

o I I II III I I I I III,) I L..W..J..U1LI.-l.
1 to tOO 1U1)\)L. N_u_m_borof sliding tmvorsuls - __ ....__,

Flgure 2.17: Friction on {I ()O) su: thee as (\ function of the l\Umbcl' of uuversuls l)ll

the same track. (n1l1J1' Ft.:llg und Fteld ( !7! j)

It is thus cleur that the mechanism of diamond friction must involve both asperity iutcruction
effects as well as adhesion, Additional effects lnclude S\u'('ace and subsunacc fracture once

a critical contact pressure level is exceeded, as well as the possibility of plastic dcformutlon,

However, IiO definitive description of the processes hus yet been developed.

Polycrystalline diamond coatings do not incorporate any second phases and would thus be
expected to behave in a fundamenmlly slmilar wayto single crystal diamond. Indeed, Gardos

and Soriano [172] demonstrated that the udsotption of hydrogen is important in lowering the



CHAPTER 2: Literature Review 48

r--------------------------------------------------~

~--------,--------,~----~----~--~,Flgul'l) 2.1<,: Sliding experiment 011 (100) surtace or diarnond as a runcnon or
temperature: (a) in the presence of water and (b) liquid purnfftn. (nlh:1' F~ng und Field [17llJ[ 171])
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0,10

Flgul'c 2.15: Schematic summary of friction versus mean contact pressure ('01' various
styli sliding on the (001) face ora dlarnond, Sort II implies sliding in the <100> dlrectlon
purallcl to the polish lines, solt t implies sliding ill the <() I0> direction orthogonal to the
p0l!sh lines and hurd refers to sliding in the <: II 0;' direction. (altcI' Sal11U~b and wllks [I (lS]l

0,08
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rise and full over one another. They further described several (.'l1el'g>dissipation mechnnisms
to account for the observed frictional los, s, the most plausible of which would appeal' to be

clastic vibration of the asperities after enc..:l disengagement. This model is successful in

describing most of the above effects.

However, recent work by Fcng and Field [170][.171] dcrnonstru.cd a marked effect of

temperature and the presence of water on Irlctlon behaviour. In single reciprocating traversal

experiments, the) found that Increasing the tt':111PCl'ntUl'C in the presence of water resulted in

a significant increase in the cccfflcient of friction (Figure 2,16 (aj). 1\ similar effect was

found for liquid paraffin; however, in contrast ttl the behaviour with water, the friction
, ,

coefficient remained at a high value on cooling (Figure 2.16 (b). For multiple traversals, the

friction coefficient of water lubricated diamond couples decreased markedly alter an initial

I I I I _L I I I I I
10 12 14 16 Ie 20 22 24 26o _,~I--~ __~~--~~

4 6 8

Mean contact pressure I GPo
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the <110> or cube diagonal direction and highest along the <100> or cube edge direction

[16~JJ[165]. The frictional anisotropy is smaller on the (110) face and virtually non-existent

all the (111) face. Enomoto and Tabor [166] showed that the applied load on the sliding

diamond indenter needs to exceed a certain threshold level before the anisotropy effect

becomes slgnlflcuut,

The magnitude and symmetry of the friction coefficient also depends on the direction of

polishing relative to the crystallographic orientation of the samples [167]. Bearing in mind

that material is removed during polishing by a small-scale chipping OJ' cleavage pro cuss, which

results in surface roughness features of the order of 5 11111 in height, this result suggests that

surface topography is all important pnramcter governing diamond friction behaviour,

The literature is divided concerning the influence of applied loud 011 the magnitude of the

friction coefflcient, Using a rounded stylus as sliding clement, Enomoto and Tabor l165]

found thut tho coefficient of Irlctlon Increased Wil:1 increasing applied load. In contrast, using

the ti p of a natural octahedron as slider, Casey and Wilks [166] found that the friction

coefficient was independent of the applied load, which suggested an influence of stylus shape.

Further experiments by Samuels and Wilks [168] revealed that these discrepancies were

related to different contact pressure regimes used ill the previous work. Using styli of various

radii but under similar contact pressure conditions, they showed that the cocfflcient of friction

decreases 01' remains virtually constant 011 the (100) and (110) surfaces ill the 'hard I direction

(Figure 2.15). (Tlard" here refers to the case of polishing of the diamond in this direction),

This trend has since been confirmed by Feng [169].

Influence of luhticllnt]

It is generally accepted that the friction of diamond is much lower in nil' than in vacuum,

probably as a result of adsorbed surface layers. Moreover, the coefficient of friction remains

unaffected by conventional lubricant oils, To explain this result lind the geometric effects

discussed in the previous section, Cuscy and Wilks [166] and Samuels and Wilks [167]

proposed a 'ratchet-type' friction mechanism, where the asperities of the interacting surfaces
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Single crystal diamond begins to graphitize at at all Increasing rate at

temperatures above - 1200 'C in inert or reducing atmospheres and above ~

875 'C in the presence of oxygen [161], In reD composites, the presence of

the catalyst phase, usually cobalt, leads to thermal instability at temperatures

above - 700 'C [155]. Degradation of the composite then occurs by the

differential thermal expansion of cobalt and diamond, as well as graphitization
of the diamond, catalyzed by cobalt.

To overcome the limitations imposed by the thermal instability of traditional PCD, thermally

stable PCD composites were developed and commercialized ill the early 1980's [155]. These

are manufactured either by leaching out the cobalt phase after sintering, or by choosing It

binder phase which becomes inert with respect to carbon after sintering. An example of the

latter material is marketed by De Beers tinder the trade name 'Syndax' and contains silicon

as the binder phase. Although much of the silicon in the diamond network is present in the

form of silicon carbide, a significant amount of free silicon remains in these areas [163]. As

will be seen in Chapter 5, this is important in the friction and wear behaviour of this material.

2.4.3 Friction o~'diamond

Most of the work on the friction and WeUI'of diamond have been carried out using single

crystal specimens of natural or synthetic diamond. While these basic studies have served to

elucidate some of the important aspects of diamond tribology, they arc limited in that the

small specimen size has necessitated the lISC of very low sliding speeds, An excellent concise

review of the friction behaviour of diamond has recently been published by Tabor and Field
[164].

Ifl'ictioll of diamond in nil'

There is general agreement in the published Iitcruture that the coefficient of friction of self-

mated diamond sliding in air typically lies between 0,05 and 0,15, depending on the crystal

orientation and surface roughness, On the (100) face, the friction coefficient is lowest along
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2.4.2 peD: Synthesis and properties

PCD composites are made by a high temperature, high pressure process similar to that used

in the commercial manufacture of synthetic diamond grit. Micron-sized diamond powder as

the starting material is thoroughly mixed with a metallic catalyst 01' binder phase, typically

cobalt, and enclosed in a protective metal can [161]. Alternatively, and this is the 1110)'eusual

method, the diamond powder is placed into a recess in a previously sintered WC~Co compact,

fr0111which the required catalyst is obtained by melting and extrusion of the Co binder phase.

The sample is first pressurized to a typical pressure of 5 Gpa and then heated to the

carbon/catalyst eutectic temperature, which is typically 1500 'C. Sintcring of the mixture

occurs by dissolution of the diamond crystals at their edges and points of contact, followed
by epitaxial growth of diamond on faces and sites of low-angle contact between crystals. The

binder phase is thus effectively excluded from tho crystal contact points and true diamond-

diamond bonds are formed. This characteristic distinguishes PCD composites fr0111more

familiar composite materials such as WC~Co where no true intergrowth of the hurd phase

occurs [162], At the completion of tile process, small pockets of binder phase remain in the

interstices of the continuous diamond network, Nevertheless, the typical diamond
concentration in pen is 90 - 97%,

The resultant composite is traditionally in the format of a disc, consisting of a thin layer of

PCD (,~ 0,7 111111 thick) integrally bonded to the WC-Co substrate during the high pressure,

high temperature cycle. Some important charactcrlstics of PCD are outlined below.

PCD approaches the hardness of single crystal diamond but exhibits isotropic

mechanical properties as a result of the random orientation of diamond crystals,

Residual stresses in the PCl) layer are high as a result of differential thermal

contraction of diamond, Co and WC-Co during cooling fr0111the sintcrlng

phase [161j, These can cause spontaneous delamination of the Inyer from the

WC-Co substrate when subjected to impact loads.
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industrial applications [IS'!] . Today, synthetic diamond is available in u number of forms:

loose grit: which is used in cutting, grinding and polishing and drilling

applications and accounts for the majority of synthetic diamond

used in industry (current market is estimated at around 400

million carats 01' 80 tonnes pel' annum, of which synthetic grit

accouts for about 90% [155]);

• coatings: which consist of polycrystalline diamond and are designed for

a wide variety of applications including wear resistant coatings,

electronic applications and the production of free-standing films

for optical applications; and

composites: 'llso known as polycrystalline diamond (peD) composites,

where diamond crystals arc sintcrcd into a dense structure in the

presence of a metallic binder or catalyst phase. The resultant

cylindrical compacts are widely used as cutting tools and inserts

for oil and gas well drill bits and arc the materials of interest in
the present work.

Diamond grits are usually commercially manufactured by subjecting a mixture of graphite and

a metal solvent, such as cobalt, nickel, iron or alloys of these, to high pressures and

temperatures of - 5 GPa and 1500 ·C, respectively. Polycrystallinc diamond or diamond-like

coatings can be produced using chemical vapour deposition (CYD) and other techniques, but

1110stindustrial applications arc still very much in the development phase. Further details on

the development history, manufacturing methods and applications of those materials can be

found in references [154], [156], [157], [158], [159], [1(0),

The synthesis and essential properties of polycrystalline diamond (PCD) composites will be

discussed in more detail in the following section, since this is important for developing an

understanding of the tribological characteristics of these materials,
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sliding, the behaviour of these ceramics is dominated by tribochernical effects and the

formation of silica surface reaction layers. Polishing of the ceramic has been observed until
the surfaces became smooth enough to facilitate hydrodynamic lubrication. even at relatively

low sliding speeds of 0,1 m/s.

2.4 Synthetic Dinmond Materials

2.4.1 Introduction

Diamond possesses a face-centred cubic structure in which the carbon atoms are tetrahedrally

coordinated and covalently bonded [152]. This is responsible for the uniquE' combination of
mechanical and elastic properties of diamond, Referring to Table 2.4, it will be seen that the

hardness, elastic modulus and thermal conductivity of diamond are higher than that of any

other known material, while its friction coefficient in self-mated sliding is lower than that of

most other materials [153]. These and other properties make diamond an attractive material
for electronic applications (e.g, heat sinks), optical applications (e.g. x-ray windows),

Table 2.4: SOl11e key properties of diamond compared to selected engineering ceramics.

Property Diamond Alumina Zirconia

I --
Hardness (GPa) 56· 108(1) II ·22 10 - 14

"-'" -,

Young's Modulus (GPa) 1000 340 - 410 196 - 216.
Friction coefficient (self-mated, in air) 0,05 ·0,15(11 0,6 - 0,7 0,6 - 0.7

Thermal conductivity (W/Clll.'C) 20
-

NOTES: 1. Values depend on crystallographic orientation.

biological applications (e.g. coated heart valves to prevent wear and biological fouling) and

tribological applications (e.g. cutting and grinding tools),

Over the past 40 years, considerable research effort has thus gone into the development of

diamond synthesis technologies in order to facilitate and expand the use of diamond in
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written in machine code to uchicvc uuximum speed, rends n burst of digitul data over a

number of reciprocating cycles from cacn channel and 1)Cl'C0l'1l1S un averaging function. The

length of this data burst for each channel is specified in the lest rmramcter set-up stage, F01'

the wear depth data, the subroutine simply calculates the mean of this data burst. The

advantuge of this approach is that variations in the data due to vibrations 0[' variations in

specimen height ure averaged out 1'01' each data point.

For the friction force datn- the process is slightly 11101'1.! complex since the sign of thl.! signal

changes from positive on the forward stroke, to I1CI!UtiVll on the return stroke, The subroutine
thus calculates the nvcrnge of the absolute values of the data burst, The need for writing this

subroutine in machine code now becomes clear. In order to obtain meaningful friction force

data, tho routine hnd to be capable of reading the transducer data Iast enough [0 resolve a

number of lndlvlduel rcclprocating cycles at the maximum design reciprocating frequency of
the machine,

111summary, the machine code subroutine rends it burst of raw digital data from each of the

two A-D converter chunnels ut preselected sampling intervals and calculates a meaningful
nverage for each datu burst. This average is then returned to the main progrnmme und
represents the y-value 0[' the data pail' Ior that particular !it\ll1pling interval. For each ChUIlI1111,

the cumulative time elapsed Ior each sampling interval is calculated and represents the x-vuluc

of the datu Pili!'.

Immediately nrte!' sampling, the raw tdction and wear data palrs are converted into data pairs

representing cumulative sliding distance vs. Irictlon force und cumulative sliding distuucc VI',

weal' depth. using the necessary k~st puramctcrs and calibration constunts, These dutu points

me then plotted on the computer SCI ccn in real-time to provide the investlgutor with 'u

graphicul view of the progress of the test. This is particularly useful when invcstlgnting

Jriction and weal' transltion phenomena. where it is sometimes desirable to termlnutc the lest

before and utter u trunsitlon to enable dotalled wear surface unnlyscs.

Following the above operations, uli Ibm data rail'S nrc then stored llIl disk in ASCI [ formnt
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Option 2 is used to fit a polynomial to acquired data. which CUll subsequently be plotted

together with the datu tlsing the Gl'llphics options, The remaining options were not required

in the present work and me currently not supported, However. the menu structure has been

designed to allow fo1' easy extension of' the programme to incorpornto these Ienturcs.

Graphics: 1. Setup graph
2, Plot curvets)

3, Select output device

4, Change graph aspect ratio

The progrnnune S\IPPOl'tS the slrnultaucous plotting of multiple datu sets 011 x-y graph:; with

two y-axcs. Option 1 is used to set up the graph, i.c. to define axis scales ami labels. select

the llnc and marker type fbi' the different data sets, and to define with respect to which y-uxls

each data set is to be plotted. Option 2 is used to then plot the gmphH. A notahlc feature is

that the x-axls and the lull-hand y-axi» are scaled automatically by default, bused on the x and

y values ill the datu set. This enables rapid plotting of any given datu He' without the Hued

to first munually scul. the graph, Furthermore, a cursor is provided with the 1;1'l1ph on the
computer HCI cen, Thl» can be moved along the plotted CtlL'VI.! using the UI'I'OW keys tU1d is

useful I'm finding the x-y coordinates 1'01' any given point on the curve,

Output devices like printers can be specified with Option 3. tile dcluult device being the

computer screen. I hlWeVQI" thiH optlnn is !lOW inoperative since it was found to be 1110l'e

xll1venicnt to print graphs using tho plotting functions in Quutt1'llPl'OTM, The aspect rutio of

the gruph as it uppcurs on the computer screen can he adjusted using Option 4,

3.3.3 Data acquisition and srorage

The muting signals from the Iriction force and weal' depth transducer» are convened into

digital data using an A·I) converter card. Tho computer prograuune interrogates tho two

channels of the ARD curd at sampling time intet'VLlls which an: spccir;(.!d during the test

parameter set-up stage (Option 1. Test sub-menu), At each interval, n small subroutine.
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Option 2 is used to run a test automutlcally, where the computet' starts and then terminates the

test once the lest durntlon specified in Option 1 hns elapsed and continuously acquires and

stores friction and wear datu during the lest. Option 3 provides for manual control where the

machine can be started and stopped using selected computer keys.

(ii) Disk Utilities: Data files:

3.
TCON 11Ies: 4,

5,

6,

1. Load files from disk

Saw; files Oil disk
Catalog disk (i.e, list files)

Load files 11'0111 disk

Save files on disk

Catalog diflk

Specify directories

Display defaul t tile structure

?...

7.
8.

Note: TCON files list the selected condltlons 1'01' each friction and wear test. together with
the test name and date on which the lest was conducted.

l~dit/I~lltCI'data:
').....

Data entry from keybol\l'd
Append/insert data to flle

3. Del etc points

4, Edit datu points

5. List 110ints

These options cnn be used to enter data using the keyboard, and to list and modily the data
selective 1;,

Manipulate datu: I. Transform datu stepwise
2. Polynomial regression
J. Intcrpulntion Oil cxlstlng derived curve

4, lntcgmtc'dlrfcrcntinte data

5. Cnlculut\.l arltlunctlc mean I RMS value
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FlgUJ'C 3.3: Typical screen dlsplny prior to starling a test, I)lIJ'ing a test. the acquired frictlon and went'
datu is displayed graphlcally and nurnericulty in the centre window,

reeiprocntlng Ircquency, test duratlon, datu file name and test description, These puramctcrs

arc subsequently used with the calibration constants derived in the cullbrution routine
(Option 4) to calculate sliding distance and the coefflcient of friction ['1'0111 the raw datu

obtained from the transducers, The conditions fbI' data acquisition aro also selected in this

step; more about this ill Section 3.3.3. Finally, the user can specify lower and upper limits

for each duta channel, in user-selected units. For example, in tilt! case or wear depth the

limits might be () and 0,4 111111, respectively, The proguunmc then monitors the values of the

uequlred datu while executing the test and will tcnuinntc the test automatically when anyone

limit is exceeded. T~lis fcuturc i:.; required to protect the machlnc agalns; potential damage

when running tests unattended. 0,1 termination, u Il1CSHagc will appear in the 'Remarks'

column in the centre display window (see Figure 3.3) which indicates on what channel and

for what reason the termination occurred.

62
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3.3.1 Menu structure

There me twr menu levels. namely the main menu which lists the options availublc and five

SUlHllCllUS which arc used to execute the various options (these are discussed in more detail

in the following section). The sub-menus are accessible either from the main menu, 01'

directly from any other sub-menu by 'hot keys'. When (!.isplaying a sub-menu, the screen is

divided into three windows:

Top window: which provides information concerning the number or
datil files loaded in memory. date. time, and duta tile
path;

which lists the sub-menu concerned; and

which provides relevant information to the user, such as

a list of 'hot-keys' to be used it)!' accessing the various

sub-rucnus directly as well as any 01'1'01' messages.

Centre window:

Bottom window:

These windows nrc also used while the Test SUb"I11C11tl is displayed, or while executing u test

(Figure 3.3). In these Cl\SCS the top menu )11'ovidcs n summary of the selected test conditions.

the centre window is used Cor displaying the Test meuu 01' acquired data in real-time mode,
and the bottom window provides relevant user lnformatlon,

3.3.2 Sub-menus

The flve sub-menus and the associated options available arc listed below.

(i) Test Menu: I. Setup test conditions

2. Run test nutornaticully

3. Manual override

4. Cnlibratc data acquisition channels

Option 1 is used to dcflnc a set of tcst parameters, including applied load, stroke length,
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COl1til1t1C~lSmonitoring of user-selected data limits 011 all activated channels
with automatic test termination if any limit is exceeded;

real-time plotting of data from any two activated channels;
simultaneous datn acquisltion from up to 11 channels;

uutomatic processing of raw data;

uutomntlc activation and termlnation of experiment, based on user-selected test

duration.

A listing us well us ,1 compiled, executable version or the programme is provided on the
~'(}Il1Pll(CI' disk provided with this thesis,

Figure 3.2: Flushil13 of the specimen COnine! using water reclrcutntlng fncillty,
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Iollowcr in the oscillating head, The load frame is located in lineal' rolling clement bearings

and extends through the cast iron baseplate of the machine. It is loaded beneath the plate by

dead weights.

The friction force is measured by a load cell attached to the stationary specimen stage
assembly. The supports which carry the specimen stage arc machined in such a way that they

deflect elastically under the influence of the friction force. This guarantees a well-defined,

linear response of the load. cell to the friction force,

The total went' depth of the slldlng system is monitored by an inductive linear variable
differential transducer (L VDT) which measures the downward displacement of the load frame,

Since components in hydro-powered mining equipment operate in water, the completed test

system also incorporates a water reclrculation facility to provide flushing of the specimen

contact during testing (Figure 3.2). The temperature of the water may be controlled to within

1°C from room temperature to 100°C by means of an integrated heating m·l'LUJgeI11Cl1t.

3.3 Computer Sofh"llI'c Development

A PC-bused computer programme was written in Microsoft Turbo-Busie'l'M to tacilirntc
automated test control and continuous data acquisition, The program includes the Iblluwing
main features:

user-friendly menu structure with positicn-scnsitlve help in some areas;

continuous on-screen Inforntation regarding test conditions. data acquisition

parameter status and test status;

maximum data acquisition nuo of 16 kllz, which is required tn resolve tho

Irlction Coree over single reciprocating cycles and may be varied by the user

using several delay functions;

uutonuuic data storage throughout a lest;
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maintenance, which indicates the effectiveness of the design measures.

To facilitate the changing of specimens, the scotch yoke housing is carried in a trunnion and

the entire assembly may be rotated about the drive shaft axis, The trunnion is formed by a

stub shaft on the front housing cover, and a ball bearing mounted in the rear of the housing,

running on the drive shaft,

Wear in the mechanism is taken up automatically by a hydraulic piston, which is attached to

the moveable rear sliding plate in the crosshcad and keeps the block running with zero
clearance, This is also important to prevent backlash and inaccuracies in stroke length, Oil
is fed to the piston by the same pump that supplies the injectors. The feed pressure is
regulated by a by puss valve, If required, the hydraulic system may be converted to manual

operation to reduce complexity, The ability to adjust the mechanism for wear is retained with
manual operation.

The lower, fixed specimen is clamped in a stainless steel bath using a simple vee-block

arrangement, The bath, in turn, is mounted 011 a baseplate and may be moved laterally to

alter the relative positions of the fixed and the moving specimen. Several experiments may

thus be run "111 the same fixed specimen, A facility is also provided 1'01' adjusting the vertical

POSitiOIlof the bath with respect to the reciprocating specimen. This is used to accommodate

flxed specimens of different thickness and is necessary since the reciprocating ar111needs to

be accurately horizontal to avoid asymmetric friction behaviour on the forward and reverse
strokes.

The baseplate incorporates electric tube heaters for elevated temperature testing and is

mounted all elastically dcformnble supports to enable measurement of the friction force. The

specimen stage assembly and the drive system arc mounted on sepnrnte cast iron baseplates
to reduce vibration trunsrnission from the drive system.

The normal load is applied to the top specimen by means of a load frame and a roller cam

i

•
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(c)

The oil is recirculated through the housing fr0111 U 20 I reservoir. using a hydraulic pump.

Ftgure 3. J (cout.)

The scotch yoke mechanisrn is driven by a double cam arrangement, consisting of the

crankpln on the driveshaft which fits into an off-centre recess at the real' of a phosphor bronze

cam. This cum, in turn, rotates in the sliding block in the cross head and is locked onto the

crank pin by means of u holt. By varying the relative position of the cum on the crank pin,

the throw of the square sliding block and, therefore, the Simko length of the crosshcad may

be adjusted steplessly between 0 and 8.5 111m.

The drive shan is curried in It bearing block and is belt-driven by u l.5kW de electric motor,

The motor speed may be varied using a solid state speed controller to set the reciprocating

(J\\jueI1I.lY in the range 0 - 50 J Iz.

The machine hus now operated sutisfactorily for a number of years without requiring
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(n)

~J
1

l;il~lIl'l' : (it'Il.'ral \111\\ ofthe I\'cipro,'atill!, tribomctcr (;1); and dllS''''UP views or till' scotdl .IO!;,' drill'

sys!":111(11) and (ill' S!,l'.-illl"1l slagl' assL'lllhly (r).



CHAPTER 3: Development of High-Speed Reciprocating Trlbcmcter 55

specimen heating facility.

While the frequency and stroke length ranges were easily determined from the operational

conditions of relevant components, the applied load range was more difficult to define. No

reliable data could be found concerning typical loads on the sliding surfaces of reciprocating

components in hydro-powered equipment. It was thus decided to specify a load range much

wider than that typically used in previous laboratory investigations (see Chapter 2), in order

to accommodate all loads which could reasonably be used with metal-ceramic sliding couples.

Other specifications such as the specimen contact geometries and environmental control
facilities were selected to make the machine as flexible as possible and accommodate the

needs of both the present and future research programmes.

The detailed design drawings arc presented in Appendix A while the completed tribometer is

shown in Figure 3.1.

The top specimen is held in a simple clamping arrangement in a moving head (Figure 3.1 (c)),

which is oscillated horizontally by a scotch yoke drive assembly (Figure 3.1 (b)). In principle,

the latter consists of a square block, which is driven by an overhung crankpin 011 the drive
shaft and slides in a slotted crosshead. The verticalmotion of the block is thus 'absorbed'

in the slot, so that only the horizontal reciprocating 1110ti011.is transferred to the crosshead.

Compared with other types of drives, the main advantages of the scotch yoke system nrc:

compact design;

110 lateral forces are imposed on the output shaft, thereby reducing the stresses

on machine components; and

110 linkages arc required.

A disadvantage is that the system incorporates a number of sliding surfaces, primarily between

the sliding block and the slotted crosshead. For this reason, both the sliding block and the

crosshcad arc made from hardened carbon steel. To ensure adequate lubrication, the

mechanism is enclosed in a housing and hydraulic oil is injected into the sliding interfaces.
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CHAPTER 3

3. DEVELOPMENT OF II1GH-SPEED RECIPROCATING TRIBOMETER

3.1 Introduction

One part of the present work focused on a laboratory study of various metal / ceramic sliding
couples for use in high pressure, high frequency oscillating hydro-powered sloping equipment

like water ha111111el'Sand rock drills. A review of relevant work published in the open

literature revealed that the mode of sliding can exert a significant influence on the friction and

wear characteristics of ceramic and metal/ceramic sliding couples (e.g, Figure 2.3, Chapter 2).

It was concluded that a conventional pin-on-disc test arrangement, which is characterized by

unidirectional sliding of the samples, is unsuitable for the present work. A high speed

reciprocating triborneter was therefore developed to simulate the essential contact and sliding

motion conditions experienced by the components under consideration.

3.2 Specifications and Design

The test machine had to facilitate the measurement of friction force and wear of the test

material couples under controlled sliding conditions. Important parameters like reciprocating

frequency, stroke length and applied load had to be variable over a range compatible to the

operating conditions of oscillating components in hydro-powered equipment. The selected
parameter ranges and additionnl specifications are listed below:

Frequency of oscillation:

Stroke length:

Normal loud:
Specimen configuration:

o - ~50 Hz
o - ·,,9 111111 (variable)

0- -250 N

ball-on-flat (point contact)

cylinder-on-flat (line contact)
flat-on-flat (area contact)

specimen bath for liquid environmentsEnvironmental control:
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4.1.2 Test environment

Most experiments were conducted in deionized water to evaluate the tribological response of

the test couples without the complicating influence of COrl'()SiOI1or other effects, However.

South African mine waters can be highly corrosive due to low pll, high levels of chlorides

and sulphates and high levels of dissolved solids, Some exploratory friction unci wear

experiments were therefore conducted in u synthetic solution with typical mine water
composition to evaluate the influence of water chemistry.

4.2 Experimentnl Dctatls

4.2.1 Matcrlnls

III all experiments, a point contact geometry was employed with an AISI 440C stainless steel
ball as the top. moving specimen and u ceramic disc as the lower. stationary specimen,

\~()ll1pl'iSl'(: carbide precipitates in a

n'artcnsitic matrix. us expected fo!' this

mutcriul. The hardness of' the material at

5H I lk, was typical of' AlS1 4,10(' in the hardened condition.

ATST 440C stninlq,ss steel

Hardened A181 440C stainless steel hall
hearlngs (IOmm in diameter) were

procured from Goodfellow Metals Ltd in

I~nglnnd and were used in thc..las-received

condition, The microstructure was

examined by preparing a cross-section of

u number or bulls according to standard

mctallurgicu] techniques, As shown in

Figure 4, I, the typical structure

Figul'c ~,I: Optical 1l1i1:l'Ogl'llphIll' it

stainless steel hall, I (lOx mugnification.

AISI·J.lOC
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in size) with less than 10% of cubic phase prC~i"mt in the form
of larger grains (4 * 8 um) 1190], Since u much higher
proportion of metastable and translormnblc tetrugonal phase is

rctuincd ill the structure, 3Y~TZl' exhibits u much improved

toughening effect compared to PSZ,

where the tetragonal phase is stabilized with 12 11101% ceria
(('C02) additions, The microstructure of the material is similar

~ to that of 3Y*'i'ZP but the transl. nnation from the tetragonal to

the monoclinic phase OCCtll'S at lower stresses. ('c-T1:P thus

gllllemlly exhibits Improved toughness compared to 3Y ..TZ1'.

III S1ll111lUU'Y. under the influence of nny given mcchuuicnl stress, the extent of the phase

trnnsformatlon and the toughening effect increases in the order PSZ • (3Y-'I'Zl') • (('e-TZPj.

It is now well- known that the friction and wear behuvlour or silicon based ceramics like

silicon nitride and silicon cnrblde is domlnutcd by trlbochcmicul effects and the formution of
n silica-based surface layer. AIlhml£h this hns generally been nssociul.!d with low coefficients
of Ii-lotion but increased wCU!' l'Lll(~s(Chnptcl' 2, Sections 2,2 ami 2.3)! some workers have

reported high friction coofficlcnts ibi' these niaterluls sliding against themselves or various

metals in high humidities [100]l144J. Less uppenrs to be known about the bchavlour of these

cernmlcs when sliding agnlnst steel. although reduced adhesion and transfer lnycr formutlon
compared to oxide cenunlcs has been reported, In particular, little work has been reported

on SiAION (sllicon-ulurnlulum-oxynltrldc), although similar effects tiro suspected 1191!

Agalnst this background, two silicon based ceramics WI.lJ'<.1 selected for cvaluarlon, namely

SiAl ON (sllicon-ulumiulu n-oxynltride) lind silicon nitride (Si,N.d.
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fracture toughness implies that the material should exhibit low wear in applications when:

impact loads are relatively low, Further, considerable local expertise existed 011 the
processing, chnracterlzation nnd testing of this nuncriul. The selection of uluminu for this
study therefore aflorded an opportunity to gain experience in the tribologlcal testing und

analysis of ceramics, before proceeding to more complex and less well-understood materials,

Zh'coni:, hllscd cCl'llmj£/i

Zlrconia ceramics exhibit u phase transformation from the tetragonal to the monoclinic phase

when subjected to rncchnnical stress (Chapter 2, Section 2.2.2). This is analogous to the

martensitic tmnsfcrmntlon in steels and provides increased resistance to Iracturc and impact.

Zirconia ceramics may therefore be suitable for application in reciprocating hydro-powered

equipment where S01110 impact loads me present, However, some reports in the literature

suggest that the volume expansion associated with the phase trnnsformntion (which usually

results in toughening) may lead to surface ftacturc and reduced slidlng WI.!U1' reslstance, while

other invcstlgators found an increase in wear resistance (Chaptor 2, Sections 2.2.3 and 2.3.2).

Further, little work has been reported on the influence of this effect 011 the friction

chnractcrlstlcs or these muterlals, particularly when sliding against steels.

Agninst this buckground, three zirconia ceramics were selected for the present work,

exhibiting varying degrees of transformation toughening:

3Y·TZP:

PflZ: pnrtlnlly-stabillzed zirconia, where the cubic phase is stabilized

with small additions ("" 3 wl~'o) of MgO. The microstructure or
commercially avnilnble Mg ..PI-lZ materials is complex and

typically consists of stable cubic zirccnln grains with

uunslormublc tutrugonu! zirconia preclpitatc» within the grnins
as well us Ul the grain boundaries.

tetrngonul zlrconiu pclycrystnl, where the tcuugonnl phase is

stabilized with 3 11101%J yttria (Yi)l) additions. This material

consists primurlly or line tctrugunnl grains (usually" O.7SjJ.tl1
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CUAPTI~R 4

4. METAL-Cl~RAMIC SLlDING COUPU.:S

4.1 Introductton

As outlined in Chapter 1, Section 1.1. it was uneconomical to consider replacing the sled
housings of reciprocating components in hydro-powered gold mining equipment with ceramic

materials, Fol' this reason, AISr 440C stainless steel was selected as the sliding counterfacc

material for the ceramics.

Despite signlficant development work, the detailed operntlng conditions of reciprocathu;

components in water-powered rock drills and hammers arc still rclerively Ill-defined [189],

Uncertainty exists particularly around the tlpplied loads tlntl impact conditions due to the

dynamic nature of the mining operating environment, What is clear is the filet that weal' in

components such us valves and t\clllntinc; pil:llOml causes internal leakage of the hydraulic fluid

(water), which results in lncfllcien: operation and eventual fuilure of the machine. Further,

smooth iHctilll1 behaviour during sliding is more importan; Cor these components than u low

iHetiol1 coefficient pCI' sa, since stick-slip motion results in crratlo operation of the machine,

An improved mctal-commlc sliding couple should therefore exhibit u compromise between

low wcnr rates null smooth friction behaviour, with perhaps some bins towards the latter
property,

4.1.1 Muterfuls selection

Against the above background, a runge of engineering ceramics was selected I'm study,

Alumina has been extensively studied as u model polycrystallinc oxide ceramic and is

commonly available in various shapes at low cost, A combination of high hurd ness and low
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Gmbl-l, Germany), Those samples were supplied by Optimol and the compositions of the

steel anti the lubricant were not disclosed.

The standard culibratlnn test conditions on the Opti11101 SRV machine ure an applied loud of

200 N, reciprocating frequency of 50 Hz, stroke length of 1 111mand a lest duration of 1 hour.

III the present case, the same test conditions were used, except for a shorter test duration of

20 min, This was selected since the friction coefficient obtained from the Optimol rig was

found to stabilize at its characteristic value after about 2 min.

The friction trace obtained f1'0111 n typical dynamic calibration run is shown in Figure 3.7. It

can be seen that the stable frlction coefficient value of OJ 1 .1: 0,002 showed excellent

agreement with the value or 0,115 given for the Optimol SRV system.

The wear depth LVDT was calibrated simply with a micrometer screw. As for the friction

transducer, the transducer response was llnear over the distance used.

3.5 SUI1111llU-Y

A high-speed reciprocating trlbomcter was developed and tested, as well as n computer
programme to facilitate automatic test control, data acquisition and processing. The main

aims of the machine, namely to provide meaningful friction and weal' datu in n reciprocnting

mode und over n range of sliding conditions, were satisfactorily achieved. Vibration analyses

indicated that reciprocating frequencies between 25 and 35 Hz should be avoided unless
further vibration-reducing measures nrc employed, Some suitable measures were identilled.

Excellent agreement in monsured dynamic friction coefficients W:' r'lInd with a commercially

avnllable tribomctcr, using u standurd test arrnngcmcnt with kno .r trtctlon behaviour.
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Figure 3.6. Typical static calibration curve fol' friction force transducer system,

force was lost in the system, presumably mostly in the elastic specimen stage supports,

More importantly, however, the load-output response was linear over the load range

considered. The transducer output could therefore be related to the actual friction force at the

specimen contact by a simple linear calibration function.

Having achieved satisfactory results from the static calibration results, the next step was to

calibrate the tribometcr dynarnlcully against a material combination with known friction

behaviour. This was necessary to verify whether ct1bcts like vibrations or unavoidable, small

e1'(,01'S in specimen alignment were Jikely to inl1tlC11CC (he measured friction coefficients

significantly, The selected couple comprised a standard steel ball and disc combination which

is used together with u standard lubricrnr to calibrate the well-known Optimol SRV

reciprocating tribometcr. (This machine is also capable of reaching high frequencies but at

much smaller stroke lengths of 3111111 maximum, and is cornmercially uvnllable fl'0111 Optlmol
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The following general conclusions could be drawn 1)'0111 the vibration analysis:

Without implementing further vibration-reducing measures, mcunlngful rosults

may be obtained if the machine is run at relatively low frequencies « 20 Hz)

and cri tical speed ranges are avoided.

For frequencies below about 40 Hz, the mounting of the base plates should be

rigid to ensure an accurate stroke length. Therefore, isolation of the specimen

stage from the drive system by using resilient rubber mounting is not
considered practical. At higher frequencies, such a mounting may bring

benefits as the inertia of the plates reduces inaccumcics in the stroke to
acceptable levels,

Reductions in transmitted vibration may be achieved through improved
balancing of the reciprocating masses and by increasing the 111t\: , of the drive
system mounting.

Many of the recommendations suggested by the analysis have been implemented. Fo!'
example, most tests in the present series were conducted at frequencies below 20 Hz and the

machine components were supported on heavy cast iron base plates, Cast 11'011 was selected

since this materia! exhibits superior vibration damping chnracteristics compared to steel,

3.4.3 Static and dynamic callbratiou

The friction measurement system was calibrated by applying known static loads to the
specimen stage in the specimen contact plane. This procedure was repeated I'cglllal'Ty

throughout the test programme, A typical callbration curve i1' shown in Figure 3,6, Based

011 the construction of the amplifier, an output of 5 V was equivalent to a load llf 30 kg 011

the transducer, This implies that the calibration curve shown in Figure 3,6 should have

exhibited a slope of 1 if no portion of the friction force was lost in the mechanical system.

III fuct, the slope was close to 0,84 which implied that close to 16% of the actual Iriction
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Initial tests confirmed that significant vibrations were transmitted to the specimen stage from
the drive system at particular frequencies. The vibrations of the specimen stage and the

transducer support were approximately equal and exhibited a frequency which correlated with

the excitation frequency, The first natural frequency of the system, measured at the specimen

stage by exciting it into free vibration, was found to be approximately 30 Hz, Accordingly,

the amplitude of the specimen stage and transducer vibration exhibited a peak at about 30 Hz.

When the base plate of the specimen stage assembly was supported 011 resilient rubber pads,

the natural frequency dropped to about 9 Hz. In the absence of a friction force, the maximum

displacement amplitude was then reduced to about 30% of that obtained for a stiff support.

Unexpectedly, however, this maximum amplitude occurred not at the naturnl frequency, but

somewhere between 15 and 50 Hz.

In order to assess the influence of specimen stage vibration on the output from the friction

force transducer, the signal from the transducer was monitored together with the signal from

011C of the accelerometers. With the machine running without specimen contact (l.e. zero

friction force), the momentary value of the measured force signal appeared to have n random

distribution with no discernible component close to the excitation frequency. The scatter

associated with the signal appeared to bc unaifccted by resonance in the system and increased

approximately linearly with increasing reciprocating frequency. As was the cnso in the curlier

force analysis, the magnitude of the scatter was of the order of a typical friction force at n
frequency of 50 lIz,

When the base plate of the specimen stage was supported on resilient rubber pads, the

maximum scatter in the measured force signal was reduced to about 30% of that obtained Ior

a rigidly mounted plate. At paniculnr frequencies (24 and 50 Ilz), the scatter was reduced

even further to upproxhnntcly 2 • 5% of the typical friction force, However, the resilient

mounting resulted in oscillation of the base plate with nmplitudes of up to 1nun, As tests run

with specimen contact showed, this len to Inaccuracies ill the stroke and an unsatlsfuctory

friction force signal.
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(n)

(b)

l.-....---.~____ _ _ _j
Fi!-\ln'~ 3.5: Ovcmll vit'l\' or Illl "ii uulon anal) sis equipment (a) Hill! close-up view of the accelerometers

(b1.
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Figure 3.4: Y-, recorder traces of two low-speed tests run to validate the form of the friction force signal.

3.4.2 Vibration analysis

A series of trials was run to assess the vibration characteristics of the tribometer, This

involved running the machine both with and without specimen contact with an oscilloscope

connected to the friction force transducer. It was found that significant vibrations were
transmitted 1'1'0111 the drive system to the transduce!' at particular reciprocating frequencies.

At the maximum frequency of 50 Hz, the amplitude of the transducer output Was of the order
of a typical friction force amplitude.

To study this effect il111101'edetail, it was decided to perform a more comprehensive vibration

analysis using two accelerometers and a storage oscilloscope. The arrar.gcment is illustrated

in Figure 3.5. Since the horizontal component of the imbalance generated in the drive system

far outweighed the vertical component, attention was focused on horizontal vibration. While

not entirely correct, this approach was justified 1'01' reasons of economy for the present survey

investigation.

A vibrution test involved running the tribomcter through its entire speed runge without

specimen contact (l.c. with zero friction force) while recording the accelerometer outputs.
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in separate meso They can thus easily be imported into standard graphics and spreadsheet

packages such as Quattrol'ro TM for further data manipulation, if required, and printing of

graphs. The programme also automatically appends the appropriate data channel number to

the user-defined file name and assigns different file extensions to the data files: '.raw' for the

raw digital data and '.dat' for the transformed date The test conditions arc stored ill a
separate file under <filename.con>, This enables the user to load a previously den ned set of

test parameters for subsequent tests without having to manually re-specify any parameters.
To further streamline the operation of the triborneter, the programme retains a test parameter

set in memory until it is replaced by a new parameter set.

3.4 Commissioning of Trihorneter

3.4.1 Data acquisition system

As a first step in the commissioning procedure, the load cellidc amplifier system performance

was assessed, After zeroing, the machine was left for 24 hours to assess Zero drift. During

this time, the zero point reading drifted by 0,001 V or 0,02% of the maximum amplifier

output, which was considered to be acceptable. The triborneter was then run at a frequency

of 3 Hz while the signal from the friction transducer was monitored by a y·t recorder. As can

be seen from Figure 3.4, the friction truce approached a square wave, which indicated that the

dynamic coefficient of friction was relatively constant over the sliding strokes. The friction

coefficient also exhibited a small peak at the start of every stroke, showing that the system

was sensitive enough to detect the static coefficient of friction as sliding initiated at these
positions.

The friction measuring system exhibited little hysteresis, especially under dynamic loading

conditions. Under static loading, the zero signal 'crept' in the direction or the applied lout!

by 0,01 V or 0,2% of the maximum output, which was considered to be ncccptablc.

Satisfactory operation or the data acquisition software was verified by monitoring known

voltages applied to the A-D converter.
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Table 4.4: Apparcn! contact (ll'C~SUI'C (MPa) ((>1' Slalon and Si)J\" under various loads,

_ ..... - --
Mntcl'illl (;"01111(1 cernmlcs Polished CCI'II111ks

20 N 30 N SO N 20N~:,_. 30 N SO N~. -, - -
9,1 +-8,8 .-

9,9 10,5Slalon 4,(1 6,2

Si,N" 4,1 5,5 7,() 9,1 11,5 12,9-

and 9,9 MPu (ground, 50 N nnd polished, 30 N), but were observed at pressures of 1(),5 MPn
(polished, 50 N),

It can of course be argued that the actual contact pressure may be very much higher 011 the

ground surfaces as a result of their greater roughness, However, it was observed that the

grinding scratches were HUed with metallic debris from the steel bull. This effect tended to
smooth the contact surface and contributed to u more even dls.rlbution of the applied load,
Nevertheless. the retention or metallic debris on the ceramic surface certainly resulted in u

11101'ecomplex sliding interface compared to the polished ceramics, and mny also have played
n role illmaintaining lower friction cocfflclcnts,

Based Oil these results, it would appear lhnt the loud currying l:npudty (IXC) or the

trlbochcmlcal surfuce mills in terms of apparent contact pressure is <OJ 10,5 MPa 1'01' Siukm and
,~ 13 MPn for Si"NI' In view of the different compositions of the ceramics, it is likely that

the higher scnsitlvlty and lower Lee observed rot' Siulon is associated with differences in the
chcmlcal compositlon of the tribnfilms.

A similnr trend towards longer run-in periods lind grouter scatter and oscillation in Iriction

coefflcicnt with lncreusing applied loud was observed for ground PSZ surfaces. As will b~\

discussed in Section 4.4. this could be attrlbutcd to a complex inrcrplny between polishing and

fracture on the ceramic surfaces u\K1the formutlou of metallic tl'tlllslcl' layers.
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surfaces, However, at an applied load of

50 N the oscillating nature of the friction

coefficient suggested th'lt these films
wore overloaded in the case of Sialon

and close to overloaded ill the case of
Si3N4• with the processes governing film

formation and depletion becoming
comparable, To support this explanntion,

(\ sliding experiment was performed on
polished SijN.t under a loud of 80 N, No

oscillations wore observed and the steudy
state friction coefficient was substantially

higher than (hut obtained at lower loads, find shnllnr to thnt obtained during the run-in phase

(Figure 4,8), This result confirmed that the tribochemical surracc films were unable to

II

I 0

t~ 0, o
'"i; D,O

:E 0,'
mU 11,0

n 0,1.1 +."...----"
t~ (1"

& \1,3
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accommodate loads in excess of about 50 N under the sliding conditions used, resulting in l'

trnnsltlon 1'1'0111 low to high coefficients of Iriction.

o 1000 ~CtlO :tQUQ AllOt! ~,'lllfJ (l(l\](} 1\j1)O fiOli"!
Gl1tunf) 111r;-!:,lrU!n (m)

No Iarge-scnlc oscillations in friction cocfflclcnr vero observed on ground Sialon and Si~N.,

surfaees worn under a load of ~0 N, This is not lnconslstent with the above explunntlun nnd

CWl be nurlbutcd to differences in conta 1t pressure, The steel lmlls experienced signi11ctll1tly

more wear When tested against the ground ceramics compared to the polished ceramic

snrfaces, due to the greater surface roughness of the former. The effect on the apparent flnnl

contact pressure, us calcnlntcd from the weal' SCIll' diameters 011 the steel balls. is summarized
in Table 4.4.

flgUI'C .t,8: Friction trace obtained Ior AISI 440C sliding

ognillst polished SI,N4 under 0 load or 80 N. Note absence

of oscillations and high cncfflclcnt or friction,

Clearly, the contact pressures were signii1clIlltly lower fbI' the L~round surface» than 1b1'the
polished surfaces, POI' ground ~ilN'I' the contact pressure at 50 N was ill fact !OW\,1!' than that
fbi' polished SiJN" tested under u loud of 20 N. which provides an explunution for the fact that
no osclllntlons were observed in the former case. Sinlon apPl.)tll's to be more sensitive to

contact pressure, us indicated by the n\(,~t that no usclllaticn» occurred under pressures of 9.1
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increased with increasing applied loud and occurred to u greater extent Oil 3Y -'1'21' and Ce-

'I'Zl' than all PSZ~ resulting in more cxtensivo transfer layer formation which appeared to

reduce both the scatter and the value of the friction coefficient (Section 4.4),

The silicon based ceramics, Sialon and

Si3N4• generally exhibited the lowest

scatter and the lowest and most
consistent friction coefflcients, However,

extended run-In periods associated with

high cocillcicnts of friction were
observed for polished surfuccs subjected

to IX load of SON. Following the initial
1'1Il1-in period, the Itiction coefficient

oscillated between tho low, steady-state
and the high, run-in values (Figure 4.7).

This trend was more marked for 81a1011
than for 8i3N.1• Detailed analysis of the

wear tracks (!3ccthm 4.4) revealed that

the periods charnctcrlzcd by high friction

were not associated with any
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mncroscoptc damage on the ccmmic '" 1<'""1 ,"'<1,11\['" ,,,"

surfaces, such HS fracture, or the
Iormation of metallic trnnsfcr fllms.

(ll)

FlglIl'C 4.7: Typlcnl t)'iclion coclflclcnt ~raccs obtnlucd
under a lund or 50 N 1'01' (n) pullshud Slulou nnd (b)

polished Si,N,1'

It is well-known thnt silicon based ccrnmics tend to form Si()2·hm;el!. surface Illrns during
sliding conmct, which uro generally thought to be lubricious (Sections 2.2 und 2.3). No
information could he found Oil the mccbnnicu! Pl'\\l)l.)l'lics m' load-carrying capacity of such

fllms, however. The low friction cuclllcicntu and steady friction behaviour observed in this

work tend to confirm that lubrlcious Si02 trlbofllms wore formed on both Sh 'N and Sialon
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picture of the surface films. Two sots of XPS meusurcments were performed 01' each weal'

scnr, one on the as-worn scar and OIlC after sputter cleaning with argon ions. in order to

examine the surface unci hulk composition or uny surface layers.

4.3 Frlctlon and Wear Results

4.3.1 General frfction behaviour

The friction unces obtained for the various material couples arc presented in Appendix B,

A brief examinatlon of these graphs shows that n distinct two-phase behaviour was observed

in most cases, corresponding to a 'run-in' ami a 'steady-state' period, Tho run-in phase was
chnractcrizcd by the rapid development of a 'steady-state' surface 011 the sliding clements by

processes like the removal of surface contamlnnuts and, 111l)J'esignillcnntly, the Iormutlon of

surface trlbofllms, which is discussed in more detail in Section 4.4, Rapid initial WCU1' of the
steel bull nnd, in some cases, the ceramic coun'<rfucc occurred to establish a well-defined area
contact (Section 4.3.3), Consequently, the contact pressure decreased during the run-in phase

to u value which could be uccommoduted by the material couples through stet\d),"state
processes like the Jormutlon and wear of third-body films,

In general, the steudy-statc phase was reached within 1000 111 01' less of sliding, In the case

of ground alumina surfucos, however, the run-In phase could be us long as 4000 III whereas

1110l'e than 5000 III of sliding was required to reach stcudy-stntc on ground PSZ surfaces,

These results confirmed the need Clll' long test durations to obtain meaningful data.

The scatter in the friction coefllcicnt was generally 1· 0,03 or Il.)ss,pnrtlcularly rOt' the polished

commie surfhces, Notable exceptions were the gl'OlllV.l }>S% Hntl the ground 3Y~Ti',P surfaces,

which exhibltcd much greater scatter and less consistent Iriction behaviour particularly at

lower applied loads. For the zircunin commies, the scatter tended to decrease in tho order

PSZ ~ (3Y·TZP) ~ (('c-TZ1», These trends nrc probably rcluted to the cornblncd effects of

mechunlcnl polishing. surface Iructurc nml the formntion of u motaltlc (l',mstcr layer, eomposcd

of compacted wear debris originating Irom tho steel ball. In particulur, surfuce Iructurc
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results obtained for ground and polished
ulumina under an applied load of 50 N,

As may be expected, the contact pressure

fell rapidly in the initial phase of tho test

in both cases duo to initial rapid wear of
the steel bull, As the test progressed and

the apparent contact area -increascd, the

wear depth increased more slowly which,

in turn, caused the contact pressure to

decrease at a lower rate.

4.2.3 Analytical techniques
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On completion of a test, the ceramic

discs and the steel balls Were cxamlncd

with the unaided eye to determine the
macroscoplc regularity of the wear

tracks, More detailed analyses of the

wear scm's were performed using low magniflcatlou optical und high magnlflcnrion :;cmllling

electron microscopy (SEM). Prior to the SEM cxumlnatlon, the ceramic spcclmcns were
sputter coated with gold.

(a)

ilO •

-00
~ ~ ~ - ~ - - - - -Gilding D14t4n~a (A)

(b)

The allergy dispersive X~l'ay (lmS) uttachmcnt 011 the SEM as well as X-ray photuelcctrun

spectroscopy (XPS) was used to charactcrlzc the chemical composltlon of the worn surfaces

und any transfer luycrs, The latter technique is capable of identifying the oxidation states of

clements and fueilitated the identification of oxides and hydroxides to obtuln a more complete

Flgure 4.6: Vorlat ion of UPPOI'Cllt contact pressure as u
fUllction oj'sliding distance l()I' AJSJ 440(' steel sliding Oil

(n) ground and (b) polished ulul11inn,
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friction coefficient, Consequently, a 12 hour duration was employed for nil subsequent
friction and wear experiments, corresponding to a sliding distance of 6912 m,

A ball-on-flat contact geometry with initial nominal point contact was selected for nil

experiments ill order to minimize alignment difflculties and avoid the need for an initial

rnnnlng-ln period to achieve repeatable specimen contact conditions. A disadvantage of this

arrangement is the fact that the apparent contact area Increases and the apparent contact

pressure decreases as the ball wears, The extent of this variation depends 011 the wear rate

of the ball which, in turn, depends 011 1ll1111erOUSfactors such as the countcrface material and

surface roughness. In the context of the present work, an uttempt was thus made to establish

how the contact pressure vades throughout a test.

From geometrical considerntions, it cun be shown that the worn urea on the bull at any point
ill the test is adequately approximated by:

(4.1)

where R is the radius and h is the wear depth of the bull.

The apparent contact pressure can then be determined simply by dividing the applied load by
the apparent contact area calculated from equation (4.1).

In the present test series, the combined wcnr of the steel and ceramic specimen is monitored

by means of a Ilncar varlable differential transducer (I,VDT), which measures the downward

dlsplaecment of the load frame. It is thus generally not possible to substitute this measured
went' depth directly in equation (4.1). However, in the case of the AISr 440C-nluminu eml11lc,
the alumina wears so little tlmt the measured wear depth is very close to the actunl weal' d~ptb
on the steel bull, and it becomes uppropri.uo to lise equation (4.1). Figure 4.6 shows the
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Tuble 4.3: Test matrix used for the frlctlon nnd wear' tests,

. -,
Surface Finish-

GI'()UIHI Polished
I-

Apillicd lond (N) Applied lontl (N)

Mnterlnl 20 30 50 20 30 50
AI2O" -/ -/ -/ -/ -/ -/

PSZ -/ -/ -/ -/ -/ -/

3Y·TZP -/ / -/ -/ -/ ,/.
Cc·TZP ,/ -/ ,/ ,/ -/ -/

Sinion ,/ -/ -/ ,/ ,/ -/

ShN" ,/ ,/ ,/ v' -/ .;

NaNOj

Nu2SO"
Nnel

940 ppm

2515 ppm
475 ppm.

The pll of this mille water was (1,7,

Prior to each test, the specimens were ultrasonically dcgrcased in ucctonc. The AISI 44()C

stainless steel ball was then clamped in the reciprocating head while the ceramic disc was

mounted in tho stationary specimen stage. Both srccimens were then cleuned agaln by wiping

wb!, tissue paper soaked in acetone. After setting the stroke length with a digital

displacement gauge, the required test parameters were entered in the computer program and

the test started. POI' each experiment, fresh solution was used to flush the contact region.

In thl) first test series on alumina, tl test dunuiou of 1,75 hours wus used, eOl'l'csponding to II

sliding distance \)1' 1000 m, This was bused 011 typical test conditions reported in the open

literature and seemed to be sufflclent Ior the friction coefficient to stabilize. However, (Ill

exploratory experiment run for 12 hours to study the OCCtll'l'C1H.:e(01' otherwise) of' surface

fatigue indicated that up to 150() 111 or sliding arc generally necessary to achieve a steady
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Table 4.2: Surlhcc roughness values of ground and polished ceramic discs.

Materlul SUI'fIICC toughness ( !-lUI Rn)

Ground Polished

AI2O] 0,2 0,04

PSZ 0,2 0,Q3

3Y-TZP 0,3 0,02

Cc.TZP 0,2

I

0,01

II
Sinian 0,4 0,04

Si]N4 0,6 0,02-

4.2.2 Tribologlcal test conditions and proeedurcs

The actual loads experienced by reciprocating components in water-powered mining

equipment are lll-deflncd due to the dynamic nature of the operating cnvircmncnt. As a first
step, detailed examinations of the damage which is typically developed on such components

were conducted, followed by exploratory balloon-disc reciprocating friction unCI weal' tests ill

all [I(tcmpt to simulate this dumage. It was concluded thut a loud range of 20 to 50 N would

adequately represent the load conditions experienced by such components.

The 1111nlselected test matrix is shown in Table 4.3. A frequency of 10 Ilz und n stroke

length of 8 111111 WUS selected (i.e. an average sliding speed of 0,16 111/s) to reduce vibraticn

and hydrodynarnic lubrication effects,

In these experiments the contact was flushed with deionized water to simulate the essential
conditions found in hydro-power equipment. Explomtol'Y experiments to study thl~influence

of water chemistry wore conducted in a synthetic mine water, Uulsel l193j, W"Hl was II

relatively agressivc electrolyte prepared by dissolving a number or salts in distilled water:

CaCI:1·2IIp

Mg(NO:lh·6H20

3411 ppm

1170 ppm
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CeJ'flrnic matel'inl pJ'opcrtics

The density and porosity of the ceramics was measured by the Archimedes method. which
involved weighing the specimens dry and in air, under water. and wet and in air. Mechanical

properties like hardness and fracture toughness were determined by indentation techniques,

using a Vickers diamond indenter under loads of 10 • 20 kg. The results. representing the

U\ erage of at least 5 measurements, are summarized in Table 4.1.

Table 4.1: Materlal properties uf the experimental ceramics

Material Bull, density Apparent Hardness Toughness
(g/cm3) porosity (GPn) (MPa,m·lll)

AI:O) 3,98 0.036 18.61 3.35

PSZ 8,85 0,011 8,85 ~·9,1 *._
3Y-TZP 6,10 0.023 12,10 '·11.0 ...

Cc-TZP 6.27 0.253 9,61 -13.0 *
Slalon 3.24 0,392 13.64 ,.s.n 11<

I[ Si)N" 3.31 0,169 13,56 ·4,5 11<

* fracture toughness could 11()t be measured accurately from indentations; these nrc typical literature values.

Being ball beurings, the AISI 440C steel balls were highly polished and were used without

any further surface preparation, apart from cleaning prior to testing.

The ceramic discs were ground and polished; the R" values for each material nrc summarized

in Table 4.2. These surface preparations wore selected for prnctical reasons since they ate the

ones most likely to be used 011 actual machine components.
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zirconia (:5 0,75 }.Ll11) with a very small proportion of larger cubic zirconia grains (Figure 4.4).

The Ce-TZP specimens were prepared
f1'0111 commercial lz-Ce powder obtained
from Tosoh Corporation, Japan. Sample
powders were milled in iso-propyl

alcohol with 21'02 grinding media, PEG

was added as, a binder to a level of
2wt%, Sample discs were first uniaxially

pressed at 40 MPa and then cold
isostatically pressed at 400 MPa, The

discs were fired in air at 1 400°C for 4

r l "

\
{ ,

Figul'c 4.5: SEM micrograph showing the typical
hours, using heating and cooling rates of

mlcrostructurc of Cc-TZr ceramic,
200oC/hotH'.

The microstructure of the material is shown in Figure 4,5 and consisted of tetragonal zirconia

grains 1 • 2 um in size, with occasional larger grains (up to 3 jJ.m). This microstructure is
typical for Co-IZl' and has been commonly observed by other workers [192],

Silicon hnscd ceramics

Slalon 101 specimens in the form of square discs (approximately 14x 14x7111111) were cut from

a plate specimen obtained from Vesuvius Slalon, England,

Si,;N" specimens were obtained from Iscar (Ply) Ltd in the 1'01'111 of cuulng tool tips and were
used in the as-received condition afte)' suitable surface preparation.
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Australia, in the form of 40111111 diameter
rods. Disc specimens were cut from

these rods using a diamond blade.

The microstructure of the material was

typical of a commercial Mg-PSZ ceramic
and consisted of large cubic zirconia
grains with tetragonal zirconia

precipitates clearly visible at the grain
boundaries (Figure 4.3), (The intra-grain

tetragonal precipitates were too s111aIl to
be resolved by scanning electron
microscopy).

3Y-TZP

The 3Y-TZP specimens were produced

using pre-mixed powder from Toyo
Soda, Japan, Round pellets 40 111m in

diameter were uniaxially pressed under a

load of 3SkN. After cold isostatic

pressing, the pellets were sintcred 1'01'

optimum toughness using the following

heaung schedule:

heat at 5"e/min to

79

.;:'_, ,~.. , "

"

.. " .

",""

Figure ".3: SEM micrograph showing the typical strucrure
of the Mg·PSZ ccramlc,

,,

v . r7
,. ".\. "'-

," • <$0-
: "I

500°(', soak COl' 5

hours; and

cool at 5°C to room temperature.

microstructure of :1Y·T1P ccramlc,

Ali expected, the microstructure of the mntcriul consisted (If very nne grains of tetragonal
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A Leco analysis of the carbon content was performed by an independent laboratory. At
0,99 wt%, the carbon content was within the range specified for AISI 440C stainless steel
(0,95 • 112wt%). A check of the remaining elements using a Scanning Auger Microprobe

revealed a chromium content of 17,1wt% which is also within the range specified
(16,00 ~ 18,00 wt%).

heat at 5°C/min to 300°C,
soak for 2 hours;

heat at SOC/min to 900°C, soak for 1 hour;

Alumina discs were prepared fr011199,5%
pure alumina powder (designated

RCHPDBM) mixed with 0,03 wt% MgO
and 4 wt% polyethylene glycol (PEG) as

binder. Cylindrical pellet') were
uniaxially pressed for 30 seconds under

a load of 15 kN and then sintered using
the following heating schedule to yield

fully dense discs, 25ml11 in diameter:

}.
,J ...

'1/ .~ '" ~.._/
J:

FiAlII'C 4.2: SEM l11icrogl'l1ph

microstructure of an nluminu disc.

~h()\\'illg typicnl

heat at SOC/min to 1 sooDe, soak for 3 hours: and

cool at SOC/min to room temperature.

The microstructure or the resulting material is shown in Figure 4.2 and consisted of alumina

grains between -·2 und ~'6 urn in size. The mt\tcl'ial appeared to he relatively brittle, us

indicated by the intcrgrunular removal of whole grains during the polishing }WOt;t1SS •

.em:Hnlly stabilized zil'conia (PSZ)

The Mg·PSI. ceramic (toughness-optimized TS grade) was obtained from Nilcra Ceramics,
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the silicon based ccramlcs at nil appllcd loads. This was attributed to the greater tendency

towards surface fracture damage and metallic transfer layer Iormntion on these materials,
Wenr on the silicon bused ceramics occurred primarily by a tribochcmicnl wear mechanism

and no surface fracture damage 01' signlflcant metallic transfer lnyer formation WlIS noted,

The stabilized wear rates were thus significantly lower fo1' these materials compared to the

oxide ceramics (Figtn» 4,12 (b)),

A notable exception to this-generul trend is Sialon, which behaved in it slmllar way to SiJN.,

at low loads, but exhibited weal' depths and wear rates similar to the oxide ceramics III u lond
of 50 N, This was attributed to the fact that Slalon underwent u transltlon in friction and
weal' behaviour at n loud around 50 N, us indicated also by the friction results (Section 4,2, I),
At this load, the slllcon-containing tribofllms 011 the Sialon surfucc would appenr to become

unable to support the applied stresses, resulting in a signi1.1cant increase in friction lind wear

rates, A similnr transition also OCCUl'S on SiJN" but at somewhat higher lauds, us cOI1I1l'l1H.Jd

by the high friction coelficlcnts obtained under n loud of 80 N (Section 4.2.1),

Another signlflcant feature of these results is the fact that the stubllizcd wear rates arc quite
similar f(.1l' both ground and polished ceramic surfhces. I'hls suggests that it may be possible

to utilize the ceramic components in the ground ruther thnn the polished condition (except
alumina, which shows no surfuce roughness lmprovement during sliding), if the higher wear

rate doring the run-in phase can be ncconuuodatcd. I'Ine polishing of commie material» is (1Il

expensive process and thus this may have slgnlflcant economic benefits,

FtU<.~.,n')l'e, tho wC!U' rates ul' the oxide ceramic» me considered to be sufficiently similar rOt'

both ground und purishcd surfhces that the selection of II suitable material couple rot'

hydropuwer equipment f!,\'l he made 011 tho bm;hi of Irlctlon behaviour, 1'lIt11\., than wear I ute.

(Recall that (1 sn.ootn H'ic.ion behaviour and low coefflclents of friction nrc impurtnnt ill these
components to avoid 'aick-slip motion), Nevertheless, bused on their lower stabilized weal'

rates, the silicon bused cernmic-Alxl 440(' couple» should uutlust cquivaleut couples wlth

oxide ceramic by 30 - SO <),1)and should thus be given preference,
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for alumina. This result is uttributablc to the fact that polishing was less effective unci

occurred at a slower rate Oil these materials. The wear depth curves were characterized by
longer run-in periods than the oxide ceramics, which indicated that a longer sliding distance
was required to achieve a steady-state snrfhcc, A rougher surface was thus maintained Oil the

wear track 101'a longer time period, resulting in more wear on the steel ball during the run-in
period than in the case of the oxide ceramics. This trend was more pronounced I'Ot' Si~N" than
for Sialon, which provides an explanation for the lower Weal' depths exhlblted by Sialon,

The 10we1' rate of polishing may be related to the higher hardness of Sialou and ~::.iN.1
compared (0 the zirconia ceramlcs (~13.(J OPa compared to '" 9 01'£\ [In' PSZ and Ce-TZP and
12 OPa tor ~y-1'21'), Trlbcchcmical wear of the silicon bused cernmics by oxidation and

dissolution of the ceramic sll1'111CeSprobably also contributed to polishing, However, residual

grinding scratches were observed over most of the wear track, indicating that the rate of

mutcl'in! removal by this process was evidently lower than that due wear on the steel hall or
that due to the mechanical polishing mechnnlsms active 0\1 the zirconia cernmlcs.

To summatlze, it thus uppcurs that the sliding couples involving Sialon unci ShN" experienced
greater wear than the oxide ceramics in the curly luges of the trlbotests due to a lower rate
of surface polishing and a longer run-in phase, If this cxplunntion is correct, the oxide
ceramlcs would be expected to exhibit generally higher wear rates than the silicon based

cemmics in the steady-stat» portion of the test, since the overall wear depths were similar !(lI'

both. By referring to Figure 4,11 (b), it will be seen that this was indeed the case,
pnrtlculnrly (It high loads of SO N,

Notwiths(nnding the slmilnr overall wear de11tlis, the silicon based ccrumlcs would thus he

expected to outlas; the oxide ecrumlcs by lip to 30 % under slmllar operational condltlons,

This result vlndlcntcd the present analysis approach of quantifying the stabilized we ttl' rate us

well as thc overall wear of the sliding couple. mther than relying only 011 mcusuremcuts of

the overall wear of tho indlviduul sliding clements.

FL'I' polished ceramic surfaces, the oxide cern.nics c~',hibitcd g\.)l1erullygreater we til' depths than
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Tullic 4.6: SUl11llHlI'Y of weal' depth and steady-state wen I' rate results obtained f(1I' the various sliding
couples,

SUI'face finish lind npplied load (1'1)

Ground PoHshed

I Mlllcl'lnl I - .Parameter 20 30 50 20 30 50
Alz03 Weal' depth (mill) 0,15 0,16 0,18 0,09 0,12 0,14

Wl'(U' rnte (~Lm!lll) 0,014 0,014 0,()14 0,015 0,014 0,014

PSZ WI!iU' depth (I)1m) 0,11 0,12 0,13 0,11 0,13 0,14

Well I' rate (~LIll!Ill) 0,012 0,014 0,013 0,010 0,011 0,013

3Y·TZP Weill' depth (mm) 0,11 O,l:? 0,16 0,9 0,11 0,14

Wear rate (!J,m!m) 0,011 0,008 0,011 0,010 0,007 0,013
,

Ce·TZP Wcnr depth (111111) 0,12 0,13 0,19 0,11 0,11 0,15

Weill' rate (!J,l1l/m) 0,011 0,011 0,014 0,010 O,OOS 0,012.
S itll 011 Weill' depth (111111) 0,10 0,14 0,17 0,Q7 0,09 0,16

Weal' rule (1-LIMm) 0,007 0,012 0,009 0,005 0,007 0,013
- -----

Si)N" WeOI' depth (1I11n) 0,13 0,18 0,19 0,06 0,08 0,13

Wear l't1(e (!J.ll1/m) 0,009 0,011 0,010 0,007 0.00(1 0,006

However, under an applied load of 50 N, the WCHI' depth 1'01' the zlrconin ceramics lncrcascd
in the order PS2 • (3Y·TZP) • ((:c-T2P), with the wear depth Ior C<.!·TZPbecoming similnr
to that for alumina. This is thought to be reluted to the increasing amounts of fracture

damugc observed 011 the latter materials lit these higher londs. In the cusc of 3Y·TZP and Ce-

'1'2P, most of the polished region of the Went' track worn under a 50 N loud was roughened
again by surfhee fracture, l'c:;ulting in increased abrasion of the steel ball us evidenced by the

presence of thick metallic transfer !"YCl'S in these urcas.

The sllicon bused ceramics showed weur depths of n simllar magnitude (0 those tor the

zirconia ccrumics, uespite tho Iact that only polishing ulld no fracture damage occurred in the

WCHr tracks, which could have contributed ttl wear of the steel hall. In Iact, in the case of

Si;JN.,the went' del1tl\::;ttt applied loads of 30 and 50 N were even !t\l'gcl' and similar to those
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To characterize the wca 'mviour of the
various couples, the total wear depth for Figure 4.tn: Typical wear r'cpth tl'HCCS I'm'(a) ground untl

the test as well us the steady-state wear (b) polished niumlnu (dry ;ng, SON loud),

mte (in j.t111/m of sliding) was determined 11'0111these traces, The results are sUl11mm'izl~d in

Table 4.6 and shown graphically in Figures 4.11 and 4.12.

Analogous to the friction results, the
weal' depth traces showed a distinct two-
phase behaviour, characterized by n 1110l'e

01' less pronounced run-in phase followed

by a steady-state phase (Figure 4.10).
During the run-In phase, the weal' depth
increased rapidly and this was associated
with the formntion of a well-defined urea
contact between the specimens. As
outlined in Section 4.2.2. the contact

pressure between the specimens dropped

rupidly during this stnge of a test.

During the steady-state phase, the contact

pressure decreased at a much lower rate

and the wear tHle was cssentinlly
constant,

(a)

1000 :!COO 3000 ~ooo 0000 0000 7000 0000
Gilding dlolnncC (Ill)

(b)

III the case of ground ceramic surfaces, alumina showed the highest wear depth of the oxide

ceramics nt nil loads. This is probably related to the high hardness of alumina and the
consequential high wen I' rate on tho steel ball by abrasion and adhesion. The zirconia

ccrauucs showed generally lower wear depths and this was attributed to the polishing clfcc;

observed on these materials, which improved the average surface roughness OWl' the wear

truck und thus reduced the contribution to the wear depth by ubrasivc wear of the steel ball.
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This approach was deemed unsuitable f()1' the present work for a number of reasons:

l, Mctnl-ccrumlc sliding couples nrc often charcterizcd by the formation of

metallic transfer layers on the ceramic countcrface. While material is removed

t)'Ol11 the metal countcrface, it is thus not necessarily lost from the sliding

system and, in the form of a transfer layer, continues to contribute to the
accommodation of applied load and interfacial sliding. Mass loss

measurements on the ceramic countcrfaco do not take this into account, unless
measurements arc performed before and after removal of any trans Icr layers
(which is typically not done),

Ii. In the hydropower systems under consideration, the increase in clearance

between the sliding components is of prime importance since this determines

the leakage rate of the hydraulic fluid. Thus. while localized surface fracture

damage may UCCll1' on the ceramics. the function of the components may

1'e111(\i11essentially unimpaired if the resulting surface irreguluritics me tilled

and smoothed by a metallic transfer layer, Simple I11(1SS loss measurements

provide no Informariou Oil these processes and thclr Influence on total

clcarnncc loss.

iii, Finally, pronounced run-in behaviour is observed for rnotal-ccrumic slitiing

point contacts, which is the geometry used in the present work, Mass loss

measurements pertonncd at the end of a test incorporate the rapid WCUl' which

takes place dudng run-in and provide no infbl'matilll1 on the steady-state wear

rate of the total couple.

In the light of these considcratlons, it was decided to lJlHtntiL'y W!,)U!' using the LV!)'!'

measurements of the WUUl' depth rcsulting 11'0111 the combined WCHI' of the steel hall and the

ceramic countcrfuce. These rncusurcmcurs take into account the ct1bcts of trunslcr Iuyo I'

formation nnd the like nnd provide a relevant lndicmlon of the increase in clenrnucc between
thc sliding parll1l.'l's,
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Polished ceramic surfaces

The nluminn, 3Y·TZP and Ce-1'l1' ceramics exhibited a decreasing trend in friction

coefficient with increasing applied load, This was associated with a concomitant increasing

trend in the extent of metallic transfer layer formation, which suggests that such layers were

beneficial in reducing friction. Similarly, for tho zirconia ceramics a decreusing trend in
friction coefficient was observed in the order PSZ • (3Y ·Tll» • (Ce-TZP) at applied loads

of 30 and 50 N, The extent of surface fracture and metallic transfer layer formation increased

in the sante order, which tends to confirm this relationship,

The friction coefficients exhibited by Sialon and Si;lN" were again significantly and
consistently IOWOl' than those of the oxide ceramics and remained unaffected by the applied

load, This was attributed to the formation of lubricious Si-containlng surface films and the
absence of significuut surface damage nnd metallic transfer layers.

Furthermore, the friction coefficients for the polished Si~NoIand, to a lesser extent, Sialon

surfaces were very similar to those fot' the ground surfaces, particularly 1(,)1' higher applied
loads, This is consistent with the Iindlngs of Denapc et al [196), who found that the friction

response of Si"N., sliding on steel wus Influenced by the ceramic surface roughness over only
a short transitory stugc, The effect was ascribed to the polishing of the ceramic surfaces
during sliding, which was confirmed in this work,

4.3.3 WClII' I'CSUltS

During a review or the published litcrnture (Chapter 2). it was noted that 1110st investigators
quantified wear by means or mass loss 01' dimensional measurements 00 each or the two

sliding dements, The datu was then typically reported in the form of volume loss, 01' in terms

of weal' cocfficlcnts for each I.lle11l011t (i.c, in mmvm.N or, if the dimensionless wear

coefflcicn; is used, in terms \)1' 111l11"/m,N multiplied by the hardness of tho sliding material),
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similar in appearnnce to those observed on alumina, and covered a large proportion of the

wear track area, The stabilized friction coefficients for these materials and their dependence

,)11 applied load were therefore similar to those for alumina, since much the same conditions

prevailed at the sliding interface,

At low loads (20 N), polishing was less effective on 3Y-TZP than 011 Ce~TZP, This is

auributable to the higher hardness of this material (12,1 GPu compared to 9,61 GPa) since the
solubility of zirconia in water, like that of alumina, is too low for tribochemlcal polishing

[195]. Therefore, polishing of zirconia surfaces must occur mainly by mechanical processes

such as microabraslon and plastic deformation, which are controlled by rnntcrial hardness.

The grinding scratches on 3Y·TZP were thus retained over a :.~l'eatel'proportion of the weal'

track area, resulting in a higher coefficient of friction, With increasing load, the weal' track

surfaces became very similar in appearance to the Ce-TZP wear tracks, resulting ln similar

coefficients of friction.

On the PSZ surfaces, the centre of the wear truck was polished effectively at all applied loads.

due to the relatively low hardness of the material (8,85 GPa), Surface fracture occurred in

localized regions of the central portion of the wear truck and metallic transfer layers were
formed only In small patches. The surfaces exhibited a similar appearance at all applied
loads, which provides an explanation for the apparent insensitivity of the friction coefflcicnt
to this parameter.

The sa icon based ceramics showed a slight decreasing trend in Irictiou coefficient with

increasing load, probably as a result of more extensive polishing of the Weal' trucks, The

friction cocfflcients were consistently and significantly lower than those for the oxide

ceramics, This is attribt table to the formution of lubricious Sl-contuining films 011 the

ceramics and the absence of significnn] surface fracture damage and thick metallic trunsfer

films (although residual grinding scratches were in many cases filled with compacted wear

debris),
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In the ease of alumina, no improvement in surface roughness by polishing occurred at any

applied load. This is most likely related to the high hardness of the material. since polishing
of alumina OCClll'S primarily by mechanical processes such as mlcroabrasicn. The surface

irregularities were filled with metallic debris from the steel ball, eventually leading to the
formation of transfer films at all loads. According to the theoretical description by Bowden

and Tabor [194]. the friction coefficient in the presence of an interfacial film is given by:

"'/Il ::: -
H

(4,2)

where 't'l is the shear strength of the film nnd H is the hardness of the metallic layer in the

case of a thick layer, or the hardness of the softer sliding element (in this case the steel)
where the interfacial layer is thin. In the present case for alumina, relatively thick and

continuous metallic transfer layers were observed at nil loads. Therefore, the hardness and

shear strength of the layers would have approached constant values and thus constant Iriction
coefficients were obtained,

A 1110rccomplex comblnation of processes like polishing, surface fracture and the formation

of metallic transfer layers occurred on the zirconia ceramics (more details ore provided in
Section 4.4). Polishing was observed in the centre of the wear tracks, resulting in the removal

of grinding scratches and a significant improvement in surface roughness. If this were the
only effect, the Iriction coefficients for these materials would be expected to be significantly

lower than those for alumina, due to the reduced contribution of asperity interlocking to the
friction cocffloient. However, the polished area covered only a portion or the weal' track aml

the grinding scratches were partially retained nom' the edges of the track, Despite the fact that

the scratches tended to be filled with metallic wear debris. these arcus could thus have
contributed towards a higher Irictlon coefficient.

Furthermore, the roughness in the polished centre region» or the wear tracks on 3Y~TZP and

Ce~TZP was increased again as n result of surface fracture, particularly at higher applied

loads, These damaged urcas were associated with thick and continuous metallic transfer films
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4,3,2 Friction coefflcient results

To provide a comparative basis, (he stabilized coefficients of friction were determined from

the steady-state portion of the friction traces. The results arc summarized in Table 4.5 and
shown graphically in Figure 4.9.

Table 4.5: Stabilized friction coefficients for A]SJ 440C stainless steel sliding, o,linst the various

ceramics.

CC1'lIm]c Applled Frlctlon cccfflcleut fOI' cernmlcs

surface lond (N)

finish
Al10J PSZ 3Y-TZP Ce·TZP Slulon SiJN4

20 0,45 0,43 0,65 0,42 0,33 0,32,-
Ground 30 0,46 0,4 0,55 0,46 0,3 (},29

50 0,43 0,4 0,5 0,38 0,29 0,23

20 0,5 0,35 0,49 0,46 0,26 0,26

Polished 30 0,36 0,53 0,45 0,36 0,29 0,26-
50 0,42 0,5 0,43 0,34 0.24 0,24

The rcpentabillty of these coefficients was generally within :l: 0,02, except for the zirconia

ceramics, particularly PSZ, where the repeatability was typically no better than ± 0,04 as a

result of large-scale fluctuations in the friction behaviour.

Ground ceramic sUl'faces

For ground ceramic surfaces, the coefficients of friction exhibited by the oxide ceramics were

generally similar and, with the exception of 3Y-TZP. appoarcd to be largely independent of

the applied load. This is consistent with the findings of He at al [150] and is attributable to
the development of very similar transfer layers on the ceramics.
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Table 4.9: XI'S annlysis iI!SUItS obtained OJ\ polished ulumlnu alter 6C) 12 III of sliding under a load of

50 N.

Peak Binding cncI'gy

(cV)

o (Is) 530

Sensitivity factor Atomlc eVl,

1'0 (2p) 714,4 FoOOH / lIeaO, 1,76 0,6

75,2 Alox

0,2 20,0C (Is) 285

AI (21') 0,1 29,0

0,61 50,4

[ Totnl 100

low-speed sliding conditions used in this work.

The formation of lubrlclous aluminium hydroxides when sliding in water has been reported
by I1U!1tCI'OtlS workers [84][97][149J. However, the formation of such compounds could not
be confirmed ill the present nnalyscs (Inti it is considered unlikely that they played n major

role in determining friction and wear behaviour.

4.4.2 Zit'collin cornmlcs

The general nppearancc of typical wear SCUl'S generated on ground and polished surfaces of

the zirconia based ceramics tinder u loud of 50 N is shown in Figures 4.18 .. 4.20. The

cerumlcs clearly tended to develop a charncteristic surface finish during sliding which was

largely independent of the original surface roughness, There was a trend towards increasing

fracture in tho weal' scars, associated with the f01'111atio11 of metallic transfer layers, in the
order PSZ • (3YwTZP) • (('(,l·TZIl). These aspects were studied in more detail using SEM.

and the Ilndings urc discussed below under separate headings.
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Tuble 4.7: XPS annlysis results obtalncd Oil polished alumina uncI' 48 m of slidhlg under a load or so N,

~
Ulndiug 11llCI'gy Spectes Sensitivity fnctOl' Atomic %

(cV)

C (Is) 285 . 0,25 15,6

AI (2s) 118,8 Alp, 0.23 22,4

o (Is) 530,9 . 0,61 57,8
1-. ...-It

flc (21') 710,2 PeOOll1 FoP, 1,76 2,5

Cr (21') 577,2 . CI'OOli 1,53 1"" -.......,.

Totnl 100

Tuble 4,8: XPS analysls results obtulned 11'0111 a typical wear track 011 pcilshcd nlumlnu utter 6912 III of
sliding lIl1dCI' (I load of 50 N,

[ PCI\I{ I Binding cnlll'gy (eV) Specles Sensitivity fnctor Atomic %,-
AUlllysis 011 the IlS·WOJ'1lsurface

C (Is) 285 · 0,25 27,(1 --
Al (1s) 119,1 AlaO, 0,23 Il,(i

o (Is) 53},1 · 0,61 53,5_t_
Fe (21') 710,( 1I0001! I Fop, 1,76 6,6

CI' (21') 377,1 CrOOl1 ],53 4,3- -
CTOlal ~J- ~100,0

Aunfysls nftel' sllllttcl'ing . -C (Is) 285 · 0,.1 58,2

AI (2s) 119,2 A laO" 0,61 39,8

o (Is) 530,5 · 1,76 1,9

11c (2p) 709,2 FcO
~

C(' (2p) S76,7 Cl'201- - (C Totl~1 I I100
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FlglII'(\ 4.17: EDS spectra obtained from (u) ground alumino, 20 N load; (b) ground alumino, 50 N load;

(c) polished a'umlnn, 20 N loud; ond (d) polished almulnn, 50 N load, ccnflnutng that tt'Ut\S[CI' luycrs Oil

these surfaces originated from the steel ball.

Cd)

A further XPS analysis was thus performed on a carefully selected urea of the WCHr track

W01'll for a sliding distance of 6912 111, where very few pores were present, The results
indicated the presence of small a1l10L. tl of FeOOIIlFe203, but n relatively large proportion

of a complex aluminium oxide which could not be uniquely Identified (Table 4.9). This result

provided tentative evidence for S0111e form of direct chcmlcal interaction between the oxide

debris originating fr0111 the steel ball and the underlying alumina ceranuc surface. The
formation of all ulumlnlum- iron oxide spinel could not be confirmed, possibly due to the

lower contact temperatures which would be developed under the water-lubricated, rchuivcly
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oxide (Fep3) and chromium oxide (C~ q ). which are relatively hard even when compared
to alumina r-io OPa for Fe~()3 [198 J and", 12.7 OPa fur C~ Q [199] against 19 GPa 1'01' the
alumina surface), The oxides could thus easily have acted as a polishing medium by abrading
the alumina on a small scale,

EDS analyses confirmed that the transferred material on both ground and polished alumina
surfaces originated ti'OI11 the steel ball (Figure 4,17), The presence of such layers on polished.
undamaged alumina surfaces indicated that strong adhesion and possibly some chemical

interaction between the steel and the alumina had occurred, This is plausible in view of the

fact that alumina is known to form solid solutions with iron oxides [200], Direct analytical
evidence for such effects is scarce, however. and appears to be limited to reports 0[' the
formation of an aluminium-iron oxide spinel at high sliding speeds [139}, To study these

aspects. detailed XPS analyses were performed on polished alumina surfaces which were WOI't1

against AISI 440C stainless steel for various sliding distances under an applied loud of 50 N,

After 48 rn of sliding. a very thint transfer layer was visible on tile alumina surface. The XPS

data indicated that this layer comprised FeOOH and/or Fe;:O, (the binding energies for
FcOOH and rcp) overlap) tu1d CrOOH (Table 4,7), This mny be attributed to hydration of
oxide weal' debris since deionized water was used as lubricant, The layers formed after 4032

and 6912 111 of sliding were more well-developed and exhibited similar compositions, Not

surprisingly, thc outer surfaces of tl.csc layers contained FeOOII/Fe}), and CrOOH. whereas
the bulk of the layers. analyzed after sputtering the top surface of the layer away with argon
ions. comprised mainly FeO and Crpo (Table 4,8), Significurt amounts of At ~ 0\ were also

detected in "U these nnulyscs, which suggested that either some intermixing of debris n'OJ1l the
steel ball and the alumina subsume occurred, or that the transfer layers were thin and patchy,

The XPS analysis spot size is quite large (,~, 1 nun') and thus the results could have been

dominated by signals originating from thicker patches of steel oxide debris compacted into
the pores on the ceramic,
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(a) (b)

Figul'e 4.16: Original appearance of (a) ground and (b) polished alumina surfaces prior to trlbological testing.

On the polished aluminu surfaces, fairly continuous, dark brown metallic transfer layers were
clearly seen under the optical microscope (Figure 4.13), but were 110t obvious under the
scanning electron microscope (Figu-a 4,15). The transfer layers were thus very thin and

smooth in the centre of the wear tracks. Thick, cracked transfer layers similar to those found

011 the ground ceramic were only developed in the low-stress regions at the edges of the wear
scm' (Figures 4.15 (b) and (d)),

Furthermore, shallow pits similar ill shape to the alumina grains in the microstructure were

commonly observed on the wear tracks, particulurly at lower applied loads (arrowed in Figure
4.15 (<1)). Some of the pits exhibited abrasive grooves which often terminated at the pit

boundary, The development of similar grain relief has been reported by Wallbridge et al [64]

and Gee 1197J in studies of the sliding weal' of self-mated alumina, and can be ascribed to

nnislltropie wear of the CCl'tU111t'. Mild abrasive weal' on a very nne scale was suggested by

(l(,)c 1197J as a possible mechanism for the formation of grain relief

In the present case, some lOOSl wear debris was present in the sliding Interface, as indicated

by the fuct thnt such debris W,IS compacted in the irrcgularltics on the ceramic surface,

unalogous to ground alumina. As will he shown Inter. much of the debris comprised iron
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(a) (b)

(c) (<\)

Figure 4.1'5: SEM iulcrogruphs ,,['weill' scm's !,!,eI1CI'<I\Cc\Oil polished alumina: (n):'!O N loud, centre of scar: (b)

20 N lead, edge of SC<\I'; (c) 50 N load, centre of scar; and Cd) 50 N load, edge or 5C'\I'.

ulthough perhaps only semi-continuous, carried much of the applied load and also contributed

signilit..:u111lylowl\\'ds accommcdutlng the relative sliding motion between the AISI 440C steel

ball and the alumina disc. As outlined in the foregoing sections. the layers thus played a

major nile in determining the friction and wear behaviour or the material couple.
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(a) eb)

(c) (d)

Figul'r. ..j,I.j: SEM 111icrogmpils of weur scm's gCllcratcd on ground nlumlna surfaces: (a) 20N loud, centre of

scm'; ell) 20 N load. edge of scar, (c) jO N load, centre of seal'; and (d) 50 N IOl1d, edge of scat', Lighter orcas

arc the metallic unnslcr layer, darker areas the alumina surfucc,

j\11 extensive network of cracks in till! films suggested that they were mechanically relatively

weak. Abrasive score marks and cracks were observed in the direction of sliding, indicating

that some loose metal oxide (indio!' ceramic debris was present in the sliding interface, There

was also some evidence for plastic deformation of the films (illustrated in the left-hand

portion or Figmc ·U4 (dj), The presence of these Icuturcs indicated that the transfer layer,
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(a)

(b)

Figure .1. 13: Gencml llpPI.:U1'a11Ce of wear ~Ci\I'~ 011 (,1) ground and (b) polished alumina (load SO N,

mugniflcatlon SO x),
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4.4 Weal' Scar Development and Tribofilm Formation

4.4.1 Alumina

A general view of the wear scars produced on ground and polished alumina surfaces under

a load of 50 N is shown in Figure 4,13, It should be noted that the appearance of these scars

was similar to those produced on comparable alumina surfaces under lower loads of 30 and
20 N, Significant material-transfer layers were formed 011 both the ground and the polished

surfaces.

Closer examination using scanning electron microscopy (SEM) revealed that for a given
ceramic surface finish, the appearance of the wear scars and the transfer layers was indeed
similar for different applied loads (Figures 4,14 and 4,15), As noted earlier, this was thought

to be the primary reason for the apparent insensitivity of the friction coefficient to the applied
load for these material couples,

On the ground alumina surfaces, semi-continuous metallic transfer layers were observed under
all applied loads (Figure 4,14), Metallic debris filled the irregularities on the ceramic surface
and was compacted in these areas to fOI'111coherent transfer layer patches, (Similar layers

have been observed by n "i1dran and Bai [149] in their study of water-lubricated sliding of

alumina.against.steel), I ltnough the average surface roughness in the centre of the weal' track
was thus improved (compare with the original ground surface, Figure 4,16 (aj), the higher

asperities on the alumina surface still protruded above the transfer film (seen as dark grey

areas in Figures 4.14 (a) and (c)), Little or no polishing of these asperities appeared to occur,

probably due to the high hardness of alumina, As suggested in Section 4.3,3, this provides

all explanation for the higher stabilized wear rates observed for this material couple,

Thicker transfer films were developed at the edges of the wear track, where they covered the

ceramic surface completely (Figure 4,14 (b) and (dl), As might C.; expected from the pressure

distribution across the circular contact area, the films were less well-compacted in these
regions,
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after sputtering compared to 3Y~TZP. This supported the qualitative observation that the
transfer layers tended to be thicker on Cc·'l'ZP as u result of increased surface Iructure.

4.4.3 Silicon-based ceramics

The general appearance of typical wear scars generated 011 ground and polished surfaces of

Sialon and Si3N4 under a load of 50 N is shown in Figures 4,33 and 4.34, Evidently,

polishing in the centre of .the wear track was somewhat less effective than on the zirconia

ceramics. As indicated itt Section 4.3. this may be related to the relatively high hardness of

the silicon based ceramics. which would reduce the rate of polishing by mechanical processes

such as plastic deformation and abrasion. Further, many researchers have shown that at high
humidities, material removal 011 these ceramics occurs primarily by a trlbochcmical oxldntion

mechanlsm, which is promoted by the presence of water and interfacial stresses
[26][101][148][207]. The resultant ·'1.'c!rntedSi01 tribofilms generally reduced the wear rate
of silicon nitride by the suppression of mlcrofracture (by reducing friction) on the wearing

surfaces. Since no obvious fracture damage was observed 011 the present wear tracks, the

rolishing rate may thus have been further reduced by the presence of such tribofilms.

The weal' trucks were studied il111101'l1detail using SEM and surface nnulytical techniques, und
the findings Me discussed below under separate headings.

As observed in tho optical micrographs, 8inl011 exhibited significantly less effective Imlishing
on ground surfaces than the zirconia bused ceramics (Figure 4.35). Although the surface

roughness was improved in the centre of the weal' scars, the origlnal grinding scratches were
still visible in many cases. Material was transferrod from the steel ball onto the Sialon
ceramic und WIIS deposited in the valleys of the grinding scratches (Figw'c 4.35 (b)).

Analogous to the zirconia bused ccrnmics, transfer thus appeared to occur by a mechuuism of

oxidative wear and abrasion of the steel hall. followed by mechanical compaction of loose

wear debris on the ccramlc surface. However, since no macroscopic fracture damage occurred



CHAPTER 4: MctaI,Ccl'i1mic Sliding Couples 124

• I., ...
,'_

(a) (b)

Figul'e 4,32: Weal' track generated on a ground Cc·TZP surface under u load of 50 N: (a) general view and (b)

centre of rrack,

Tnblc 4.12: XPS analysis results obtained Oil II polished Ce-TZP wear truck uftCI' 6912 III of sliding under
a load 01 50 N,
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be understood since the tetagonal-to-monoclinic (i-Ill) phase transformation ill Ce-TZP occurs
more easily (i.e, at lower applied stresses) than in 3Y~TZP! us outlined earlier. A similar
trend in fracture propensity with ceramic stability was observed by Becker et al [206] who
studied the wear of zirconia ceramics with different toughness values against an SAE 4620
steel ring,

As a result of increased fracture, more well-developed transfer layers were also formed
compared to 3y.TZP, although the morphology of the layers and their mechanism of

formation appeared to be largely similar (Figure 4.31), MOrCOWl\ as for the other zirconia
based ceramics, polishing on the ground surfaces was so effective that the wear scars

generated were indistinguishable from those formed on polished surfaces (Figure 4.32),

(n) (h)~- --Figure ,1,31: Weur track generated Oil a pl)lish~d (\'·TZP surface under a load of SO N; (u) gl:l1l:l'ul view und

(b) centre or truck, (Darker HI'Ci\S transfer layer),

XPS ilnalysc:; conflrmed that the trnnsfer layers 'WI'C composed of il'OI1 and chromium oxides,

Il11H:h lil:e those formed 011 3Y·TZP (Table 4,12), After sputlt.!l'inIJ.. Ft.!O was observed in the

bulk of the layers rather thun FC.'01 which occurred on the us-worn surface, This SlIl!g~'stcd
that further oxidation of the deposited iron oxides mny have occurred uncI' completion (11' the

test, Further, considerably more i1'011 and chromium oxide was detected on these \WHl' scars
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XI'S analysis showed that the layers comprised mainly Fe20.1 (Table 4,11), In contrast to

1>82, the layers were not penetrated after sputtering which confirmed the visual observation

that the layers were thicker and more continuous than those formed on P8Z.

Table 4.11: XPS annlysls results obtulncd Oil n polished 3Y· 'I'ZP WeHI' truck after 6912 I1J of sliding, under

a load of 50 N,

I Penk I Binding encl'gy (eV) Species Sellsitivily Iactor Atomic %,

Annlysis 011 the as·wol'JI surluce

COs) 295 · 0,2 27,3--Zl' (3p) 333 21'0, 0,4 28,3 -_
o (Is) 530 · 0,61 41,2

Fe (21') 710 PCaO, 1,76 3,2

Ie Totul I 100,0 =.J
Annlysis nrtel' sputrertug

ZI' (3p) 332,6 ZI'Ol 0,4 58,2 -o (Is) 530 · Q.6i 39,8
-..c",C.e _"_,= -- -

Fu (21') 710 Fu2O, 1,76 1,9- l- _.
I[ : :~J-Total 100

; \:"..:::

Ncar the edges of the WeLlI' scats, the surface was polished and little or no surface fracture or

material transfer W!lS evident. Analogous to PSZ, transfer layers were thus associated with
arcus of high surface roughness, suggesting that they were formed prhuarily by the

compaction of loose metal oxide weal' debris. This may be ascribed to the relatively low
chomlcal compatibility of AISI 440(' stuinless steel and 3Y-TZP.

The same observations outlined for 3Y-TZP also apply to ('cMTZP, which is not surprising

in view of the microstructural similarities between the mntcrials. However, the extent of

surface fracture in the wcur scm's appeared to be somewhat larger than 1'01' 3Y. TZP, This can
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Practure and transfer layer formation 011 polished 3Y·TZP under a 50 N load: (n) general vlew
and (b) centre of WC(\I' track,

detected large relative amounts of Fe and Cr, confirming that they were formed fr0111 debris
originating fl'0111 the steel ball (Figure 4.30).

100$ F're,etl 100$ r:1cm,\1 nln~1 os
10"1$ "I~;Oe,\(\

--.....--.----......-------~----~~Figure 4.30: I.:DSspectrum obtulncd from the centre of the WCHI'

track shown ill Figlll'l! ·1.29.
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On the other hand, Tucci and Esposito [69] detected no phose transformation in 3Y-TZP

ceramics tested in unidirectional sliding in air, They suggested that this was related to high

transient (flash) temperatures at the sliding interface, which reduced the driving force for the
transformntlon, Nevertheless, extensive surface fracture lending to wear did occur, which was

attributed to tho low thermal shock resistance of 3Y·TZP, Further, Bundschuh and ZUl11

Gahr [39] studied the influence of temperature on the wear of 3Y-TZP ceramics and suggested
that the maximum driving energy for transformation may OCCUI' at medium temperatures
around 250 ·C, They argued that the tendency for phase transformation should be relatively

low at temperatures substantially above 01' below this temperature range, However, the

potential influence of the environment on the transformntion driving force was neglected since
all tests were conducted under unlubricatcd sliding conditions. Based 011 these arguments,
Bundschuh LInd ZUl11 Gahr [39] attributed the reduced wear rates observed at temperatures

around 250 ·C to transformation-induced plasticity.

In the present work, the sliding contacts wore continuously Hushed with watce and nash

temperatures would have been relatively low. It is considered unlikely, therefore, that a
substantial reduction in trnnsformatlon driving force and/or fracture us a result of thermal
shock would have occurred, as proposed by Tucci and Esposito [69], Indeed, in contrast to
tho work by Bundschuh and ZU111 Gahl' [39J the presence of water in the sliding interface may
in fact have increased the transformation driving force, as suggested by Snsaki [202.1, Finally.

Guillou at al [205] recently demonstrated that the size of tho near-surface truo sIorm at ion zone

in Ce·TZP increased as the number of stress cycles increased on tt point contact. Eventually,
Intctgranular Irugmentutiou and spnllfng occurred at the edges or the contact zone, In the

present work, transformatlon of the 3Y·TZP surface could thus have been 1\11'the1' enhanced

by the large number of stress cycles experienced by the ceramic (IS (t resul: of the
reciprocating sltding motion, In view of these considerations, the suggestion that the observed

fracture damage 011 the 3Y-TZP wear tracks was related to the translonuatlon and subsequent
spnlling of 11 surface 1nyc I' is reusonnble.

The areas damaged b) fracture were associated with the formation of smooth, continuous

metallic transfer layers which were also seen to delaminate (Figure 4.29), EDS analyses
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primarily by oxidation wear (i.e. by the removal of weal' debris from oxide layers 011 the ball)
with a small contribution by fine-scale abrasion. Some larger, more angular ceramic weal'
debris particles were also noted, formed by surface fracture,

3Y-TZI>

As for PSZ, effective polishing

occurred 011 the ground 3Y·TZP
surfaces. Similar improvements in
surface finish during sliding has been
reported by other investigators (49].
HOWeVC1\ for comparable loads, a
greater amount of surface fracturo \VUS

observed in the centre of the wear

seal'. Further, the morphology of the
damage was different and no
preferential grain boundary fractute or
the formation of striated pits was

~---------------__.--------------------~Figure 4.28: Typical flncture damage in the CCllU'C of 3Y-TZP

weal' scars, (Dark layer is a memll lc nausfer layer),

noted, Instead, the damaged an',;!s

were roughened uniformly on a scul-' similar to the grain size of the 3Y~TZP material

(Figure 4.28). With ineret\sing applied load, the extent of 81.1rn\CC fracture also increased, but

the appeamncc of the damaged areas remained unchanged. This is thought to be related to
the different microstructures of the ceramics, As described curlier, in PSZ ceramics only
tcuugonnl precipitates me (1'(\1181'01'11101.1 under the influence of applied mechanical stresses,

SilJ(.!e these precipitates are located at the grain boundaries and within cuhlc grains, the grains

can absorb soruc of the resultant compressive stl'OSSCS, In 3Y-T;I,P, hOWeV01\ the

microstructure comprises mainly very small tetragonal grains, which me metastable and

transform as u whole to the monoclinlc plmsc when the applied stress exceeds a certain

thl'esh~lld value. A brittle surface laycr is thus formed on the ceramic which can bl.!easily

removed during sliding since it is not restrained by the hulk of the material. Similar results

and observations haw been J'cp~ll·ted by a l1l1l11111.·J' of previous investigators [4lJI[4JI[204].
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XPS analyses showed that the transfer layers comprised only iron and chromium oxides and
no evidence of chemical interaction between the steel ball and the PSZ surface was found
(Table 4,10), After sputtering, no metal oxides were detected, indicating that the layer had

been penetrated,

Table 4,10: XPR analysls results obtained 011 typical transfer layers generated 011 PSZ after 6912 111 of

~ .ng under a load of SO N,

Penl< .Binding enel'gy Species Seusitivity factor Atomic %

CcV)

C (Is) 285 . 0,2 22,3
cr (2p) 576 Cl'Ol 1,7 3,2
Z\' (3d) 183,6 ZI'02 1,1 49,0

o (Is) 530 . 0,61 20,4

Fe (2p) 710 FcOOH / FC101 1,76 5,1

Total 100

In summary, it can be concluded that material deposition 011 PSZ occurred mainly by the

mechanical compaction of wear debris, rather than by direct adhesion and chemical interaction
between the' steel and PSZ

counterfaces. This is in accordance

with the findings of He et at [150],

who observed that only very thin
metallic transfer layers formed on y.

TZl' surfaces in the absence of
significunt surface fracture damage,

(l-igurc 4.27) This suggested that

The metallic debris itself was

extremely small and the particles

exhibited an irregular morphology

Figure -1.27: Typical loose wear debris at the I:dgl,!~or till! PSZ
debris from the steel ball was formed wear scars,
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Figure 4.25: Typicu! examples of mctullic transfer layers associated with orcas of surface fracture 011 WOI'I1 PSZ

surfaces,

(n)

>:~RAY
l.IV<I
R¢~ \I

o~

Figure 4.26: liDS spectra obtuhtcd Ilum (a) transfer lnyer associated with Iracturo damage and (b) undnmagcd,

polished area on worn PSZ ceramic,

(b)

These obscrvatlons were confirmed by EDS ~PO( analyses. In particular. Fe and Cr was

detected in the transfer layers, while no Fe 01' ('1' was found on the weal' scars in areas which

were well polished and free from signilk'll1t surtaco n'(\ctl1l'\.) (Figuro 4,26).
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bonds. In this way, the phase transformation from tetragonal to monoclinic zirconia could

have been promoted, as described recently by Sasaki [202].

Rainforth and Stevens [203] recently studied Mg~PSZ in unlubricated sliding C('I\·:...ct against

steel and reported similar pitting damage when the applie \ mechanical stress exceeded a
certain threshold value. The formation of striated pits was attributed to the initiation and
coalescence of microcracks due to the transformation of tetragonal precipitates within the PSZ
grains to the monoclinic phase. Transformation occurred preferentially along the [100]

directions, which could account for the localized occurrence of these pits in the present work.
Some material removal also appeared to OCC'LI1' by abrasion. as indicated by numerous small
grooves on the weal' scars in the direction of sliding (Figure 4.23). This was probably caused

by loose, hard' Fe- and Cr-oxide as well as fine PSZ wear debris which became trapped
between the sliding surfaces.

It was noticeable that no
well-developed surface layers were

formed 011 polished regions of the
PSZ surfaces. Material deposition
invariably appeared to be associated

with regions of high surface

roughness. Grinding scratches at the
edge of the wear scar were partially
Iillcd with material originating from

[he steel ball, while the areas between

the scratches remained essentially free
from transferred material (Figure

4.24). (On polished PSZ surfaces,

thicker transfer layers were formed by debris compaction in the low-stress areas neal' the wear

at the edge of a wear track 011 ground PSZ.

truck edges, analogous to alumina). Similarly, metallic transfer layers were e01111110nly

ussociuted with areas of surface fracture in the centre of the wear scar (Figure 4.25). Partial

dclaminution 1)[, these layers appeared to occur regularly, leading to wear,
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brittle monoclinic phase as described
earlier.

Another characteristic feature was the
presence of striated pits on the wear
tracks, where small scale fracture was
seen to occur on individual PSZ
grains (Figure 4.23), Their formation

was attributed to the transformation of
metastable tetragonal precipitates
within the grains, which is associated Figul'c 4.22: Preferential fracture damage at PSZ gmin
with a volume expansion (> 3%) of boundaries.

the precipitates. When the extent of

transformation exceeded a certain threshold, the associated compressive stresses could not be
accommodated within the grain anymore, particularly since the wearing surface of the grains
was unrestrained, and fracture occurred within the grain. The possibility also exists that the

affected grains protruded slightly above the contact surface due to the volume expansion of

the transformed precipitates. The cyclic nature of subsequent sliding contacts could then have
contributed to fracture damage by a

spalling fatigue mechanism .
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Figure 4,23: Typical example or a strinrcd pit formed on the

PSZ surfaces.

Since the mechanisms of damage were
similar, the formation of striated pits

and preferential grain boundary

fracture tended to occur in
combination, This type of fracture

damage could have been exacerbated

by the presence of water through n

mechanism involving the adsorption

of OIl' ions at the surface and Ih0

resultant breaking of the Zr-O-Zl'
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In contrast to alumina, the central area of the PSZ wear tracks was polished effectively during
sliding. In fact, the polished region of a wear scar on a ground surface was essentially

indistinguishable from that formed on a polished surface. Close inspection of grinding
scratches which had been partially removed suggested that the polishing mechanism involved
plastic deformation of the PSZ at the edges of the grinding scratches, with possibly some
contribution by fine-scale abrasion and fracture (Figure 4.21),

~j5~Y 100s P~tst'l 100$ R.malnl~91 OS
R~"\I lOSs ::ll: Dud

FlgUI'<l4,21: SEM micl'Ogmph showing polishing by plnstic deformation on n typicnl grollnd PSZ surfucc. EDS

sPCCIl'lIl11 shows lack of transferred material.

Non-uniform wear of the PSZ surface occurred within the polished wear track regions at all

applied loads (although the severity of damage increased with increasing load), characterized

by preferential fracture and loculizcd material removal at the grain boundaries (Figure 4,22),

This typo of damage has also been observed on PSZ tappet facings in diesel engines [2011 and
is related to tho presence of tetrugonul zirconia precipitates at the grail) boundaries, When the

applied stress exceeds a particular threshold value, these precipitates transform (0 the more
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011 the steel surfaces, similar to those found in the present work, was promoted in the presence

of sulphate due to tile following initialing reaction:

Fe + Sol " FeSo.1 + 2c (4.3)

Hydrolysls of the iron sulphate could then occur in the presence of water to form iron

hydroxides.

Further, Bugnrcic [211] reported thn; the s11100th, thin and transparent reaction layers formed

on the steel surfaces could be removed by running water.

Less work appears to have been done on the influence of chlorine-containing compounds,

although Kotvis and Tysoe [212] found that the addition of ,y2% chlorinated hydrocarbon to

a pure hydrocarbon lubricant increased the loud carrying capacity (Lee) of steel-steel couples
by up to three times, It was suggested thut the additive decomposed to form chloride at the
sliding interface, subsequently lending to the formatlou of a halide. probably 1-'eCI3• The

presence of this chloride was continued by XPS analyses and was linked to the observed
increase in Lee.

Slmilar effects have been observed on metal-ceramic sliding couples. For e.«unple, Taultn
at al[213] studied the efficacy of the extreme pressure additive zinc dithiophosphutc (ZnDTP)
in SiC-stccl nnd Si3N.,"stecl sliding systems, They confirmed the tcrmntlon of iron phosphate

in the former couple and zinc sulphide in the latter couple, and relutcd the formation of these
reaction layers on the Sled countcrfuce to a reduction in wear rate, Interestingly. the Irlctkn:

coefficient was reduced by the zinc sulphide layer in the case of the Si3N,!'stel)! couple while
that of the SiC·stcel couple remained unaffected. This tends to confirm the nppurcm
lubricious nature of sulphur-containing ..ompounds, 'I'hcsc findings arc supported by the work

of Gntes and Usn [214,1, which indicated thut sulphur-contalnlng additive compounds tend to

decrease fi'i(:tion nnd wetu' or self-muted Si,N 1 lubricated by purnflln oil, However, ill contrast

to the apparent bcnetlcinl effect or chlorides on steel surfaces, they found that chlorine-

containing compounds tended to increase weal' and had a slight lncreaslng effect on (h~~
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For Sialon, till! total Wl!UI' depth was reduced while the stabilized wear rate remained

unaffected. Together with the friction results, this suggested that the 'load carrying capacity'
of the interfuciul tribofilms was slightly Increased, leading to 111Ol'e consistent friction
behaviour anti lower wear. Si3N., exhibited a lower total weal' depth, but a substantially

increased stabilized weal' rate compared to the, results obtained ill deionized water. The couple

would thus be expected to exhibit a shorter operational llfctime in Unisel than in deionized

water, although the lifetime would be similar to that o]' .he remaining mctal-cenuuic couples.

Tilt! lower wear depth was. attributable to U reduced running-in phase,

These results suggest that the constituents in the Unisel synthetic mine water modified the

tribofllms ,U1tVOI' the iutcrfacial contact conditions in S01111.) way in the cusc of alumina and the

silicon-bnscd ceramics. The lack of a mensurable effect 011 friction and wear in the case of

the zirconia ceramics can be understood since these muterials exhibited significant levels of
surfacc fracture damage, which led to increased surface roughness and the formation of thick.

cracked metallic transfer films. It is likely that these larger-scale effects would have

dominated the friction and wear behnvlour and musked any influence of the water chemistry,
such as reduced levels of adheslon.

lit contrast. the tribufilms formed on the unfrneturcd sur/hoes of alumina and the silicon-based
ceramics were extremely smooth anti probably not much thicker than 1 urn [l11J. Smull-scnlc
uffects due to lubrlcunt composition may thus easily have exerted it measurable fnflucnce on
the contact conditions.

The muchanlsms by which lubricant additives 01' chemical contaminants intlucncu frictlou and

wear of ceramics nrc generally not well understood, particularly 1'01' aqueous solutions.
Nevertheless. it is well-known that the presence of chlortnes and sulphur containing
compounds tends to decrease friction and wear of metal sliding couples, For cxarnplc. Wei
and Spikl!H [210] showed that lncreused levels of sulphur ill diesel fuels resulted in a marked
decrease in W\!\U' \,r self ..muted nSI}7(): 1(llll 5.~"'N}l) tl':N~ 1) stl.!d in 1\!dpl'l\c,tlil\~\,sliding,

Similarly, Bugurcic [211 J found that so., decreased the coclficicnt of friction between various
steel-steel sliding couples at high humidities ( , 70%). It \HIS S\lgg~stcd that the tornuuion ol'

lubricious ferric hydroxide luyers
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solutions (pl] values between 1 and 3).
These solutions were simple in composition,
containing just one chemical species such us
NnOlI. KOH, and net The Unisel

synthetic mine water solution used in this
work was much more C l)J11P lex in
composition and was close to neutral with a
pl! value of 6,7. It is possible, therefore,

"that the conflicting results may be
attributable to n complex interaction of
competing effects (11' the different Unisel
constituents, Furthermore, the influence of

the different chemical species on friction

135

and wear may he different for mcml-ccramic
compared to self-muted ceramic sliding couples. For example, it was shown ill the previous
sections that relatively drong adhesion appears to occur between AISI 440C steel and alumina
when sliding in deionized water, The presence of chemical species such us chlorides and

stllphntcs in the sliding interlace, possibly in the form of adsorbed films on the sliding

surfaces, may have reduced this adhesion and led to n reduction in friction and went' rates.

Figul'\) 4.42: Weal' results for AI20), Sinton and S\ N
sliding in deionized Willet' nnd Unisol (WI) ". went' depth

In mm, WR wear rate ill I.un/ill sliding),

Tuble 4.16: Ccmparison of wear results obtnlncd lor alumlna, Sialon and Si1N'1 when lubricated with Unise!
synthetic mine water und deionized water.

- --_
Lubrlcnut Parameter Ccrnmlc eountermcc mutorlal

AI10l Sinion SI"N'1=
Deionized water Wear depth (mm) 0,1·1 0,16 0,13

Weill' 1'(\\0 (~lmll\\) 0,014 0,013 (),OO6

Unlsel Weill' depth (111111) 0,11 0,14 o.io
Weal' t'atc (~tll1/ll1) 0,011 (J,OI:! (l,OII
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Flgul'c 4.41: Typical {Helion coefflclcnt unccs obtained for (n) Sialon and (b) Si,N" sliding against AISI ,140C

in Unlsel synthetic .nluc water solution,

In the case of Sialon, the friction coefficient in Unisel fell between the high unci low-level
values obtained under deionized water lubrication (recall that the friction coefficient oscillated
in deionized water), In contrast, SijN., exhibited a friction coefficient similar to the low-level

value obtained in deionized water. For both materials, the friction coefflclent trace in Unisel

showed no oscillations and remained fairly constant at the steady-state values (Figure 4.41).

Analogous results have been reported by Loffelbcin et al [209], who observed short periods

of increased friction in deionized water and ammonia solutions, but 1\0 oscillations in other

solutions containing chlorides and sulphatcs, The h.st configuration in their case was self-
mated slntcred Si3N4 us well us hot- isostatically pressed (HIPped) and reaction-bonded S.iN .

The wear results indicated 110 consistent effect of the Uniscl solution on both the total wenr

depth and the stabilized wear rate for the zirconia ceramics, us ulso found by Ldffelbein et
al [209]. However, mensurable effects occurred for alumina and the silicon-bused ceramics
(Table 4.1 (; and Figure 4.42).

In the case of nlumlnu, the Mal wear depth and the stabilized wear rule decreased when
sliding in Unisel, compared (0 deionized water. This is contrary to the results obiaiucd by

Sasaki [208] and Loffelbcin at at [209J 1'01' self-muted ceramics Iubrlcnted by acidic aqueous
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4.5.2 Results and discussion

A typical friction trace obtained for
alumina sliding in Uniscl mine water

(composition given in Section 4.2.2, page
82) is presented ill Figure 4.40. It can
be seen that the steady state friction

coefficient was reduced to -0.15

compared to the value of -0,43 exhibited
in deionized water. Moreover. n much

It'

nil

A I ,,'0 1 III,~11'; til' /I 1;\I'j t!1\mr III

I'

0."

01

,UI

O.

0.'

0:)

u 111[10 ;'()I\lt 1(11)(1 ,til{\!) hlli)l/~ ,.nUB 1u()O I![JOt}

!JI ul IHII 111'ilt1!U I' {hi)

smoother friction profile was observed.
TIllS is ill good agreement with the Flgure 4.40: Typical Irlction trace obtnlned for AISI tI,IOe

results obtained by Sasaki [208] for sliding against alumino in Unlscl solution under II load of
50 N.

chloride solutions with pH levels
between 1 and 3. Similarly. frictlon coefflclents between 0,1 and 0.15 were also observed by

Loffelbein at al[209] for self-mated alumina sliding in various sulphate, chloride. phosphate
and hydroxide solutions. They measured higher friction coefficients in deionized water
(....0,25) which is in broad agreement with the present work.

In contrast, no consistent effect was observed for the zirconia commies and the friction
coefficients remained essentially unchanged (Table 4.15). Again, this is consistent with results

obtalucd by Loffelbcin at at [209] for PSZ commies.

Tuble 4.15: Comparison or stcudy-stntc coefficients of frlctlou obtl\ined in dclouizcd water and Unlse!

syuthctlc mlne water solutton.

Lurlennt
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4.5 IIli1UCI\CC of Water Chemistry

4.5.1 Introduction

The work described in the previous sections was conducted with deionized water as lubricant

in order to obtain baseline information on the tribological properties of candidate material
couples for hydro-powered mining equipment, However, South African mine waters typically

contain high levels of chlorides and sulphates and high levels of dissolved solids, and can be

highly corrosive due to low pH values. The influence of such variations in water chemistry
011 the tribology of ceramlc and metal-ceramic couples has not been studied to any great
extent, although isolated reports exist in the literature.

Sasaki [208] recently studied the influence of pll on the friction and wear chnractcristlcs of

alumina under water lubricated conditions, The pH values were varied by adding

hydrochloric acid and sodium hydroxide. The coefficient of friction was found to remain

constant over n relatively wide runge of pH values (-5 " -9), but decreased at pll values
outside this range. Conversely, the wear rate was found to be lowest in pure water (tnt!
increased with increasing and decreasing pll,

Similarly, Loffclbeln et (It [209J recently examined the influence of acidic and basic aqueous
solutions on the Irictlon and wear behaviour of various ceramic sliding couples. Although
some variations ill friction lind wen!' were observed, they reported no systematic effects and

concluded that thc nature of the solutions was of minot' importance.

Against this background, SQl)1C exploratory experiments were "'lntim:ted in n synthetic mine
water solution to verify whether 01' not <til effect could be obsc, , Due to time and financial

consnuints, the experiments were limited to AISI 440C steel sliding against polished ceramic
.unterluls under u loud ~)f50 N. Limited surface corupositionul analyses were undcnaken to
exnminc the influence of water chemistry Oil trlbofllm C0I111111Siti()11.
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The results obtained from XPS analyses
of a wear scar generated on a polished
surface under a 50 N load are presented
in Table 4.14. While these analyses also
indicated the presence of PeOOH, they
confirmed the formation of a hydrated
8i02 triboehemical film 011 the silicon
nitride surface. The amounts of FeOOH
were even smaller than those detected OIl

Sialon, and it is reasonable to suggest
that the silicious film dominated the Flgure 4.39: SEM micrograph of the original ground Si,N.,
tribological behaviour and was surface,
responsible for the superior friction and
wear characteristics of the material couple, as outlined in Section 4.3.

Tnble 4.14: XPS analysis results obtained on n polished Si1N., wear track (6912 III of sliding. load SO N).

I I -Pcnk Binding enology CcV) Species Sensitivity ractor Atomic %--
Analysis on the as-worn surface

C (Is) 285 · 0') 29.5'M
Si (21') 101,8 Silicate 0,17 27,8-o (I s) 531,8 · MI 23,9

N (Is) 397,2 · 0,4 17,0

Jill (2p) 711.(1 FI!OOII 1.76 1.8-
II Total 100,0

Analysis nncr sputtering

C (Is) 285 · 0,2 9.6

Si (2p) 10).:'. sio, 0.17 32.5- -_ ---o (Is) 533.0 · o.o I 31.S

N (Is) 398.8 · 0,·1 20.3-FI.! (2p) 712.2 F~'()()l1 1,7(l 5,8. - .....~-. ......~_,~ '" -- ....- - - - ,_
=C Total [ 100 J
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In summary, the silicate layer was thus not effective in preventing adhesion completely
between the steel ball and the Sialon counterface, However, the amounts of transferred metal
present on the Sialon weal' tracks were extremely small. For example, the fact that no metal
was detected by EDS 011 polished Sialon suggested that the metallic transfer layers were
significantly thinner than 1 1-1111, since that is the typical analysis depth of the EDS technique,

It is likely, therefore, that the silicate layer dominated the friction and wear behaviour of the
material couple, as was suggested in Section 4.3.

Silieon Nitride

The features observed 011 the silicon nitride wear scars were generally similar to those seen
on the Sia1011scars. Polishing was slightly more effective 011 the ground SioN4 surfaces,

however, and material deposition from the steel ball was reduced (Figure 4.38). The
improvement in surface roughness, although not as dramatic as 011 the zirconia based ceramics,
was evident by comparing the original ground finish (Figure 4.39) with a worn surface
(Figure 4.38 (b)). Polishing appeared to occur by a similar mechanism to Sialon, i.e. mainly

by tribochemical means, although some microfracture was also evident at the edges of the
grinding scratches.

(a)

Figul'e 4.38: SEM micrographs or <I \\'1.!a1' lnll'k gClll.!l'al<.:don a ground Si,N., SUI'I'acl.! ul1d;a ~lad or so N: (a)

general view und (b) centre or [1'<I<.:k,

(b)
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< .3
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l'tEMl, 13/3;90
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Figure 4,37: SEM micrograph of u typical weal' track generated on a polished Sinlon surface under a load of

50 N, The EDS spectrum shows no sigulflcant metal transfer from the steel ball.

Tobie 4,13: XPS analysls results obtained on a polished Ce·TZP weal' nnck after 6912 111 of sliding under
a load of 50 N,

I Penk I Binding energy CcV) Species Sensitivity Iactor Atomic %

Analysls 011 the OS-WOI'lI surface

C (Is) 285 .. 0,2 31,1

Si (2p) 10],2 Silicate 0,17 24,2

o (Is) 531,2 - 0,61 21,3

N (Is) 396,8 . 0,4 20,9

Fe (21') 711,6 FeOO!1 1,76 2,5

Totnl 100.0-
Analysis after sputterlng

e (Is) 285 - 0,2 5,8

Si (2p) 102 Silicate 0,17 34, I- o (Is) 531,4 - 0,61 29,4

N Cis) 397,6 - 0,·' 21,'l

F(.)(2p) 709,4 FcO 1,76 s,s
b:::::::., "_·_ ....'"~·"'·.o_·~ .... ,.- - IL ITotal 100
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(a) (b)

Figure 4.35: SEM micrographs showing polishing and fllling of grinding grooves (arrowed) on u ground Slulon

surface under a 50 N load: (a) general view and (b) centro of weal' track.

in the weal' track, the effect was much less marked than for the TZP ceramics. This is
supported by the EDS analysis ShOWI1in Figure 4.36 which shows only a very small amount

of Fe and Cr in the weal' scar. Even less material transfer from the steel ball was observed
on the polished Sialon surfaces (Figure 4.37),

The results obtained from XPS analyses of a
typical wear seal' produced on a polished Sialon

surface under a 50 N load are given in Table

4.13. These showed that a silicate layer was
formed on the ceramic surface, probably by a

tribochemical mechanism. The composi tiou of

this layer appeared to be relatively complex

and/or non-stoichiometric, and could not be

uniquely identified. Only s111<l1l amounts of iron

in the form of FeOOII and FeD were detected.

Clearly. S0111e transfer 1'1'0111 the steel ball had
occurred, but to n much lesser extent than 011 alumina or even the zirconia based ceramics,

')1:.RRY
l.1\lU 100s Preset! 100s Rema.lni"91
Rtatl fQSs 5~: Dear,!

Figu!'e "'.36: EDS spectrum obtained from the

\\,\),11' scar shown in Figure 4.35.
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i~i~.'!~:A'" "' .. ,>"'= ",' "....L.,...,~.~.......:.~'-_.__, .
(u)

(b)

Figure ~..3~: tlptkal 111kllJ.yraph~ lI!' \\~'ill' tracks 1111tal l'i'(lUlld ,tIld (b) 1'("i~l1\!d Si,N,l (;\O!\ hl(ld. ~\

1l1ilgnilkatillll).
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(a)

(b)

...._ . ~ __ J

Figure 4.33: (lplil:ailllkrogJOlplv, llr\\'~al' ll'ad,s Illl (a) ground ,lIld (hl !,t'li,lll'll Sialoll 101 (:I() :'<ll(lad.

l-lx 11l'1);milit:alill111.
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The effect was more marked on the pin than the disc, with the roughness across the sliding

direction reaching 0,39 IJ.I11 R" as compared to 0,08 1J.1l1 l~ along the sliding direction. The
equivalent values for the disc arc 0,29 !-till R, and 0,23 1J.1ll I~,

Preferential \\\:(\1' of the inter-grain HI'I.!HS appeared to occur to a much l(ll'gcl' degree than 011

Syndite, resulting in an etched appearance of'the surlaccs. Compositional anulyscs by EJ)S or
granular wear debris which appeared to collect in the hollows yielded 110 x-ray peaks, Since []11,,'

EDS system is unable to detect carbon, it is reasonable to suggelit that the debris comprised
mainly diamond fragments orlginnting from the edges of the dlarrund grains in the PC})
compacts, It is thus likely that the abrasive scoring on the PC)) smlllecs \\US caused b) these
extremely hard, loose debris particles as they became trapped in the sliding interlace.

5.3.2 Specimen geometry effects

On self-mated Syndax, initiul load carrying capacity (LCC) tests WCI'" done usitlg untaperod

Syndax pins by increasing the applied load systematically from 186 to 3634 N (Figure 5.3),
Up to about 3000 N (-47 MPa contact pressure), the friction coefficient remulncd constant
at ...0,08 ~ 0,1. Beyond about 3000 N, severe grooving of the sliding surfaces occurred and
the friction coefficient and pin temperature increased rapidly.
load carrying limit was about
3000 N with the present test
conflgurntion, limited by the
influence of wear debris 011 the
integrity of the sliding surfaces,

These results suggested that the

~--------------------------------------------

Closer cxarnination of the
Svndax pins confirmed that

chipping occurred at the pin
edges which were not bevelled.
Tho debris so formed was

dmggcd through the contact area

and contributed to the scoring of

the surfaces and probably
limited the Lee. Additional Figul'e 5.3: Influence (If applied load Oil the frlcdon force (top) Hnd

lOO
90
ao

110
~ ~Q
lpa
~.~o
c eu

no
lO
Q

PCD lemperature (bottom) for self-runted Hyndax (lIlltll}ll)I'cd pill),
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(n)

(a)

- ..'*•._'''''"......,_...,,-.....----,~''''.$----_._._--'>'-..-.-..----.--- .~-- ..--
FIAlIl'l' 5.2: Oplical lllil:l'll)',1'IIphs tlr worn xyndux pill SUI Iuces showillg abrasive gl'llllVill['. 011

lh~' dinuoud pilJ'lif'b alld pl\'li'rl,'lllial \\t"II' ilIlll accuntuluriou 01100,0.: debris al till' illh'r"!,.Iaill

areas: (a) 2()D'\' and (11) I ()O().\,Illaenilh'alion,
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chemical degradation of the diamond surfaces (although this was not confirmed). In fact, the

further improvement in surface roughness with increasing loud Indicutcd that such a marginal
overloud condition is a prerequisite for efficient and rapld running-in of the PCI) materials.

The lest parameter window for successful surface polishing is quite narrow, however, as

exploratory tests showed that incensing the applied load by too large an amount too curly in
the run-in process results ill seizure of the couple and damage to the pcn surfaces.

Based 011 these results, a ruuning-hi procedure was devised which involved the step-wise
increase of the applied load at a sliding speed of 0,13 m/s, while allowing enough time at
each load for the friction coefficient and the surface roughness on both sliding dements to
stabilize,

Sc)f ....llllltcd Syndnx

The initial running-in phase was conducted under a 186 N load, smaller than the 490 N load
used previously for Syndite, After one hour of sliding, the surface roughness of the pin in

the sliding direction had decreased from 0,40 f.L11l RII to 0,08 f.L111 r~.while the roughness of
the disc had only decreased from 0,31 to 0.23 f.L111 Ra. Simllm' trends had bC~11 observed 1'01'
the Syndrill 81) specimens with the pin polishing very rapidly, reaching 0,03 urn 1~1Iwithin

2 hours of running, and the disc roughness lagging behind. In contrast to Syndltc, tile friction
coefficient rcmnlncd <It u lower value of 0,12.

Tim initial running-ln bchuvlour of self-mated Syndnx thus seemed to mirror closely that of

Syndite, In the second phase of nmuiug-in, the normal load on thl.) Syndax pin was thus

lncrensed systematically to a maximum of 1200 N. The friction cocfficlcnt rcmulncd low lit

between 0,08 and (),J which wr.s in stark contrast to Syndite which showed much higher
friction coefficients of' 0,2 ~ 0,4 when run for extended periods at 49() N.

Closer cxamiuution of the specimens during and after the running-in phase showed that
scratches and grooves Ilppeared on the pin and disc surfaces (Figure 5.2). As a result, the

surtlu;c roughness depended nil the test direction, being rougher across th~~sliding direction.
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5.3 Unlubrlcatcd Sliding Behaviour

5.3.1 Run-in characteristics

Self-mated SY!lllitc

This couple was used to develop a methodology for running-in peD materials, Initial tests
were conducted ••(. a constant load of 4l)O N (contact pressure 7.7 MPa). and the resultarr

improvement in surface roughness with increasing test time is summarized in Table S, 1,

Tnble 5.1: SUI't!ICC roughness values 0[' the S~tldilC pill lind dlsc run-in under a load of 490 N,

- I I - ::.=
Run Until (II) RII oT'pitl (11111) RII of disc OWl)

I
.

() 0.15 n.;),7

:2 0.D3 0.[0---4 0,01, (J.II

8 0,01 0,07

14 O,()~ (J,n·1
1-- --

18 n,()3 n.ns- -

The results showed that the Syndite pin was well-polished after only two hours. curresponding
to 936 111 of sliding. The disc. on the other hand. exhibited n I'llughc I' surfuce than the pill
uiler 18 hours. although no further imprnvcmcnt in surfuec finish occurred after 14 hours of
sliding. The couple was thus run for 4 hours under un Increased applied loud of S70 N (1;1.7
MPa contact pressure). which resulted in further improvements in surface roughness values

to om um R,\ for the pin and om 1-Llt1 IS lbl' the disc, At (his stage thl.! couple was l'ug'mlcd
as \YuHrun-in and ready !~\l'Iurther investigation,

The friction coefficient (~L) increased (\1)l1cxhiblted more scatter as the surface roughness
improved. Eventunlly, J.l. flucuuucd between (),;; anti (}.·I which is much higbur than the value

of '0,1 which would he expected fill' self-muted diamon«, This suggested that the Syndite
couple was nml'ginnUy l)vcl'lomkd dming the run-in phase, possibly leading to some local
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Dry sliding tests were conducted at a sliding speed of 0.13 m/s, After the running-in phase.
the normal load was increased step-wise from 180 to '·4300 N (equivalent to contact pressures

of 2.8 and 67.6 MPa) to evaluate the load currying capacity of the sliding couples.

Water lubricated tests were also conducted at a sliding speed of 0.13 m/s, Exploratory
experiments were ulso conducted at speeds M 1.9 und 3 m/s, but it was found thut
pl't:dol1limllltly hydrodynamic lubricntion conditions prevailed up to high loads with the highly
polished pen specimens, These conditions were unsuitable for assessing the performance of

the material couples in the more important boundary lubrication regime. and the lower speed
was thus chosen to rvduce the influence of hydrodynamic lubrication,

PriOI' to testing. the. .,racc roughness values of the pins and discs were determined using a

Hommel Tl 000 surfuce profilometer. In contrast to Syndite, the values for Syndax specimens
were found to he dependent on the test direction. and subsequent measurements were carrlcd

out both in und across the slidil\~direction, The samples WCI'I.! then ultrasonically cleaned in
acetone before the flrst tests, but between tests the Syndux sliding surfaces were mostly
simply washed with water and ucctone. Tribofilms were removed 11'0111 the sliding surfaces
before testing with dilute hydrochloric acid. followed by a water and then acetone wash,

Thermocouples were fixed into the pins with epoxy in. such a way that they were in direct
contact with the rear of the PCl) IUYl!l'. The thermocouple output was couilnuously logged
ott a computer to give an indication of the pen surface temperature during the tests, For any
given test. the temperature was found to scale closely with the measured friction three. In the
interest of simplicity and brevity. this thesis will thus concentrate on reporting the frictiou data

since the temperature datu did not serve to elucidate the friction processes further,

On completion or the tests. the sliding surfaces were examined under an optical microscope
to rtudy the surface features developed under particular experimental conditions. More

detailed Ut),\lyses of the friction and wear processes were carried out using scanning electron
microscopy umtvn. while surface compositional anulysus were conducted using energy
dispersive x-ray lIn:'lysis (EnS) and X-ray photoelectron spectroscopy (XPS),
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When using pins such as the PCD compacts, with largo Hat areas that must be kept in contact

with the fuming disc, it is difficult to get the two sliding surfaces well aligned so that full pin
area contact can be established, Furthermore, the pcn couples were expected to show only

very limited potential fbr running-in due to the extreme hardness and wear resistance of these

materials. Therefore, a self-allgning bearing with its axis vcr tical was fixed on the load arm
to act as pin sample holder, The inner and outer races of the bearing W(~l'C pinned together

in such a WHy thut rotatlon of the races with respect to each other was prevented, but limited

relntive movement in the horizontal plane was still possible. With the PCD pin held in this

sell".uligning sample holder, good area contact with the disc could be achieved and muintaincd
without undue difficulty.

5.2.2 Expcrlmcntal materials lind mcthodoioAY

Nominally, both the Syndlte und the Syndax pins used were 13,44 mm diameter with 2 111m
wide 5° taper edges so that the effective contact dlamcters were ,..9 111m. The Syndite pins
consisted of a 0.7 111111 thick PCl) layer with cobalt 'binder" bonded to a tungsten carbide
bucking. The total height of the pins was 8 111111. The Syndax pins consisted of H 5 111m thick
pen layer with silicon as binder phase, brazed to a mild steel backing pin. The Synditc
counterfacc discs were 70 nun in diameter while the Syndax discs used were 56 mm in
diameter. All sample materials were supplied by De Beers Diamond Research Laborutory
(DRL), Johannesburg.

Initial experiments showed that the roughness of the Iappcd contact surfaces on the Synditc
and SYl1c!ux specimens Improved progressively with increasing test time and applied loud A

run-in procedure was thus developed to provide a well-defined, stc .Jy-stntc surlucc finish on
nil specimens prior to testing. This consisted of running the unused material couples at a
sliding speed of 0,13 m/s and periodically inc: casing the applied lood, At each loud, the

couplu was run until the rrlctlon coefflcicnt stabilized, following which the test was stopped

nnd the surface roughness measured 011 both sliding clements. The process was repented until
no further lmprovcmcnts in surface roughness were noted,
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5.2 Test Equlpment and Methodology

5.2.1 Test equipment

Thrust bearings arc characterized by a unidirectional sliding motion. and thus a pin-on-disc
(POD) rather than a reciprocating tribometer was utilized in the present work (Figure 5.1).
In this machine, one clement of the sliding couple is in the form of a pin and :l::; fixed in a

sample holder on a cantilever load arm. The pin is allowed to slide 011 rotating horizontal
disc, which comprises the second element «f the couple under investigation and is driven hy
a variable speed 1110t01'. The loud on the pin can be varied and is applied b)1 means of dend
weights on the loud ar111.

The Irictlon 1'01'1.:0 am! pill temperatures were constamly monitored und recorded hy H

computer,
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CHAPTER 5

5. POLYCRYSTALLINE DIAMOND (PCD) SLIDING COUPLES

5.1 Introduction

Initial development work on pel) thrust bearings for down-hole drilling applications.
conducted by the writer and co-workers. indicated that the Mel ion behaviour of self-mated
Syndite (De Beers PCD) sliding couples was quite unpredictable at high contact pressures.
In some cases, rapkr seizure of prototype bearings occurred without adequate wnming. It was
noted that this instability ill friction behaviour W,IS the pcrformuncc limiting factor, tllld not
wear of the bearing aurfuccs, Careful analysis of the worn surfaces suggested that the sudden
increase ill fliction coefficient, followed by seizure. was associated with the formation of ('0-

rich tribofilms on the PCl) surfaces. No reference to this phenomenon. or to the mechanisms
underlying the effect of such layers on PCD friction and wear, could be found in the open
literature,

It was known. however, that cobalt and other metals like iron tend to promote the chemical
degradation of diamond to 1'01'111 graphite (Section 2.4.3 and 2.4.4). It was thus postulated that
thermally stable pcn materials which do not employ conventional metallic hinder systems

should exhibit a more uuractlve friction and wear behaviour than Syndite lit high contact
pressures. An example of such a mutcrlul is Syndnx (De Beers trndcmark) which employs
silicon as a binder phase.

This n101'e detailed study was initiated to assess the tribologicul characteristics 01' various
comhinutions of Syndax and Sf) 025 Syndlte (Co-honded PC!). diamond grain size 25 um)

unde, both dry and water lubricated conditions, Purtlcular emphnsis was pluccd on cluclduting
the mechunisuis which determine the Ji'ictillll behavlour or these couples. in order to pomt the

way towards the selection 01' development of PCD sliding couples for bearings with improved
penormancc. Less nttention was paid to qtmutilying WL)Ul' since wear \\US not found to be the
performance llmrting factor 1'01' pel) bearings.
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behaviour of alumina and the silicon-based ceramics. Based on available evidence, this was
tentatively explained in ter111Sof reduced adhesion and the promotion of iron oxide and
hydroxide formation on the steel ball by the presence of sulphate. Adsorption effects may
have played u significant contributory role, particularly in the case of the silicon-based
ceramics. It was suggested that the influence of sulphate may have been more important in
this regard than that of chloride. Further work 011 clarifying the precise mechanisms was
suspended due to time contraints and a lack of funds, but is clearly indicated in view of the
potential importance of these effects in improving the performance of these metal-ceramic

sliding couples.

It was noted that mctal-cerumic couples suitable for application in reciprocating components
in hydro-powered stoplng equipment need to exhibit a low friction coefficient and steady

friction behaviour, coupled with on acceptable steady-state wear rate, in order to ensure
satisfactory component operation and lifetimes, In view of these requirements, this work has
demonstrated that the silicon-based ceramics were generally superior to the oxide ceramics.

In deionized water, preference should be given to Si3N4 because of the apparent higher load

emrying capnclty and lower wear rate compared to Sialon, In mine waters which exhibit a
similar composition to the synthetic Unisel mlue water solution and which arc typically used

as the hydro-power working fluid, both Sialon and Si3N.t arc considered to be equally suitable.
In this case, even the AISI 440C-ulumina couple would be suitable as a result of the beneficial

influence of the mine water constituents on friction and wear, provided the poor fracture
toughness of the alumina ceramic can be tolerated.
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4.6 Summary

The friction and wear behaviour of a range of oxide and silicon-based ceramics sliding against

AISI 440C stainless steel in deionized water was studied. All the sliding couples which were

considered exhibited a pronounced two-phase friction and weal' behaviour, characterized by
a run-in and a steady-state phase. The wear results in particular showed that it is important
to quantify not only the total amount of wear, as is commonly done, but also the steady-state
wear rate, which is the more important parameter for assessing the 10ng-tc1'111operational.
performance of the sliding couple.

It was confirmed that the oxide ceramics generally showed higher friction coefficients and
wear rates compared to the silicon-based ceramics. This was explained in tcr111Sof different
levels of adhesion between the sliding clements and the formation of interfacial metallic
transfer films. In '<he case of zirconia ceramics, increased transformation toughening was

found to be related to increased surface fracture damage and metalllc transfer film formation,
However, these film" were beneficial in that they protected the underlying ceramic surface

fr0111further damage and determined the friction and wear behaviour.

The superior friction and wear behaviour of Siulon and Si3N,1 was related to the formation of
lubricious Si02-based tribochemical reaction films on these materials. The load currying

capacity of these films appeared to be limited, however, and oscillations in friction coefficient

and increased stabilized weal' rates were observed at loads of 50 N. The effect was more
pronounced for Sialon and was probably related to the different nature of tl-e trlbofilms.

All ceramics except alumina developed a characteristic surface finish during sliding, which
was essentially independent of the original surface roughness. This has important economic

implications since these materials may be thus used in practical applications without prior
polishing.

A short study 011 the influence of water chemistry d~\p' dilt the presence of
significant amounts of chloride and sulphate had a signifi- ant effect 011 the friction and weal'
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for silicon, as indicntcd by the relevant bond dissociation energies (Table 4.17, after

Ref. [214]).

Table 4.17: Bm1d dissociation cncrgles fOl' selected silicon bonds

Bond Dlssoclatlon energy «((J/Illol)

Melln Range

SINH 297 4
Si-Si :fIB 21

si.c 435 21

Si·N 439 38
Si-CI 439 50
Si·S 619 13
Si-O 770 13

In summary, the results obtained in this work suggested that the mechanisms by which the

Unisel constituents influenced the friction and wear behaviour may have been similar for the

alumina and silicon-based ceramics sliding against steel, and were largely ccnccntrnted on the

steel ball (no obvious signs of increased chemical attack was noted 011 ally of the commie
surfaces). The influence of sulphutes on the forrnutlou of iron oxides and hydroxides formed

on the steel ball may be of particular importance in this regard. Similarly, adsorption effects

may have played an important rOle, particularly in the case of the silicon-based ceramics,

Again, sulphur-containing compounds may have had the dominant effect in (his regard in view
of the very strong nffinity of sulphur towards silicon. However, it must be realized that these
results are preliminary in nature and further work is indicated to clarify the nature of these

mechanisms. In particular, detailed experiments uslng different solutions containing only

chlorides 01' sulphatcs should be conducted, coupled with more detailed surface compositional

analyses, to assess the relative role of each Unisel constituent. This work was suspended in
the present case due to time construlnts and a lack of funds.
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friction coefficient.

Considering these findings, it is considered reasonable to suggest that similar processes may

be responsible for the effects observed ill the present work. Specifically, the reduction in

friction and wear observed for alumina may be related to a reduction in adhesion between the

AISI 440C steel and tl1'~alumina counterfucc, XPS analyses 011 the alumina surface revealed

no signiflcant differences in tribofilm composition compared to the surfaces tested in
deionized water, and 110 significant amounts of sulphur 01' chlorine were detected. Similarly,

there was no sign of iron chloride on the steel ball. It is likely, therefore, that the

mechanisms responsible for the reduction in adhesion were related to adsorption effects of

sulphur and/or chlorine containing species. Furthermore, the presence of SUlphate in the
U11ise1solution may have promoted the formation of protective Iron oxide and iron hydroxide

films on the steel ball, as suggested by Burgacic [211]. It is interesting to note in this context
that Loffelbein et at [209] also failed to detect any reaction layers 01' significant differences
in tribofilm composition 011 various ceramic surfaces. Tney used a variety of analytical
techniques including Auger spectroscopy, which has a similar analysis depth resolution to
XPS. It would appeal', therefore, that whatever reaction or adsorbed layers were lo.ll'J11edmay
have been removed after termination of the test, or during the analysis procedure,

For the silicon-based ceramics, the stabilized friction coefficient was substantially unaffected
by the Unisel solution, particularly for SijN". This may be understood since the trlbologicul
behaviour of these couples was determined mainly by a tribochemical reaction 111mand little

adhesion occurred between the AISI 440C steel and the ceramic surfaces when sliding in
deionized water. Like the AISI 440C·olul11ina couple, XPS analyses failed to detect any
substantive differences in tribofilm composition on the ceramic, or the presence of reaction
layers 011 the steel bull. It is possible, therefore, that the apparent increased load-carrying

capacity of the couples, us evidenced by the absence of oscillations in the friction coefficient,

may be related to increased Iron oxide/hydroxide formation 011 tho steel hall, annlogous to the
ATSI 440C-nlul11inu couple, This is supported by the fact that the stnbilizcd wear rates were

very similur for the three steel-ceramic couples, Nevertheless, adsorption effects may also

have played a rOle Sll1CC d1101'i11eand parncularly sulphur arc known to have a strong affinity



('IIAPTER 5: Potycrystalliuv Dianl\'llll (P(,ll) Slidill~',:'ollpb

«(1)

(b)

Figure) 5.13: Typical t1p~~~dnx disc from the aell-matcd SYIl(bx cOllple lind!,)!'dry
sliding: (a) optical rnlcrograph (500:< mag.), and (b) SEM micrograph

1(ll



CHAPTER 5: Polycrystalllue Diamond (fleD) Sliding Couples 160

to the well-known 'tin-sweating' effect observed in bronze bearings. Further studies are
required to determine the mechanistic details. but were beyond the scope of the present work.

As outlined ill the previous section, the Co-rich tribofllms We1'0 associated with high friction
coefficients. At somewhat lower loads where the layers were less well-developed nnd wry
patchy, erratic friction behaviour occurred as a result or stick-slip motion, While cobalt-
induced degradatlun of the diamond surfaces may also have played a rOle in this regard. it is
suggested that adhesion between the Co-rich trlbofilms and/or shear of the films in the sliding

interface were the dominant effects,

Self ..matc<j SYlldax

The Syndnx surfaces were highly polished but exhibited evidence of preferential wear of the
inter-grain areas (Figures 5.13 and 5.14). Some of the cavities in the biuder phase regions
may still be remnants from the original lapped surface, however. Wear debris accumulation
and compaction was observed in some of the binder phase regions.

No obvious tribofilms were discerned by microscopic cxumlnntlon of the surfaces. EDS
analyses on the polished diamond grains showed small umounts of Si. however. which
suggests that very thin Si-rich triboftlms were formed (Figure 5.15).

The precise composition of the Si-rich films was not confirmed since these particular

specimens could not be nccommodated in the required antilysis equipment (AES. XPS).
Nevertheless, based on published informatiun and own experience with ceramic fi'il!tioll and

wear. it is probable that the films contained significant amounts of silicon oxides and
hydroxides, both of which nrc comparatlvcly lubricious, This would explain the I(H:t thut the
11Imswere not detrimental to the friction behaviour of the couplo.

111summary. the low frlctlon coefficients and 111gh Lce or the sell-muted Syndril! couple

were uuribumble to the absence of Co-rich trihofilms on thl.) surfaces. Sliding contact
occurred prin.arily between rclntlvely clean diamond surfaces, some of which Wl!I'C covered
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Flgurc 5.12: St~Mmlcrogrnphs of a worn Syndlto surface: (a) area with Co-rich deposits nnd (ll) shullnr :11'1.'(1

l1nC1' cll)nning with hydrochloric 111)id,

bulk to the sliding surface was the primary effect contributing to trihofilm form uti (111 , It is
unlikely that mechanical extrusion of the binder phase by deformation of the ncar-surfuce
PCD microsrructure played u significant rule in this process, Unlike tungsten cnrhidc-cobult
(We·co) Cl.)1'111ets, where this mechanism is commonly observed [215], Synditc is
characterized by the true intergrowth 01' slntering of diamond particles to form a stiff,
continuous diamond skeleton. The potential for microstructural deformation and concomitant
mechanical binder phase cxtruslcn is thus much lower in these materials,

It is more likely tIM binder phase migration was thermally activated by frictional heating and
W(lS snstulncd by a diffusion mechanism, probably involving the diffusion of vacancies into
the PC}) compact, analogous to u similar migration effect observed during the brazing ('"
Syndite 1216], 'lhe underlying driving force 1'01' the mechanism may huvc been provided by
the hinder plmsc undcrgolng some chemical rcactloms) (It 01' ncar the Sl1l'JllCC (If the )lCD
compact (recall that AES and XPS analyses of the tribofilms showed the presence of hinder
phase oxides), Differcntinl tl11.)1'111alexpansion between the binder phase and the rigid diamond

network probably played u lesser rMe, since PCD compacts contain sufficient microporosity

utter ruanutucturc to uccommodutc such effects up to high tI.'I11IWl'Htlll'CS (>70() "C) without

binder phase exudation 12171, In SUmnHlI'Y, it is considered th,lt the mechanism is analogous
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Tnble 5.2: XI'S results obtained from a typical, thick tribofilm Oil n Synditl! surface.

- - -
Peak L Bludlng ClIcl'gy (eV) I Species- - =

284,10 Graphite
C (Is) --

285,25 Dlamond

Co (21'.11.) 782,85 Co-oxide

W(5pd 38,3 W-oxide---
films were quite continuous. Loose
Co-rich binder Weal' debris most likely
conrributcd to the forrnation of tho
fi l111s by agglomeration at surface
discontinuities such as grain boundary
regions, where it was compacted and
smeared over the surface of the
diumond grains. The latter effect may
:IUVC become 11101'C prominent us the
surface finish of the Syndite

improved, probubly because the Flgul'c 5.11: Accumulution and compuction of Co-rich WCUl'

discontinuities became smaller and debris at the hmtiing edge of' a S~'llditc pin.

less able to accommodate loose wear
debris, The extent of trihofllm formation would then be expected (0 be similarly related to
sLlrl'nce finish. which could explain the trend toward» high«, friction coefficients and more
errutie friction behaviour with improved surface finish. 'l'hc important role of loose wear
debris was confirmed by the observation that the debris tended to form u compacted layer at
the lending edge of' the Syndite pin, (It the Interface between the edge t<1pCI' and the sliding
surface (Figure 5, 11).

Removal of the Co-rich trlbofilms h~' etching with hydrochloric add resulted in lllirly deep
vnlleys in the lmcr-grnin regions (figut'\.) 5, 12), Nevertheless, the tribofilm could b~~re-formed

rapidly even nt low loads of' 50() N where little further }111li::;hing. and wear of the diamond

gruins OCCUlTed, This observation suggests that migration of the binder phuse from the PCD
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(n)

Os

(b) (,')

Fi!\lIl'C :;,IO:ClH'ich lribotihll Oil SYllditc: (iI) SliM micl'()graph; (Il) EnS specuum \11' trthofllm and (e)

IO:[)S SIWCI 11m of polished diamond gl'ain without triboflhus

A small gruphltc pcuk was detected apart from thi.! dominant diamond peak. suggcsting that
sonic graphitization of the diamond surfaces had occurred, possibly stimulated by (hi! presence
or uic Co-rich tribofilm.

The surface films tended to form in patches with well-defined boundaries, within which ihc
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(n)

(ll)

L~_,=_<_"~=,r~,«, __ ,~~_' ~~_<>_·~·~__ ··_·_·=_
Ftglll'~' !'.tJ: W~'lIudt:Vl'lllPl:d trlbofilms 011 (a) S)lllliIC disc (I,I()~ 1lli1!'..): und ell) S~l1dilcpin

(.IO()~ 11lil/",),
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5.3.4 Surface effects lind tribofllm formation

Self-muted Synditc

Extensive tribofllm formation was observed 011 the Syndite disc and pin after completion of

the LCe tests (Figure 5.9). These films were usually very thin, as indicated by their coloured

appearance under the optical microscope, and were generally observed more easily by optical

than by scanning electron microscopy.

Enel'li,y dispersive X-ray (EDS) analyses were conducted 011 a Syndite pin with a thick surface

film smeared over pan of the polished PCD surface, in order to determine the nature of these
films (Figure 5,10). Little metallic coruamluation was found on diamond grains without the

surface layer, while a high conccntratlon of cobalt and tungsten. the constituents of the
Syndite binder phase, was detected where the layer was present. More sophisticated analyses
using Auger electron spectroscopy (AES). indicated that the approximate composition of the
layer was Co 19%, C 41%, 0 33%, W 7%, and CI 0.6%. An analysis 011 a polished diamond

groin without uny upparent surface lnycr showed an approximate composition of Co 4%, C

87%. 0 7%, and Cl 2%. Clearly, the surface layer was rich in Co with lesser amounts of W
and originated from the Syndite binder phase. The high oxygen content detected by AES
suggests that oxidation of some or all of the clements in the layer hud occurred.

X-ray photoelectron spectroscopy (XPS) analyses were performed to examine the nature of
the layer ill more detail. The resultant spectra were relatively complex with carbon and
oxygen cxhibltlng composite peaks. There is some uncertainty concerning the position of the

Wand particularly the Co peak, due h) relatively large statistical errors associated with the
penk antilysis. In the latter ease this uncertuinty could be of the order or I . 2 aV. With this
in mind, there was some evidence for oxidatlon (If these tribofllm constituents, us slIggcstl.)d
by the AES measurements (Table 5.2). A more precise dctermlnution or tribolllm

composition would require H fa I' more comprehensive study. which wus beyond the scope or
the present work.
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2 and 4), it is probable that the silicon-rich tribofilm on the Syndax surface contained
significnnt amounts of silicon oxides and hydroxides, which arc relatively lubricious, This
would explain the fact that the film did not appear to have a detrimental effect on the friction
behaviour of the Syndax I Synditc couple,

Synditc/Syndax may be slightly
superior to SyndnxlSyndite with
respect to friction behaviour 1'Ot'
low load applications and vice
versa, Nevertheless, both
couples are flu' superior to the

self-mated Syndite couple and
me better suited for unlubrlcatcd, high load sliding applications.

Synditc (pin) / Syndax (disc)

Finally, this sliding couple also

carried the maximum applied
POD machine load of 4300 N
(Figure 5,8), The friction
coefficient remained essentially

constant over the load range
although variations occurred
between 0,09 and 0,11, The
results suggest that

Detailed exumination of the worn surfaces revealed silicon and cobalt-rich tribofllms on the
Syndux surface. similar to those found 011 the Syndnx/Syndite couple, The Synditc surface

was essentially free from deleterious Co-rich tribofllms.

o _-- - -,,',.---,f~"-<~'"'"'"''"-<'','"'''''-T''''-''''''-'';''-";~'''';r-'-'''~;'''-·-·,·-,.,.·'~t',;·-,·--,;,-· "----1'" ··~'--""'~""'.'t··" -',
woo tWO 2000 aeoo 3000 3~OO 01000 ,tOiXl

AI'PIl.d lond (N)

Figul'c 5.11: Load carrylng capacity and Irlctlou behaviour of a

Syudite (pin) I xyndux (disc) couple in dry Iicllng,
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The superior friction characteristic of Syndax compared to Syndite is thought to be related to

the absence of Co-rich or any other well-developed tribofilms on the sliding surfaces (Section
5.3.4). The friction behaviour is thus dominated by diamond-dlarnond contact, rather than by

the properties of interfacial films.

Syndax (nin) / Synditc (disc)

This couple also sustained the
maximum POD machine load of
4300 N, although the scatter in
friction coefficient
significnntly higher than for the
self-mated Syndax sliding
couple (Figure 5.7).
Nevertheless, the friction
coefficient also decreased over

the load range used, from 0,16

at 1600 N to 0,07 at 4300 N,
which is comparable to the self-
mated Syudax couple.

was

8VtUM)«P'/S'UUH1tLL(J» l)1lV, r.ce uno re 4;H.HHI

,d,

FigUl'C 5.7: Load carrying capacity and Irlctlon behaviour 0[' a
These results arc perhaps

Syndux (pin) I Syndite (disc) couple ill dry sliding.
surprising in view of the

presence of cobalt in the Syndite material, which was seen to be related to the POOl' friction

behaviour of self-mated Syndite, However, a detailed analysis of the worn surfaces revealed

no Co-rich trlbofilms on any of the sliding surfaces. A complex, patchy silicon and cobalt

containing trlbofllm W~lSnoted instead on the Syndax surface (Section 5.3.4). The cobalt was
effectively 'bound' in this complex film, and thus adhesion between the surfaces as well us

the potential It)!' cobalt-induced decomposition of the diamond surfaces was reduced.

0,0 -----.----------"-1
0,2011",,"''''''''''''''''''''''''''''''''''''''''''

t: 0,2-,.
~3 0,10"1" .",,,,,,,,,,,,,,"'''''''-.':'' ",,' ,,,,,,,,,,,,.,,,,,,

1 0,1

0,00

Bused 011 published Iiteraturc and own experience with ceramic friction and wear (Chapters

0- ~""-·""'-"""f·-'-"'""""''''''-''''T''';'''-'''''-'·~''T'---· 'r~w.·-,,,,t'''''''--··-·'
1000 IO()o 2000 aeoo aoeo 3~00 1000 1000

Applied land (NI
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However, this may not have been the only mechanism, since removal of the tribofilms

resulted in a dramatic decrease in friction even at low loads. Thermocouple measurements
indicated that the temperature at the interface between the 0,7 111111 thick Syndite layer and the

underlying WC-Co support did not exceed 50 'C at these loads. In view of the high thermal

conductivity of Syndite, it would appear unlikely that the surface temperature would have
reached values around 700 "C under these conditions. It is suggested, therefore, that direct

interaction 01' adhesion between the Co-rich tribofilms on the two sliding elements may also
have significantly contributed to the observed effect of these films on Syndite friction

behavlour, particularly at lower loads. Such interaction may have been further controlled by
other properties of tho tribofilms, such as thickness and shear strength,

Load carrying capacity (LCC)
tests were performed using
tapered Syndax pins by

increasing the applied load
systematically f1'01111600 N to
about 4300 N. The sliding
couple exhibited low frlctlon

coefficients and smooth friction
behaviour up to 4300 N (67,6
MPa contact pressure), which is

the maximum applied load that

could be reached with the POD
machine (Figure 5.6). In fact,

the friction coefficient decreased

from about 0,13 at t 600 N to
0,07 at 4300 N applied load, in

contrast to the self-mated Synditc couple.

Self-mated Svndax

Appll.d lood (NI

FigUl'c 5.6: Load carrying capacity and Irlctiun behaviour of self'..

mated Syndux in dry sliding.
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3200 N, which. was defined as its load currying capacity (Lee).

The increase in friction coefficient and associated scatter was seen to be related to the

formation of a more or less continuous tribofllm 011 the Syndite surfaces, which appeared to

originate from the Co-rich binder at the inter-grain areas. It was found that the film could

not be removed with water or organic solvents, but could be readily and completely removed
with dilute (- 6M) hydrochloric acid. Detailed analysis of the tribofilm appearance and
composition indicated that Jt was indeed rich in cobalt and originated from the binder phase
(Section 5.3.4).

To study this effect further, additional
experiments were conducted at various loads
both before and after removal of the Co-rich
films with hydrochloric acid. As shown in
Figure 5.5, significantly lower friction
coefficients were obtained with the cleaned

specimens. This result confirmed the
deleterious effect of the tribofilms on the
friction behaviour of self-mated Syndite,

0.4'r------------~.....,

Q.~~

03 .~.- ~"'""".,

L"",i'.·"'",..,····"·······.·.··"".·"..·,,....,,·..,· "11.1 , .. D

ft O.~

!:~:.::::~
00 600 1000 1600 2000 2500 JOOD

Appllod lond IN)L..,-..~".-.".".~""
Figlll'C 5.S: Influence of the PI'CSCIl(;C or Co-rich

trlbofllms 011 the Irictlon behaviour of self-mated

Syndito.

Cobalt acts as a catalyst and is known to
reduce the temperature at which diamond
begins to graphitize in the presence of
oxygen from ,-875 ·C to ....700 ·C (Section

2.4.4). In the present case, the Synditc surfaces visuaily appeared shiny, black, with dark

streaks in the arcus where the Co-rich layers were present. and it is possible that this
mechanism contributed to the observed effect. Indeed, XPS analyse suggested that a sme II
amount of graphltc was present 011 the Syndlte surfaces.
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experiments conducted with similar Syndax pins and discs before they were lapped nat
suggested that loads in excess of 4000 N (62,8 Mpa contact pressure) could be sustained. In
this case, however, the pin surface was slightly curved and the edge chipping effect d""~" 1

above did not occur. The surfaces of the specimens were also not grooved to the same extent.

In view of the edge chipping damage, the test series to determine the load carrying cornclty
of self-mated Syndax was repeated using pins with a 2 mm, 50 edge taper. This pin geometry
was also used for all remaining tribotests, as indicated in Section 5.2.

5.3.3 Influence of loud and load carrying capacity (LeC)

Sclf-lllntcd SVlHlite

The influence of applied load on
the friction behaviour of self-
mated Syndite is shown in

Figure 5.4. As observed during
the run-in phase, the friction
coefficients were relatively high
(0,17 - 0,26) and were found to
increase significantly beyond an
applied load of 3200 N (50,3
MPa contact pressure). At
higher loads, the friction

coefficient also tended to
increase with time for a given

load and the scatter ill the
measured friction force

increased, indicating that the

Syndite couple was not sliding under steady state conditione. It was thus concluded that the

O"''''~'~''''"''"1'''7'''''''''''-''''''''_'''1'''''-;'-''-'~'-''"'-'---''''~''''T-''-- ....,.....,..c"r __ ·;<-

1000 lWO 2000 2WO 3000 3000 4000 41100
Appl~d loud (N)

maximum load which could be sustained by the couple with constant friction coefficient was

Figure 5.4: Load currying capucity and frlctlon behaviour of self ..

mated Syndlte in dry sliding.
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Os

(a) (b)

I~ig\ll'e 5.23: EDS SPCC\!'(j obtained Irom the Syndlte pin: ([I) inter-graln, binder phase region; nnd

(b) typlcnl polished diamond grnln, showing absence of Co-rich tribofilms.

high alfinity between Co and the Skich Syndax binder phase.

As for the Syndax (pin) / Syndite (disc) couple, the Co from the Syi.dite binder phase was

thus bound in a complex Si-rich tribofilm 011 the Syndax disc. This effectively cleaned the
Syndite surface, limited the formation and interaction of Co-rich tribofilms, and resulted in
the low friction coefficients and high load carrying capacity observed.

5.3.5 Influence of drilling fluid constituents

It is 1101'111alpractice to pump a drilling fluid down the drill pipe and through the drill bit to
cool and lubricate the drill bit and Hush the cuttings out of the borehole. These fluids are

usually water-based clay (bentonite) muds. In order to ensure that lhc cuttings arc carried out
of tho borehole efficiently, barite and/or haematlte additions nrc also made to adjust the
density of the drilling mud. The density required (mel thus the level of these additions depend

011 the depth of the borehole, und increase with lncreusing depth, For holes of about 2000 III

in depth, the typical bentonite and barite contents would be of th.p order of 5 wt%, giving a
mud density of -1.3 g.cm', Hnemutitc is generally added only for extreme depths and where
very high mud densities nrc required. Due to the nature of the application, the drilling mud
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Figure 5,22: Optical rnlerogmph (a), 200)\ mag.: nnd (b) SEM micrograph or th~ Syndire pin

from the Syndltc (pin) I Synditc (disc) dry sliding couple.
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(n)

«!)(b)

Figurc 5.21: Optlcni mlcrograph (a), 200x mag.: (b) SEM micrograph: and (c) rms spectnnn, showing

the fbrmatlon of Si nnd Co-rich tribofllms on the Syndnx disc from the SYl1dill! (pin) I Syndax (disc) dry

sliding couple.
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regions were denuded of Co .,~ shown in Figure 5.15). The complex debris formed in this
way WBS then smeared OVIlI' till! Syndux diamond grains to 1'01'111 the observed tribofilms,

The mechanism outlined above may have involved direct interaction between the Syndax and
Syndlte binder phases. and/or reaction between loose debris originating from the hinder
phases. The presence of a significant amount of loose wear debris 011 the Syndite surface
indicated that the latter process probably played a significnnt rtile, Further. the preferential
transfer of Co to the Syndax surface would appeal' to have had till) effect or protecting the
Syndnx binder phase regions from prclcrential wear. This may huve been related simply to
the accumulatinn of debris at the Syndax binder phase regions. und/or U modlflcutlon ill the
mechnnical properties of the Si-rich mutcrial in these arcus us U result of the presence of Co
and W. An analogous effect has hem) observed ill we-co cemented carbide composite
materials, where the nccumulurion of debris in the binder phase regions protected the binder
phase 1i'l)J11 further wear [2:201.

Byndit£..{nill) / Syndnx (di~sl

The Ieuturcs noted ,)11 this nmtc1'ial couple were similnr to those on the Synt!ax (pin) I Synditc
(disc) couple. The Syndux disc exhibited extensive tribofllm formation in the lorm (11' thick
patches which were smeared over adjacent diamond grains and WCI'I.! often associated with
loose particulate wear debris (Figure 5.2 l), EDS analyses showed that the films were rich
in SI and Co: however, in contrast to the films found in the case of the Syndax (pin) / Syrulite
(disc) couple, no signlflcnnt amounts of tungsten were detected (Fit~\ll'e 5,:'!1 (1.:)).

Nevertheless, it is likely thut the films were formed hy a similar mechanism.

The bulk of' the Syndite pin creu was highly polished and 0111y some loose wear debris was
present on the surface (Figure 5.22). No obvious tribofilins were noted, EDS analyses
confirmed that uppreciuhle amount» of Co and W were only present in the hinder phase
regions. while the diamond grain surfaces were essentially free or en (Figure 5,2~). The Co~

rich binder phase was thus preferentially removed from the Syndite surface as a result of the
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intensity of the peak measured at 1()1)5 eV was significantly higher than that of tilt: peak at
783,75 cV, and was thus aurihuted mainly to a Sl-containing compound. In particular, the
peak could correspond to a complex metal-Si-O compound, since a compound of the form
Me,SiOSiMe,l exhibits a peak at 100.9 cV and a compound of the form (tvlc2 SiO), exhibits
a peak at 101,6 eV according to the databuse, Although fur from conclusive, thesu results
thus provided some tentative evidence for a complex Si-Co containing COl1lj1011ndin the
tribofilm, as expected from the phase diagram. Till) determination of the exact nature of the
compound would require a very detailed Xl'S study. which was beyond the scope of the
present work.

Tungsten, a small amount of which is present in the Syndite binder phase. did not appear to
have reacted with any of the other tribofilm constituents, There was some evidence to
suggest. however. that it was present in the form of till oxide (Table 5.3).

The mechanism of tribofilm 1'01'111utlonwas clearly complex and involved u number of
processes. Analogous to the Syndite couple. it is proposed that the binder phase on both the
Syndax and the Syndite sliding clements was exuded from the structure under the inn uence
of frictiona! heating. Although Syndax is a true composite where no diamond intergrowth is
present, the network of diamond grains is extremely stiff as a result of the high volume
fraction of diamond. It is thus considered unlikely that direct mechanical extrusion
contributed significantly to binder phase migratiou.

In the CUSl) of self-muted Syndite, this mechanism resulted ill the formation of Co-rich
tribofllm patches on both sliding elements, In self-muted Syndax, the Si-rich binder phase

became oxidized and was thus easily removed from the surfaces, resulting in low friction
coefficients ant! preferential wear of the hinder phase without the formation of thick
tribofllms, However. in mixed Syndax / Syndltc sliding couples the Co-rich binder phase of
the Sydite evidently exhibited u strong affinity towards the Si-rieh binder phase of the Syndux.

as shown by the EDS and XPS analysis results. As a result, it \VUS [lrcfl'nmtiully removed

11'0111 the Syndite surface. reacting with the Si and accumulating at the binder phase regions

of the Syndax surface, (This tends to be confirmed by the fact that the Syndite binder phase
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(Table 5.3). The graphitization did not appear to have a negative effect 011 the friction
coefficient or load currying capacity under the test conditions used. This provides u further
indication that the relatively poor performance of the self-mated Syndite couple was
attributable mainly to adhesion and direct interaction between the Co-rich tribofilms formed

on tbc~~' materials, rather than tribofiim-induced chemical degradation of the diamond
surfaces.

TII»I!) 5.3: XPS results obtained from n typical trfbofllm on a Synda-, surface after dl'Y sliding against Syndlte,

":::

Peak Binding enel'gy (cV) Species

284.80 Graphite
C (Is)

286.00 Dlnmoud

.532.65 Silicon oxide
o ([s) 1--'

534.10 Silicon oxide

.53 [,00 W·oxiul!. possibly WO, ('?)

101.35 Complex Sl-rnetal compound, 01' ('(1 (3s) peak
Si (2p)

!O3,60 Silicon oxide

104,95 Silicon oxide
--

Co (2pl:) 783,75 '? (501111) indlcatlons for a complex Co compound,
but no match found itt XPS dutuhnsc)

W (:."Plii) 37,90 W 01' W'(1xiuu

The Si data indicated that much of the tribofilm was heavily oxidized, which could nccount
for the fact that the film did not have n deleterious effect on the friction coefficient or load
carrying capacity of the sliding couple. The Co peak at 783.75 t.!V and one small peuk at
101.35 cV, which was attributed to Sl, could not be uniquely identified using the available
XI'S database, Interpretation was complicated by the fact that the Co peak at 783.75 QV was

poorly defined due to relatively large statistical errors associated with the peak anulysis. It

is possible tIM this peak was indicative of the presence of Co in its metallic form, since the
Co(2PJ~) peak appears at 778 cV [219], Furthermore, f{1I' pure cobalt the Co(3s) peak appears

at 10l eV but is much smaller in illtl.!llsity than the COl2Pd peak. In the present case, the
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appeared to be effective ill "neutralizing" or "binding" the Co. which suppressed the formation

and interaction of Co-rich tribofilms on the diamond surfaces and thus led to the low friction

coefficients observed on this material couple.

The strong interaction between Sl and

Co ill the tribofilm can be understood

by considering the relevant binary
phase diagram (Figure 5.20, from Rd.
[218]). This indicates that Si and Co

form solid solutions as well as n

number of intcr.netnllic compounds

over a "vide runge of compositions,

In the present case, the EDS analyses
suggested that the tribofilms

contained significantly more Si than

Co. By referring to the sillcon-tich

portion of the phase diagram, it can L, _
be seen thnt the tribofilm might thus [tigUl'c 5.20: ~1·Sibinary phase diagram,

Atunuc Perc('(\t Siltcon

be expected to contain a Si-Co

containing compound, possibly similar to CoSi:!, The actual composition of such a compound

would probably be more complex than C\)Si~. however, due to the 1110re complex conditions

prevailing at the sliding interface. as WI..; as the presence of oxygen which also has a strong

affinity towards Sl. Nevertheless, the presence of such a compound would help to explain the

effective binding of the cobalt in the trlbofllm, which appears 10 prevent the formation of

deleterious Co-rica tribofilms on the Syndite counterface.

Based 011 these considerations, the composition of the tribofilm was studied in more detail by

conducting Xp~~ analyses on the Syndax pin. The spectra obtained were again complex. with

C, 0, Si, and W exhibiting compound peaks. By resolving the peaks. it was found that most

of the diamond surface on the Syndax pin was undamaged, although there was some evidence

for localized graphitization, similar to that found on the self ..mated Syndite surfaces
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(b)

Figul'c 5.18 (eont),

1 ()()

Despite the interpretive difficulties, the EDS
analysis showed that the films were rich in SI. but
also conmined significant amounts of Co and W
(Figure 5.19). The high Si content could be
deduced from the strong peak at around 1,8 kev,
which is much tot) large in relation to the W L·
lines between 8 and 10 kcV to be attributable

only to W. The trlbofilms 011 the Syndax pin thus
originated mainly from the Syndax binder phase

(SI), but interacted strongly with Co and W from
the Syndito binder phase during their formation.

Material transfer occurred preferentially from the

Syndite binder phase (Co/W) to the Syndnx binder phase (SI), as evidenced by the fact that

X-R~---'----------------------------,l.lv~1 100s Prt~~~1 IOOs RCIMI nl no: Os
RCt\\1 trl'3s 8~~Oea.d

the Syndax pin,

Figure 5.19: EDS spectrum of the trlbofllm 011

the films formed only on the Syndax surface. The extensive formation of these films
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FiguI'c 5,17: SEM micrograph or the \\'01''1 Synditc disc from the Syndax (pin) / Syndlro (disc)

dry sliding coup le, showing accumulation or loose weal' debris on the surface.

Cn)

FigUt'1)5,18: Optical micrograph (a), 200x mug.: and (b) SEM microgmph of Syndax pin Irom

the Syndux (pin) Synditc (disc) dry sliding couple, showing extensive rrlbofllm formation.
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FlgUl'C 5.16: Optioal microgmph (a), 200x mag.; (b) SEM micrograph; and (c) EDS spectrum of the

WOI'II surface of the Syndire dis!' from the Syndax (pin) Synditc (disc) dry sliding couple.
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Figure 5.15: EDS spectra obtained from polished diamond grains on (n) the Syndax disc and (b) the

Syndax pin from the self-mated Sydax dry sliding couple,

by thin and lubricious, Si-rich tribofilms.

Syndax (pin) / Synditc (disc)

Little Co-rich tribofilm formation was observed on the Syndite disc (Figure 5.16), The
diamond surfaces wore highly polished and some accumulation of particulate wear debris
occurred 011 the sliding surface \,;:;'igure5.17), This debris was not smeared over the surface

and did 110t appear' to be deleterious to the the friction behaviour of the material couple.

In contrast, the Syndax pin exhibited well-developed tribofilms (Figure 5.18), These films

occurred in patches which were smeared over the diamond grains and appeared to originate
at the binder phase regions, Energy dispersive x-ray (EDS) analysis of the films was
somewhat complicated by the fact that the Si KCI line at 1,739 keV overlaps with the W NJ
line at 1,774 kcv'. It was thus difficult to unambiguously identify Si, the Syndax binder
phase, in the presence of W, which is contained in the Syndite binder phase. Tungsten could

be identified uniquely by it's characteristic L..lines between 8 and 10 kev,
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Figure 5.14: Typical appearance of the Syndax pin from the self-mated Syndax couple under

dry sliding: (a) optical micrograph (500x mag.): and (b) SEM micrograph.
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Figure 5.33: Influence oftcrnperaturc 011 the friction behuvlour of self-muted Synditc sliding dry

under a loud of !)(lON (coutnct pressure 15, I Mila),
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Flgul'e 5,32: Influence of terupcrature 011 the frictlon behaviour of s,~lf"l\\alcd Synllilc sliding lIt'y

under u load of 6014N (contact pressure 10, I MPn).
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The same basic behaviour pattern was found ill the four tests conducted (Figures 5J 1 to

5,34), 011 commencement ,)1' the temperature increase, the friction force also started to
Increase and at the same time the fluctuations of the friction force signal increased. At times
the associated vibrations were so severe that the whole POD trihomcter was shaking, The

Irictiou force then reached a maximum value at some tcmpernture between 60 "C unci 100 "C,
after which it and the signal fluctuations ugain started decreasing and reached an apparent
minimum at a temperature of about 160' C, On allowing the system to cool down. the Iriction
force and associated noisy. vibrations again increased rapidly,

These results suggested that 101'u given applied loud, the formation of the detrimental Co-rich
tnbofllms was indeed promoted by increasing temperature, which is in agreement with the
proposed formntlon mechanism of these layers, TIlG fact that the friction coefficient decreased

at higher temperuturcs WUB probably related to the properties of the tribofllms at these
temperatures, It is possible that the layers were signiflcantly softened and thus more easily
she ired and removed J1'0111 the sliding surfaces,

5.4 Water-Lubtlcatcd Sliding Bchnvleur

5.4.1 Run-In olnuuotertstics

The Syndite and Syndax specimens were run-in according (0 a similar procedure used for the
dry tests and exhibited similar behaviour, For both mntcrials, tho surface roughness dG()I'G(\sGd
rapidly fl'ol11 the originul Inpped Iinish H},3 urn Ra for the pins and ',0.5 urn l~ for the discs)
to stabilize at about O,OS ).l111 R", The friction coofflcients also decreased during rbe initial
s(ngGs of the run-in procedure, whereafter they remained virtually constant at values around
0.05,

In the case of Syndax, u run-in lest was also performed using an untnpcrcd pill, Analogous

to the Hndings during dry sliding. fincrure occurred at the pin edges and some of tho resultnut

debris was cutmincd in the sliding interfuce. This was ussoclated with un increase in friction
coefflcicnt, Wiping the surfaces clean while running resulted in u slgnlflcnnt limp in Iriction
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The study confirmed the hypothesis that the presence \Ii mud constituents such as silica and
bentonite in tl ie sliding interface could have a beneficial effect on the friction behaviour of
self-mated Syndlte, This was mainly related to the removal of the Co-contuinh- 5 trlbofilms

fi'0111 the sliding surfaces, by mechanical abrasion and chemical intcruct. '11 between Co nnd
the drilling fluid constituents (partlculnrly bentonite). The friction COl Ificicnt was less
scnsltive to the presence of barite, probably due to the lower chemical affinity of Co towards
this material, but the introduction of hacmntite into the sliding interface should be avoided,
since this resulted in u dramatic increase in friction coefficient and severe surface damage.

These results have clear implications for the design of drilling muds suitable fOt' usc with peD

bearings,

5.3.6 Influence of temperature

It was suggested earlier that 'extrusion' of the binder phase under the influence of thermal
stresses may have played au lmportant "o)e ill the formation of the trlbofllms observed on the
various sliding couples, The ambient tcmperuturc would thus be expected to I!XCl'l a
slgulficant influence on the friction behavlour of self ..mated Syndlte in purticular.

Unlubrlcatcd, self-mated Synditc couples were tested at various temperatures under Iour load
conditions. The system was heated by means of two electric tube heaters in the steel cnrrler

disc below the Syndite disc. The test temperature was measured by a thermocouple in contuct
with the hack of the PCD layer on the pin. This thermocouple was also connected to a
temperature controller which regulated the heating rate. A maximum temperature of·~ J6()" C
for these tests was selected (slmilar temperatures arc typically reached in down-hole drilling

applications). At the start of the tests. the sliding couple WUH allowed to reach equilibrium

friction force and temperature conditions when sliding at ambient tcmperuturc, The
temperature was then increased to .~160" C, at which Slugc the healing clements were switched

off and the system WH~ allowed to cool down.
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Dry powdered haematite (hardness 5 • 6 011

Mohs' scale) was introduced into the contact 0.7,....-------------,
aren of a polished Synditc couple sliding

Bxaminntion of the peD surfaces after [he

test revealed that severe damage had
occurred (Figure 5.29), Severe scratching
associated with apparent surface break-up and dislodgement of diamond particles was noted,

Hnclillltitc

with ,1 friction coefficient of -0,2. An

instantaneous reaction occurred, the friction
coefficient increased rapidly to a value of

-0,6 and this value was maintained 1'01' the
duration of the test (Figure 5.28).

1J 0,45

~ 0.4
§ 0,35
5 0,3

~ M5
02

nee 1000 1500 2(100 2500
Appllod lond (N)

FigHI'C 5.28: Influence of hucmntlte Oil the Irlctlou

behavlour of self-mated Syndlte,

particularly 011 the lending part of the pin. Diamond particles broken out of the sutlucc and

moving through the sliding contact appeared to have contributed greatly to the surface
dnmage,

As hnematlto is softer than quartz less severe mechanical damage would have been expected.

but itt fact the surface damage caused by the hucmatitc was more severe than thut from the
quartz. However, in contrast to silica, iron is known to act in a similar catalytic fashion to
cobalt and promotes the graphitization and degradation of diamond (Section 2.4.4). It is
likely, therefore, tluu the very high Mellon coefflclents encountered and the severe damage

sustained during sliding in contact with the haematite were caused by this reaction,

After the test in the presence or hacmntlte, the specimen couple was cleaned with dilute

hydrochloric acid and re-run in an attempt at re-polishing the surfaces. This resulted in the
development of very heavy deposits of the Co-rich tribofilm on both sliding clements

(Figure 5.30). Theil' Iormntion was probably b,v the same mechnnism as described earlier, but

promoted by residual damage on the diamond surfaces caused by the hacmutitc.
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After the test 110 evidence of the presence of
the high Co content deposit could be
detected on the PCl) surfaces, The low

friction coefficients could thus be

attributable to the absence of the Co
containing surface layer, as well as to the

lubricating properties of the bentonite
(bentonite is soft and is .characterized by
platelet-like particles, which could be easily
sheared in the sliding interrace). Slight
scratching of the PCD surfaces had
OCCUlTed,possibly caused by the presence of

a s111a11amount of si lien present in the bentonite,

The presence of barite (hardness 3 - 3,5 011

Mohs' scale) had a similar, but smaller
influence on the Syndite friction coefficient
than silica 01' bentonite (Figure 5.27),

After the test, the Synditc surfaces were
well polished and high Co content tribofilms
were present 011 both the pin and the disc.

The reason why barite, which is harder than
bentonite, did not remove the tribofllms as

effectively probably relates to the fact that

04,--~-----------,

oQ 500 1000 , 600 eeoc 2500 3000 3000
AppliGd lond IN)

barite is composed of barium sulphate,

towards which Co has little chemical affinity. Bentonite is an aluminium silicate, and it is
thus possible that u chemical interaction with the Co occurred, resulting in the preferential
removal of Co from the Syndite surface, unalogous to mixed Synditc / Syndax sliding couples,

FlglII'e 5,26: Influence of bentonlte Oil the tj'ietioll

behaviour of self-mated Syndlte,

00 500 1000 1~00 ~OO ~500 3000 3500
AppllQd load IN)

Flgul'c 5,27: Influence of barite 011 the Irictlou

behaviour 01' self-muted Syndlte,
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the pin surface, with abrasive wear marks, indications of diamond particle dislodgement and
even what appeared to be transverse cracks across some diamond particles. The ring surface
showed slight signs of abrasive wear al"l had a somewhat pitted appearance, possibly due to
some diamond particle dislodgement. This damage is attributable to the high hardness of
quartz (7 011 the Mohs' scale), and the concomitant high point stresses 011 the Syndite SIH;.. ces.

The fact that the friction coefficient of the sliding couple was reduced on the introduction of
the sand may have been' due to the abrasive action of the quartz on the PCD surfaces,

removing all the high Co content deposits, or it may have acted as a solid lubricant.

When precipitated powdered silica was

introduced into the contact area of the 04,---------·------,
so/so sliding couple the effect on the
frlction coefficient was the same as with the
quartz sand. An immediate drop ill friction
coefficient was observed 011 the introduction

of the silica powder and this low friction
coefficient was maintained over the full load
range investigated (Figure 5.25).

Ol~o---50'-0 -1"'1'"000--'15'-00 ~·-::25r.OO:--:3::":OO:-O~3500
Appllod load INI

Flgure 5.25: Influence of powdered silica 011 the

friction behaviour of self-mated Syndlte.
Examination of the PCO surface after the
test showed that scratching had occurred,
although not as severe us in the case of the sand. There was also no sign of the presence of
the high Co content surface layer.

Bentonite

The introduction of dry bentonite into the contact area of a self-mated Synditc couple, caused

an immediate decrease in frlction coefflcient from ~O,3 to 0,2. Under higher loads tho friction
coefficient was reduced to similar values as obtained in the presence of powdered silica
(Figure 5.26). However, the initial decrease was not as sudden as that observed with silica.
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Flguro :;.2-1: Surface appcarnuce of' Syndirc after sliding in the presence or dl')' silica, showing

obrnsivc groovlng ilnd fracture damage: SllOx mag,
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usually also contains a small amount of sand, but this is typically limited to 1,5 wt% or less.

Down-hole powerpacks such as positive displacement motors or turbines are driven by the
drilling mud. DUI} to the high mud flowrates (-3500 l/min for a three stage turbine) it is

often impractical to seal the powerpack bearing assemblies and, as a result, the radial and

thrust bearing assemblies arc also exposed to the drilling fluid. One of the perceived

advantages of PCD thrust bearings is their ability to operate with fairly agresslve drilling mud
as lubricant and coolant, while providing superior friction and weal' performance compared

to traditional elastomer/steel 01' steel rolling element thrust bearings.

The laboratory investigation described in tho previous sections has shown that the performance

of self-mated Syndite was limited by the formation of Co-rich tribofilms on the sliding
surfaces. Further, the friction coefficient was lowered and the load carrying capacity

increased when these films were removed. It was postulated, therefore, that in practical thrust
bearing applications the solid drilling mud constituents might be effective as cleaning agents,
removing the Co-rich tribofilms fr0111 the Syndite surfaces and leading to improved

performance. Therefore, the influence of the solid mud constituents silica, bentonite, barite,
and haematite 011 the tribological characteristics of self-mated Syndite was studied under dry
sliding conditions. Prior to each test, the Syndite couple was run-in under high load and at
a sliding speed of 0,13 m/s to obtain well-developed Co-rich tribofilms 011 the sliding surfaces.
The load was then reduced, the mud constituent under investigation added and the load
increased step-wise analogous to the Lee tests.

Pure quartz sand was introduced into the contact area of a polished, self-mated Synditc couple
sliding at 0,13 111/s under a load of 600 N and at a friction coefficient of'-. 0,2. The friction
coefficient almost immediately decreased to a value of "'"'0,1 and this low value was

maintained when the load was increased to 2 200 N. Examination of the pcn surfaces nftcr

the test showed that the Co containing deposit present before thc test had been removed and
the surfaces scratched. The surface damage, shown in Figure 5.24, was particularly severe on
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(ll)

(b)

~~--------~-~--~----~~----------------------~Ftgure ;;.42: Optical Illicrograph (a), $()()x mag .• nnd (b) SEM l11icl'Ogmph of 111\'Syndi!\! disc

from the Syndax/Syndilt) wnter-lubrica.cd sliding couple,

ItJ7
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Close examination of the Syndite disc by optical microscopy techniques revealed that Co-rich
tribofllms formed in small patches 011 the polished diamond surfaces, as well tiS in the inter-
grain areas (Figure 5.42), The films were contparablc to those Iormcd on the bulk of the self-
mated Syndite surfaces in water-lubricated sliding. but were difficult to sec even with optical
microscopy. and could not be observed at all under the SEM.

No obvious Si-rich tribofilms were observed on the Syndux pill (Figure ~.43), In contrast to
unlubricated sliding of this matcriul couple, the Si-binder phase from the Syndax thus
appeared to be unable to 'bind' the Co from the SYlldite hinder phase in well-developed
tribofilms. This could be due to a number or factors, including:

debris was swept out of the sliding interface by the water and was tints unavailable
1b1' tribofilm formation:

the rate of jill'lllatillll of silicon uxides und hydroxldes was probably higher in the
presence (11' water. 'I'hcsc could hnve been l!usily removed nom the surfaces hy
sliding. and would thus haw been unuvuilable for tribofllm formation:
less adhesion and materiul transfor would haw occurred in the warer-lubricatcd
envirnnmcnt, due to the •contnmination' of the sliding surfaces hy oxygen,

hydrogen, and water (these molecules rupidly comblnc with active surtuces creuted
by the sliding process which SlIPPI'CHSI.!H udhesion and marcrial trunsfer):
comparatively low temperatures also SUPJ1I'l!ssl!dndhesiun und material transfer <tnt!
reduced the rate of 'thermal migration' of the binder phase Irom the PC!) structure,

thus l'l!dw.:ing the rate of debrts and trihofilm Iornuuion (pul'ticulmly in the case of
Synditc).

Analogous to the self-mated Syndite couple in water-lubricated sliding. the SYl1lhlX1SYllditl.1
couple thus exhibited low friction cocfflcicnts ( D.l) as a result of the ubsence of large nreus

of well-developed Co-rich tribofllms, IIoWCVI.!I'. small patches of this tribofilm and the

presence of small umounts t)1' weal' ddwis were effeetivc in inducing stick-slip motion which.
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(b)

k-_________ __, ~-- __--------~--~---~~
Ffgul'l) 5,·11: Optlcal mlcrograph (a), SOOx Illag,; nud (ll) SEM mlcrogrnph of u typical Syndnx

sunucc produced in self-mated, watcr-tubrlcatcd sliding.
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The Syndux disc and pin both exhibited highly polished diamond surfaces with somcwhnt less
scoring damage than observed in dry sliding (Figure 5.41). This was confirmed by the filet

that the surface roughness of the pill was similar both in und across tho sliding directions
(0,02 and 0,05 respectively). It thus appears that much of the WOUl' debris WIIS swept out of
the contact zone by the water,

Preferential wear of the Si binder phase as well as Irngmcutation of the edges of the diamond
gralns in these regions war observed 011 both sliding clements, The damage appeared to be
worse than for dry sliding, which could be related to the fact that Sl is susceptible to a

chemical went mechanism in water through the formation of silicon hydroxides. MOl\!OVC1"

much of the loose wear debris was washed away from the contact zone by the water and was
thus not allowed to accumulate in tho cuvitics between the diamond grains where it could have
protected the underlying Si binder phase, The wear rate of Syudax in a wutcr lubricated
environment is thus likely to be higher thnn in dry sliding.

Detailed microscopic exumlnatlon revealed no obvious trlbofllms on the diamond surfaces,
Nevertheless, rms analyses showed small amounts of 8i on the polished surfaces of tho
diamond grains, whioh indicated that thin, Si-rich uibofilms were Pl'OSQIlL in these urens.
Given tho aqueous cnvironmcut, it is probable that these films would have been lurgcl>'
composed of silicon oxides and hydroxides. These compounds (Ire lubrlcious and would thus
not lead to n slgniflcun] increase in Irietion coefficient, Slmllur observations were Illude on
the unlubrlcatcd sliding couple,

The SUPCl'iOl' friction behaviour of tho self-mated Syndnx couple was thus attributed to the
ubsencc of sll'Ongly intcractlng tl'ibomms 011 the diamond surlaces. Preferential weal' or the
fii binder phase and the absence of llll'gl..l amounts or uccurumulntcd dehrb; ill the sliding

lntcrfncc lllft tho dlumoud grains stunding proud. Sliding conmct was thus dominated by

dlamond-dfumond Iriction, which is ussuciated with low Irictlon coefficients. Thin, lubricious
Si-rlch tribofllms may have played a smaller contributory 1'611.1.
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FlAIlI'C 5.40: SEM micrograph of n typiclll SYllditli sUI'nICe produced ill self-muted, wnter-

lubl'icntcd sliding (a); and (b) EDS spectrum showing smull amount of Co on the diamond surfaces.
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(n)

(b)

----- -----Figul'e 5.39: Optical micrographs of co-rich trlbofllm patches formed 01\ Syndlte during SIlI!'-

mated, watcr-lubrlcntcd slidillg: (a) small patches; and (b) lnrgor patches (50tlx mag.).
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5.4.3 Surface effects and tribofllnt Iurmntlon

Self-muted Synciitc

The Syndito surfaces exhibited patchy tribofllms, rich in Co (Figure 5.39). These patches
were considerably less well-developed and thinner thun those formed during dry sliding, and
could not be seen under the SEM (FIgure :i.40), Nevertheless, EDS analyses confirmed that

small amounts of Co were present 011 the diamond surfaces,

The low frictlon coefficients of around 0,1 exhibited by this couple may thus be attributable
to the absence of thick, well-developed Co-rich trlbofllms, ns well as the lubricuting and
cooling effect of the water. However, the couple appeared to be sensitive to small chnnges

in contact conditions, which resulted in stick-slip motion associated with severe vibrations and
noise emission. The Lee was limited to low contact pressures, although the friction
coefficient was not affected dramntically.

This behaviour was somewhat different to that shown in dry sliding, where the contact
conditions were dominated by well-developed Co-rich trlbofilms and relatively high loads
could be sustained, albeit ut higher coefficients of friction. The temperature of the sliding
surfaces may have played a role ill that a minlmum in friction coefficient was found at 160°(:

in dry sliding (temperature mensurod at the Interface between the PCl) layer and the we·co

support matcrinl), This was attrlbutod to the influence of temperature 011 both the rate of

formation and the mechanical properties of the Co-rich tribofllms, In water-lubricated sliding.
temperatures were lower unci the rule of fbrmatlon of the tribofilms and associated loose wear
debris would have been lower. Furthermore, the small tribofllm patches would not have been
softened to the same degree us in dry sliding. It is thus likely that small amounts of loose

wem' debris and the interaction of the triholilm patches caused small. localized disruptions in

the contact conditions which, in turn, resulted in the observed vlbrutlons and oscillation of the

friction coefllclcnt. It is unlikely that graphitizntiun played n major rCllc in view of the strong
cooling effect of the water and concomitant low contact temperatures.
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S)(l1ditc (pin) / Syndnx (disc)

In contrast to the Syndax (pin) /
Syndite (disc) couple, this

material couple could sustain a
lout! of 4100 N (contact Pl'CSSlll'C

64,4 MPa) at a low friction
coefflclent of 0, I (Figure 5.38).

However, this LCC was not
reproducible and was only
obtained once out of u total of
five tests. In the remaining

tests, the couple exhibited much
the same behaviour as the

Syndax/Syndlte couple, i.c. u
low LCC of 2800 N, limited by
vibration and noise emission,

'\l 02,1"""""·"·"·",,,,,,,

~3 O,I~ I "".".", ,"",.,,"''',.."."..".....,..., """ .. ""."""".,".""."",,......
c
III
~ 0,1

.. ,,,,, .. ,,,,,.,,,, ..,,,,,,,,,,,,,, ,,,,,,,,,,,,, .. , ..,,,,,,,,.,,,,,,,,,,,,,,,., ..,,,,,,,.,,,,,,,,,,

. ...".

It was thus concluded that the true Lee of this couple was probably close to 2800 N (contact
PI'CSSllL'C 44 MPu), although it appeared to be possible tinder very fuvourable circumstances
to attain a LeC of 4100 N with low friction coefflcients.

?oOO~--2~;~- eeco 4000 4000
Appll.ct land (N)

As for the previous couple, small patches of Co-rich tribofilms were noted on the Syndite
surface, Further, analogous to self..mated Syndltc ill dry sliding, small amounts of loose, Co-
rich wear debris were probably present in the contact zone, despite the Ilushing effect of the
water. These factors are thought to be responsible 1'01' the unstable friction behaviour at high
loads which limits the Lee. No Si..rich tribofllms, which appeared to be effective in binding
Co nnd preventing this phenomenon, were noted on the Syndux surface.

Figure 5.38: Load c. ,ying capacity and friction behaviour of II

Syndltc (pin) I Syndax (disc) couple ill wnter-lubricatcd sliding,
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Syndax (pill) / Synditc (disc)

This material couple exhibited 11

similar trend to the self-muted

Syndite couple (Figure 5.37).
The friction coefficient

increased significantly between

1600 N (contact pressure 25,2

MPn) and 2400 N (contact
pressure 37,7 MPu), but still
remained nl quite a low absolute
value of 0,13 maxlmum. The

Lee was limited to 2800 N
(contact pressure 44 MPa) by

the onset of vibrations and noise
emission.

'N'\I/I~\\I\;~rl'IWi,~~~~~)/J~lliIii
~'l'Jl;I'hl\},/'Ji~·'I\'v/\\;;".,;\."''',/",'\...1
L.l__' __.....L.,~·.,.,_.~_~-.l..."_" ...._..t,,.""""._,J.,...,~~~ __ ;._l .....__ .__~.....},,·'''''"·.~''"-...•.
S\.\I"\ : U .. il'''1?9l "',:5'l:\16 T1Hr. 51o\) ; u ..a'''l,tllJ:1 16:(I\1IS~

Figure 5.37: Loud currying capacity and friction bCIHIYiOlll' of n

Syndax (pin) / Syndlte (disc) couple in wnter-lubrlcated sliding.
In view of the superior
performance of this material couple under dry sliding conditions, this behaviour was somewhat
unexpected. However, as will be seen in Section 5.4.3, it could be explained in terms of the
formation of small patches of the. deleterious Co-rich films on the Syndite surfuce. These
were generally not as well-developed as those formed under dry sliding conditions on self-
nutted Syndite, unci thus had little Influence on the Irictlon coefficient, However, their
presence (and, probably, the presence of some loose, Co-rich weal' debris) and interaction WLlS

enough to induce stick-slip motion, which limited the loud carrying capacity of the couple.
Removal of the tribofilms with dilute hydrochloric acid resulted in smoother friction
behaviour for a short period or lime, until the small tribofllm patches were re-formed, 'fl1is
tended to confirm the above interpretation.

No obvious Si-rlch tribofilms were observed on the Syudax surface and this provides an

explanation for the presence of the Co-rich tribofilms.

o.~ .~.. ----

0- ~---'~--~----~---r--~I
1000 IDoo 2000 2000 eeoc O!lOO 4000 1ilOO

Ap"l~d load tNI
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Sclt'..matcd Syndax

This couple was able to sustain
the maximum load which could
be applied with the POD

machine, namely 4300 N

(contact pressure 70,7 Mpa), As

shown in Figure 5.36, the
friction coefficient remained
virtually constant at very low
val ues « 0,1) over the entire
load range used. The
performance of the couple was
not influenced significantly by
the increase in scatter in friction
force which occurred beyond

4000 N. In general, both the
LCC and the friction

coefficients attained were comparable to those observed under dry sliding conditions. This

is a slgnificant finding which suggests that in contrast to self-mated Synditc, self-mated

-_._--_.. _----,-----

?oool---....,,~,-OO---,2.,.OOO--2000~--3000,-.--~roo-·-40T"OO--4m'
Appll,d I•• d (Nl

Syndax may be able to run dry for short periods, which has potentially important implications
1'01' the robustness of thrust bearings with Syndax sliding surfaces.

Ftgure 5.36: Land carrying capacity and friction behavlour of sclf~

mated Syndax in water-lubricated sliding.

No obvious tribofilm formation was noted, although thin Si-rich fllrns were formed on some

of the diamond surfaces. These were similar to those observed in dry sliding and wore
probaly highly oxidized and hydrated due to the presence of water. The surface roughness

was increased duo to preferential wear of the Si-rlch binder phase regions. and so the low
coefficients of friction and high Lee were probably not related (0 hydrodynamic lubrication

effects, The superior performance of this material couple was thus attributed to the absence
of deleterious Co-rich tribofilms, with thin, lubricious Si-coutaining tribofilms possibly
playing n contributory rOle.
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coefficient fr0111-0,056 to -0,03. This indicated that the presence of the diamond debris on
the sliding surfaces had a detrimental effect on friction behaviour. Nevertheless, the Syndax
surfaces exhibited less grooving damage than in dry sliding, probably because much of the

loose debris was Hushed out of the contact zone by the water.

5.4.2 Influence of load and loud carrying capacity (LCC)

§Self-Mated Syndite

The results from a Lee test all

self-mated Syndite arc shown in
Figure 5.35. The friction
coefiicients were extremely low
at below 0.1, but increased
steadily with increasing load.
The Lee was limited by the

onset of severe vibrations and
noise emission from the sliding
couple, which was associated
with relatively large fluctuations

in friction force. Despite the
low friction coefficients which
were attained, the maximum
LCC of the couple was thus
only -2500 N, which

svtll>nILLtI')/SYUOIII LLOU HF;t, t.cc IM!U TO il mm

?000---rIOOO--2aoo-20oo-~-~- >4~~'-oo--
Appl~d lond IN)

significantly worse than that attained by the same couple in unlubricated sliding. A possible
explanation relates to the extent to which Co-rich tribofilms were formed, the presence of
loose wear debris in the contact zone, and influence of temperature on tribofilm formation and
friction, (Recall that, in dry sliding, the friction coefficient tended to decrease with
temperature and reached an apparent minimum at 160()C). These effects will be discussed ill

more detail in Section 5.4.3.

'----------------,---_._-
Figure 5.35: Load currying capacity nnd friction beuavlour of self-

mated Syndlte in water-lubricated sliding.
is
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Flgurc 5.34: Influence of temperature 011 the fl'iction bohavlour of self-muted Syndlte sliding dry

under n load of 2980 N (contact pressure 46,3 MPu).
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haemutite was attributed to structural degradation ofthe diamond surfaces. catalyzcd by the

iron content of the hacmatite (iron i>: '<tX1Wlltu promote the grnphitixation o!' diamond),

The effect of ambient temperature 011 s~1f-mutcd Syndltc in dry sliding was studied in ,k'\\

of the apparent importance or thermal effects in tribofllm formation. The friction cocfllclcnt

and associated fluctuations in friction I(H·Cl.' increased with increasing tcmperuturc lllld reached

a maximum II remperuture bdWL'~1J (10 .C and 100 C. Beyond this point. both parameters

decreased to reach a minimum at about [(10 .C, These cflccu were explained in 1l.'I'IllS 111'111\.'

inllueucc of temperature 0') the raie or biudcr phase migration and triholllm Iornuuion, as

well as on the mcclmnicnl properties 01 ,II': trilxullm.

Similar effects were observed under wnter-lubricuted sliding conditions. Tile load l'mTyillg

cnpucity of the sci r..mated Synditc couple uppcarcc' to he limited by the Iormarion of' srnull.

Co-rich tribofilm patches. which caused severe stick-slip motion but did not increase the

overall frictior. coefflelent dramatically. The self-muted Syudux couple exhibited 1\l\\CI'

coefficients or friction and much higher Lee, i.nd this \\as uuributed to the absence Ill' such

tribofilms, In contrast to dry sliding. the mixed Synditc/Sy'ndax couples showed II similar

behaviour to the sell-nutted Syndltc, i.c. limited L('e' which wu» upparcmly dill.' til Ih\.'

formntion or Co-rich tribofllms. In nil cases the film» \\CI'C much lcs~ well-developed than

:il dry sliding. and were dllflcult to observe and unnlyzc. Nevertheless. the obscrvutiou that

the films appeared to promote stick-slip motion. :1I1d thus limit the 1.('('. was confirmed b~

removing the films with dilute hydrochlonc add. Whl.'l'ClIj1011 !O\Wt· coelfi, ientx 0[' friction and

smoother friction bchuviour were obtllil1nl ['01' a shon period,

l'he presence or bcncflclul Si-rich uibofilms which could bind the ('0. unuloguus 10 dt)

sliding, could not be confirmed on the Syndux surfaces. This \Vl\S probahly related 1\1 the

combined effects or lower t~IllPI!I'UIlll\'S. the presence or water in the conurct llll1~' which

reduced adhesion and material transfer. and the 1~\l.'tthat debris \\\lS swept II\\! or the \.'\111t(\1.'1

urea by the water and wu» thus unavailable 1111'tribotllm Iormarion.
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sliding conditions,

t 'ndcr dl':; sliding conditions. mixed SynditclSynLlax sliding couples showed lower coellicicnts
or friction and higher L('e thun self-muted Syndite. This was related to the formutiou or Si·

rich tribofilnis 011 the Syndux surfaces, which also contained smaller amounts or {\1 and \\'

from the Syndito binder phase, No deleterious Co-rich tribofllms were present on the Syndill!

surfaces, It wns concluded (hal ('0 was preferentially removed nom the Syndite surtuce (lnd

trunsfcrrcd tIl the binder phase regions or the S)!ndax surlucc. due tn the strong chemical

affinity hetwt.ll~l1 ('(1 and Si. There was some unulyticul evidence that u chemical conipound

rich ill Sl, Co und () was present in the Si-rich trihofllm. lhe ('0 \YUHthus effectively hound

in this trihofllm on the Syndux surface, and the potential for the formation and intcruction or
detrimeurul Co-rich tribolllms on the Syndite surface was red 1lI':cd, The dctcrrnlnntion or thl.'

precise nature or thc Si-Co-O compound requires H much mon ..' detailed. lndcpcudcnt XPS

study,

The Iormutlon of the trihofllms was explained in terms of a thermal hinder phase migration

mechanism. sustuincd by diffusion and pnssl bly driven by chcmicul reactions (oxidation) 0 r

the binder pIlUSI.' lit the slidinll surluce. Loose wear debris generatetl Irom the hindcr phase

regions probubly also played n signiF,tlnt contributory I'llll: (corupuction). lunhcr work.

involving. 1'01' instal ee model experiments in u controlled nunosphcrc lurnncc. coupled with

detailed mass spectrometric unnlyscs, is inlliented tll confirm and describe till,' pr()posed bindl.'!'
phase migration and trlbofllm [(lI'l1Hllioll mechanism in 11101\' detail.

TIll: influence lli' several typical drilling 1111id constituents i.e, silicu, bentonite, barite and

hncmatitc in the contac; urea or u self-muted Synliitc couple was cxnmincd under dl'~ sliding

conditious. The efli.:cts varied 1'1'0111 apparently 110 effect with barite, to reduced fj'kllllll nnd

IlO surrucc damage with hontouite. u reduction in friction nCCl1l11pnnk'd by surface scorin),! with

slllcu, lind increased Irictlou coctflcients lind SCVC}\' slIl'lhcl' dumage with hucnuu iII.'.

Ilcnellclul I!i'li.:cts WeI'\,! associated with the Ml111\l\1 or deleterious ('o-rich tribl1l1lms irom tl1l.'

sliding slII'1l1ces. by it complex mechanism invulv ing both rncchanicnl abl'm ion and chemical

interaction between ell nnd the drilling Iluhl constituents. The dramntlc negative ~'rkl'tor
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cupacity of these films appeared to be limited. however ami oscillauons in friction coclficicnt

and increnscd ~;tllhili/'ed wear rates were observed at loatls 1'1' so N. The effect was more

pronounced for Siulon and was probably related to the different nature or thl.' tribolilms

All ceramics except alumina developed u characteristic surface finish during sliding. \\ hich

was essentially independent of the original surface roughness. This has important economic

implicutions since these materials may be thus used in prncticnl upplicntions without prior

pollshlng,

/\ short study on the Influence Ill' water chemistry demonstrated that till' presence or
significant amounts of chkiridc and sulphate had a significunt uml gcucrully bcncllcial cl'lect

on the friction and weal' bdmvioUl' of l\lumina and Ihl! silicon-based ccrumlcs, Bmil!d lll1

uvullublc evidence, this was tcntutively explained in 1l!I'IllS or reduced adhesion nml the

promotlon of iron oxlde and hydroxide formation on the steel ball hy the PI'CSI.:IlCC of sulphate.

Adsorption effects may haw played H signi Ileum contributory role, J1<11'lh:111nl'ly in the cuse of

the silicon-bused cerumics, It was suggested that the influence of sulphate IlHl) haw been

I11Ot'e lmportUI11 in this rcgurd than thu; of chloride, Further work 011 dnl'ifying the precise

mechanism» is indicated in view or the potcntiul importuncc Ill' these ctlccts in improvlng till'

pcrfonnancc of these metal-ceramic sliding couples.

6.3 Polycrysrnlllue Dlumnnd Sliding Couples

The lriction behuviour and load carrying ctlpacity (1.('(') of various sliding combinntion« 01

Syndite und Syndux \wre studied under dry lind wutcr-lubricuied conditions. In both cases.

the U 'C' or Synditt\ was limited by the onset of unstable t', iction behuv iour and increased

rriction coefficicuts tit higher loads. It was elll1c1l1tlt.:d thnt this was asslllJiutcd with till'

tormution and udh .sive irucrnction or pnll:hy, Co-rich tribotllms 011 the Syndik' surlaces,

SdJ'·IllUll.'t1 Syndtlx exhiblted lower l'IH.:nkk'I1!S or friction tlnd high'~I' 1.<'(' and this \\as

attributed ttl the absence \11' Co-rich tribofllms, as it result or the different bil\d~'!' phusc

compositiou. The PCI'l\ll'l11anCC of the couple Wl\S simi lnr under both dry and watcr-luhricutcd
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performance limitations lind associated friction and weal' mechunisms oj polycrystullinc

diamond (PC!)), and this was the second focus urea or tile present work,

'I'll fucilitute the work on mctal-cenunic sliding couples, a high-speed rcclprocuting trihomctcr

with computerized dutu acquisition lind control wus developed, rile main aims of the

machine. namely to provide meaningful friction and wear data in n rcclprocntiug mode and

OWl' a range of sliding conditions, were sntisfactorily nchlevcd. Vibration tu.alyses indicated

that reciprocating frequencies between 25 and ~5 Ill' should be avoided unless further

vibration-reducing meusurcs tire employed, Some suitnble measures were identified.

Excellent agreement in measured dynamic friction coefficients was found with U commercially

uvnllablc trihomotcr, using a standard L.st urruugerncnt with known friction behaviour.

6.2 Mctul-Ccramlc Sliding Couples

The friction and weur bchnviour of a runge (\f' oxide and silicon-based cerumics sliding uguinst

AISI 440(' stainless steel in dclo.uzcd water was studied, All the sliding couple» exhibited

n pronounced two-phase Irictlon and wear behaviour. churactcrizud by u run-in und u slf.)ad~'·

state phase, The weal' results showed thut it is imponunt tn qlHll1tilY not only the total amount

of wear. as is commonly done, hut also the steady-state wear rate, which is the more

impOl't<1l11 ptU'l\!nC!\.)!' rot' assessing the long-term opcrntlonal performance or the slilling. couplo,

In ugteemcnt with published lltcrnturc, the oxide ceramics gellelilll~ showed highl.'l' lrictiun

coefficients and weur mtcs c\\ll1pmed tn thl.! silicon-bused ceramics. This was explained in

terms of different levels or adhesion between the sliding elements (11\(.1the Iormntion or
intcrlaciul metallic !1'lI11s(i.:1'films In the case of zirconl« ccrumics, increased trnnstormutiou

l{lllgJwning was ihund ttl be related to inurcuscd surface tuicurrc dmnnge and 1n1.!!lIllic \ml1s!'cr
film formnt ion , 'l'hcse films were bcnellciu] ill that tllf.))' Pl'otf.)c\f.)d 1[10 lllllblyillg cerumic

surface from further dmnagc und determined the friction and wear bchnviour.

The superior Iriction and went' behaviour or Sialnn lind Si,N., was related tn the Jormution Ill'

Iubriclous Si<) ,~bllsed trlbuchcmicul reaction fllms (Ill these materiels. l'hc loud currying
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CHAP'nm, (,

6. (,ONCLl1SIONS

Mining remuins one or the most important industry sectors worldwide, Cuntinuing pressure
towards reducing. unit production costs has driven much research activity in the nrens or
impl'O\,f.!dmining systems und 111m'\! efficient use of engineering muterinls. In particular. the
performnnce of new mining systems such us hydro-power (the use or WlIlCI' liS hydraulic
working fluld) ill South African gold mines, or down-hole drilling powerpucks in the oil and
gus Industry. is limited by the trlbologlcal performance of sliding muteriul couples. l'hc

I1I'1':SI.:111st'l.:!Y aims to mukc ,1 contribution in this area by examining the friction nnd wear
chnractcristics 0[' mctnl-ccrumic HI,d polycrystallinc sliding couples 1'01' application ill

rcciprocar ;:~ hydro-power components, and high-loud thrust bearings lor down-hole
powcrpacks, respectively,

6.1 Genernl

t\ study of the existing literature shO\\ell thut thv friction and WI.!l1l' behaviour of ceramics and

diamond is governed by n number of complex mechnnisms anti phenomena. The development

ol' stable tribofilms on the sliding surfaces is of purticulur importance in this regard. uud much
work hus been )11.!1'l'O\'I1\I.:t1in an attcmpt tn chnrnf.!b':l'i'l':such layers. Rcnli/ing this complexity,
several researchers huvc focused on di!wlopinb! Iriction and wear maps. which describe the
tribological pCI' Iornuu ic 1..' of partlculur mnterinl couples uver a wide runge or opl.'l'llliul,o

conditions. The problem remains. !lOW!.!\'i!I" that tim il1nps mc uvalluhle and much puhl':,hed
work is not comparuhlc due 10 din'!.!l'cl1l.!\)S ill test conditions. runtcrluls, and expcrirnentu)

procedures. Studies which (l1'1.! focused on a particular set of upplicutions, like thi! present 11111.!.

will thus be required 1'01' some time to come,

i\ Ialr amount (II' work has been don~ 011 lh~'Irictiun and wear or single crystal diamond \lnd
('VI) diamond ~'oillillgS. which has conllrmcd till' V\,'I'Ylow tlictlon coefficients and wear I' 'I.!S

which cuu hI.! achieved with these matcriul«. I Iowcvei .. very link is known uhut, t:j~'



CIIAPTER S; Poiycrystnlllno Diamond (PCD) Sliding Couples 204

influence of tcmpcrtuure on the rate of binder phase extrusion and tribofllm formation, as well
US on the mechanical properties of the tribofllm.

Onder wuter-lubricated sliding conditions, similar effects were observed. The load carrying
capacity of the self-mated Synditc couple appeared to be limited by the formntlon of small,
Co-rich tribofllm patches. The self-muted Syndax couple exhibited lower coefficients of
frlction and much higher Lee and this was attributed to the absence of such tribofilms, In
contl'llst to dry sliding. the mixed Syndite/Syndnx couples showed n similar behaviour to the
self-mated Synditc, i.e. limited Lee which was apparently due to the formation of Co-rich
tribcfllms. However. in all cases these films were much less well-developed than in dry
sliding aile! were dilficult to observe lind analyze, Nevertheless, the observation that the Illms
appeercd to promote stick-slip motion and thus limit the Lee was confirmed by removing the

films with dilute hydrochloric acid. whereupon lower coefficients of friction and smoother
friction behnviour was obtained for a short period.

The presence of bcneficiul Si-rich tribofllms which could bind the Co. annlogous to dry

sliding, could not be confirmed on the Syndax surfaces. This W:IS probably related to the

combined effects of lower temperatures, the presence of water til the contact zone which
reduced adhesion and mutcrlal transfer. and the fact that debris was swept out of the contact
area by the water and was thus unavailable 1'01' tribofilm formation,

These flndings have important commercial implications since they point the way towards the
design and selection of Improved PCD mutcrial couples for thrust bcarlngs used in down-hole
drilling applications, Commercial aspects of this work, us embodied in improved thrust
bearings, have been protected by three international paten' applications.
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Under dry sliding conditions. mixed Syndite/Syndux sliding couples also showed lower
coefficients of friction and higher Lee than self-mated Syndite, This was related to the
formation of Si-rich tribofllms on the Syndux surfaces, which also contained smaller amounts
of Co und W from the Synditc binder phase. The absence of deleterious Co-rich tribofllrns
on the Syndite surfaces led to the suggestion that u strong affinity existed between Si and ('0,

resulting in the preferential removal of Co from the Syndite surface and transfer to the binder
phase regions of the Syndux surface. There was some analytical evidence that [I chemical
compo LInd rich in Si, Co and 0 was present in the Si-rich tribofllm. The ('ll \VUS thus

effectively bound in this tribofilni ')11 the Syndax surface, and the potential for the formation
and interaction of detrimental Co-rich tribofllms on the Syndite surface was reduced,

'1'11(:formatlon of the tribofilms was explained in terms of It thermul binder phase migration
mechanism. sustained by diffusion and possibly driven hv chemical reactions (oxidation) of
the binder phase at the sliding surface. Loose weal' debris generated from the hinder phuse
regions probably also played a signitic,mt contributory roll.! (corupuction).

The influence of Severn I typical drilling fluid constituents i.e, silica. bentonite, barite and
hacmatitc itt the contact urea of n self ..mated Syndite couple was exumlned under dry sliding
conditlons, The effects varied from upparcntly no effect with barite, to reduced friction and
no surfnce damage with bentonite, a reduction in friction nce\)ll1paniud by surface scoring with
silica, and increased friction coefficients and severe surface darnngc with huematite.
Beneficial effects were generally associated with the removal Ill' deleterious Co-riel: triholllm«
from the sliding surfaces. The dl'mnatic negative effect or haemntitc wus attributed to
structural degradation of the diamond surfaces, cntulyzed by the iron content oJ'the hucmutitc
(iron is known to promote the graphitization of diamond).

The effect of ambient temperature on self-mated Synditc in dry sliding wus studied in view
of the upparcnt importance of thermnl effects in tribofilm formation, The frlction coefficient

und associated flucmntions in friction force increased with increasing temperature and reached
a maximum u temperature between (,() .C and 100 C. Beyond this point. both purumctcrs

decreased tn reach a minimun; at about 160 C. These effects were explained in terms of the
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5.5 Commerclal Implications

This work has led to the development of an improved PCD thrust bearing for application in
con] unction wi th a down-hole powerpack such as a Moineau motor or turbodrill,
Conunerclally sensitive aspects of this bearing have been protected by two patents [221] [222).
which have been granted t\) date in South Africa, the t lSA. and Australia. Examination of

the patents is underway in a number of other countries. including China and Europe,
Prototype thrust bearings have been tested successfully both in a full-size test rig as well as
in a production oil well ill cooperation with the Russian Scientific Drilling Techniques
Research Institute (VNIlBT),

The work has also clearly shown that the use of thermally stable PC!). such as Syndnx, either
(\S self-mated benring couples 01' in conjunction with Syndite, may provide significant
improvements in friction behaviour and load carrying capacity. Bused 01' -hese findings and
in view of the potential commercial implications, an international patent application has been
submitted 1111'a thrust hearing incorporating such improved pcn sliding couples as bearing
surfaces [223].

5.6 Summary

The friction behaviour and loud carrying capacity (IX{,) of various sliding combinations of'
Synditl! and Syndax were studied under dry und water-lubricuted conditions, In both cases.
the Lee was limited hy the onset or unstable friction behaviour and increuscd friction
coefficients at higher loads. It was concluded that this was associated with the formation and
adhesive interaction of patchy, Co-rich trlbofil.ns on the Syndite surfaces,

Self-mated Syndtlx exhibited lower cocfflclents of frictlon and higher LCe and this was

attributed to the absence of Co-rich tribofilms, us a result of the dinl't\~nt binder phase

composition. The perfonnnnce of the couple was similar tinder both dry nnd water-lubricated
sliding conditions. It is thus 1i]';!.)1:that thrust bearings incorporating self-runted Syndux
hearing surfaces will cxhlbit superior performance compared to Synditc hearings.
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(<1)

(b)

Flgul'e 5.·15: Optical l11i('!'ogmpil (<1), SOD;..:mng.: and (b) SEM mlcrog.aph of tho Syndlte pin

front the SYl1dit\)/SYl1da;..:watcr-lubrlcatcd sliding couple.

"
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(u)

(b)

Ftgure 5.44: Optical micrograph (u). 500x; and (b) SEM micrograph of the Syndnx disc from

the Syndlte/Syndux watcr-lubrlcntod sliding couple,
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in turn, caused severe vibrations and limited the Lce,

Although the presence of Co-rich wear debris and tribofilm patches was not easily observed
microscopically 01' confirmed analytically, their effect on friction and Lee was confirmed by
removing the tribofilm patches with dilute hydrochloric acid unci re-running the test at a load
close to the Lee, It was found that the couple initially run very smoothly and with low
coefficients of friction, but stick-slip sliding accompanied by vibrations and noise commenced
with increasing test duration,

Synditc (pin) / Syndax (disc)

The behaviour of this couple appeared to be very similar to that of the Syndax/Syndite couple,

The Syndax disc showed some preferential wear of the Si binder phase, but no well-developed
Si- 01' Co-rich tribofilrns were detected (Figure 5.44),

The Synditc pin exhibited highly polished diamond surfaces with small patches of Co-rich

tribofilms at the grain boundaries (Figure 5.45),

The fundamental mechanism which dominated the friction behaviour and Lee in water-
lubricated sliding thus seemed to be similar for the two mixed Synditc/Syndax couples, In

both couples, the absence of large arcus of well-developed Co-rich tribofilms resulted in low
friction coefficients, Of course, the lubricating effect of tho water, as well as the presence of
thin and lubricious, Si-rich tribofilms on the Syndax surfaces may also have contributed to
the low friction cocificicnts. For various reasons which were presented in the previous
paragraphs, Si-rich tribofilrns which were effective in 'binding' the Co in dry sliding did not
form, Therefore, small patches of Co-rich trlbofilms were developed on the S) nditc surfaces
and these induced stick-slip motion, vibrations. and noise emission Which, in turn, limited the
LCC to low loads.
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Figure 5.43: Optical mlcrogruph (a) • .500x mng.; and (b) SEM mlcrogrnph of the Syndax pin

fl'<llll the SYllda\;/Syndit.) wateJ··lllhl'icatcd sliding couple.
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6.4 Hydro-Power Mining Systems

Metal-ceramic couples suitable for application in reciprocating components in hydro-powered

stoping equipment need to exhibit a low Iriction coefficient and steady Irictlon behaviour,

coupled with an acceptable steady-state wear rate, in order to ensure satisiactory component

operation and lifetimes. In view of these requirements. this work has dernonstrutcd that the

silicon-based ceramics were generally superior to the oxide ceramics, In deionized water.

preference should he given to Si,N.1 because or the apparent higher load carrying capacity and

lower wear rate compared to Siulon, In mine waters which exhibit a similar composition to

the synthetic Unisel mine water solution and wlnch are typically used as the hydro-power

working l1uid. both Sialon and SiN, are considered to he equally suitable, In this case. even

the A[SI 440C-llluminH couple would be suitable us a result of the beneficial influence of the

mine water constituents on Iriction and weal', provided the poor fracture toughness Ill' th~'

alumina ceramic can be tolerated.

6.5 peD Thrust Bearings

It was confirmed that self ..mated Syndite shows promise COl' applieution in high-loud thrust

bearings lubricated by water-based drilling fluid. J Iowevcr, thrust bearings incorporutlng sl.!it:'

mated Syndax bearing surfaces will exhibit superior Lee and more stable friction behaviour.

Similuriy, mixed Syndite/Syndax sliding couples provide superior bearing performance und: ..'!'

dry sliding conditions. but show little advantage over sell-muted Syndite under water-

lubricated conditions, It was also cuncluded that the addition of bentonite. silica. lind barite

to the drilling fluid cun improve the Iriction behaviour and Lee or selr·mnt~d Synditl.!.

Hacmutitc additions must be avoided since they cause rapid seizure und severe damage or the

bell ring surfaces,

Most of these Iindiugs have been confirmed by laboratory und lield tests or prollllype PCD

thrust bearings, Cunuuercially sensitive aspects or this work have been protected by three

internntionul patent applications.
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APPENDIX A

Reciprocating sliding tribumetcr design drnwlngs

(Note: These drawings have been photo-reduced and nrc not to scale).
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APPI~NDIXB

Friction coefficient curves for metal-ceramic sliding couples
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3Y-TZP, POLISHED SURFACES

Applied loads 20, 30 and 50 N (from top to bottom)
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3Y-TZP, GROUND SURFACES

Applied loads 20, 30 and 50 N (from top to bottom)
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PSZ, POL1SHED SURFACES

Applied loads 20, 30 and 50 N (from top to bottom)
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