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surface, where it is bound in a complex tribofilm containing $i, Co, and W. Strong chemical
interaction oceurs between Si and Co, and there was some analytical evidence for a complex
8i-Co-O compound in the tribofilm. Such effects do ot appear to oceur 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. ' ' L

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 cnnﬂﬁn and
describe the mechanistic details, indications are that differential thermal expansion between
the binder phase and the surrounding, rigld diamond network cannot account completely for
the effect, It appears that the migration is sustained by a diffusion mechanism. which
probably involves the wiffusion of vacancies into the PCD compact, The precisc nature of the
driving force for the 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.
Laose wear debris generated from the binder phase played a contributory réle in tribofilm

formation, by becoming compacted on the sliding surfaces.

Drilling fluid consticents bentonite, silica, and barite have a beneficial effect on the fiction
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 interactions, The addition of haematite must be avoided since it results
in rapid seizure of self-mated Syndite and severe surface damage. This was mast Hkely
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 coefiicient of sclf~mated Syndite in dry sliding increased with increasing

temperature, reaching an apparent maximum between 60 °C and 100 “C. Beyond this point, -

both parameters decreased to an appirent 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 on the mechanical properties of the tribofilms,

v e



ABSTRACT

This thesis describes a study of the friction and wear characteristics of a range of oxide and
silicon-based ceramics sliding against AISI 440C stainless steel, as well as various sliding
combinations of two types of De Beers polycrystalline dimmond (PCD), naraely Syndite and
Syndax. To facilitate the former work, a high-speed reciprocating sliding fest machine with

computerized data acquisition and control was developed.

It was confivmed that under water-lubricated sliding, the oxide ceramies (alumina, PSZ, 3Y-
~TZP, and Ce-TZP) showed higher friction coefficients and wear rates than the silicon-based
ceramics (Sialon and silicon nitride). This was related 1o different levels of adhesion and the
formation of metallic transfer films. For the zirconin ceramics, incrensed transformation
toughening was associated with increosed surface fraciure damage and metallic film formation,
In general, the metaltic transfer films were beneficial, protecting the underlying ceramic and
dominating the frietion and wear behaviour., The superior performance of the silicon-based
ceramics was related to the formation of lubricious tribofllms containiing silicon oxides and

hydroxides.

Experiments with synthetic mine water as lubricant demonstrated that the presence of
significant amotnts of chloride and sulphate in the water generally reduced frietion. and wear,
This was tentatively explained in terms of reduced adhesion and the promotion of iron oxide
- and hydroxide formation. It is suggestéd that the influence of sulphate may be more
important in this regard than that of chloride. )

The tribological behaviour of selfvmated Syndite PCD sliding couples is dominaled by the
formation of Co-rich tribofilms, which are assoclated with increased Driction coefTicients and
reduced load carrying capacity (LCC). Syndax, which emiploys stlicon as the binder phase,

shows lower friction coetficients and higher LOC under both dry and water<lubricated sliding
| conditions. Mixed Syndax/Syndite couples show supérim' performance to self«mated Syndite
under dry sliding conditions, but no improvements in the presence of water, The former

elfect is related to the preferential removal of Co from the Syndite surface o the Symdax
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CHAPTER 3¢ Literature Review

CHAPTER 2
2. LITERATURE REVIEW
2,1 Introduction

Ingineering ceramics mainly Include compounds of C, N and O with Si and various metﬁla.
for example aluming (AlO,), zirconin (Zr(,), silicon crrbide (SIC), silicon nitride (S1.M), and
silicon-aluminium oxynitride (SIAION). The materials combine low density with good
riechanical propertics, such as ligh hard- 255, strength and stiffhess up to high lempel_'auu"es.
Toguther with thelr excellent corrosion properties and oxidationa! stability, these
charneteristics muke engineering ceramics very attractive for use in o wide range of ngressive
sliding applications where demanding mechanical, corrosive and thermal requirements
exist [1]. Synthet's diumond materials exhibit many of the eharncteristios which distinguish
englnecring ceratnes and are thus considered under the same category for the purpose of the

present discussion.

Ilistorically, intensive research offorts into the stding fietion and wenr behaviour of ceramics
were stimulated by indusirial applications such as mecharical pump seat rings, cutting tools
and components for fntermal combustion engings.  In response to the requirements of
aerospace development programmes, early research in the 1960°s and 1970's [oensed on the
elueidation of fundmnental friction and wear mechanisms wsing single erystal ceramies, sucl
as sapphive [2] and silicon carbide [3) Together with IInuIﬁmemal stadies on coutact
phenomena and fractore {4][3][6], this work provided the basis for tuch of the current
understanding of ceramic tribology, ax outlined by Buckley [7),

A ceramic malerdals teclnology developed further and industriud applications gained in
Importanee during the 1970 snd early 1980, the rescareh locus shifted towards the study
ol pulyerystalline ceramics in mutual sliding contact and also began to consider mutals in
contact with ceramics in more detail.  Although much of this work involved unlubricated

sliding couptles, the overriding importanee of (he environment and the forntion of surface
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1.3 Thesis Organization

A literature review was initially carried out to establish the level of' existing knowledge
concerning the tribological characterlstics of metol-ceramic and PCD sliding couples
(Chapter 2). A high-frequency reciprocating sliding iribometer with computerized data
acquisition was developed to simulate the essential fentures of the motion of components in
~ hydro-powered gold mining equipment (Chabter'?:). This was subsequently used to study the
friction and wear behaviour of various enginecring ceramics sliding against AISI 440¢
* stainless steel under both dry and water lubricated conditions (Chupter 4), A study of the
tribological characteristics and operational performance limitations of various PCD sliding
couples under both dry and water-lubricated conditions Is deseribed in Chopter 5, Finally, the.
- results- obtnined from the work are summarized in Chupter 6, and conclusions Jrawn
* pertaining to the selection and developiuent of improved sliding couples for use in hydro-
powered stoping cquipiment as well as thrust bcaﬂngs for down-hole drilling applications.
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a thrust bearing s limited by the diameter of the outer bearing housing, which is similar to
the diameter of the drill pipe, and the diameter of the bit drive shaft whicli is concentrically

located in the bearing housing and connects the downehole powerpack with the dill bit.

Typically, this annular space i3 18 mm wide with a pitch circle diameter of ~120 mm, In
order to nccommodate the hiph Joads, taditional thrust bearings are thus macde up of bearing
stacks, which can comprise as many ag 30 or 40 individual rotor/stator bearing sets, Asa
result, these bearing assemblics arc up o 2,5 m long which, in turn, limits the radii which can
be aehieved in directional drilling. (In this drifling technique, the borehole is diverted from
the vertical direction to access multiple oil fields from a single drifl rig loeation, or to ac;ﬁess
ol deposits which could otherwise ot be exploited),

Against this background, it was proposed to develop an improved thrust Bcnring which ut{lizes
polyerystalling dinmond (PCTY) bearing faces. It was anticipated that the cxireme hardness,
wenr tesistance and low friction coclficients associated with diamond could provide the
potentlal for reducing the overall length of the bearing, by making use of only two benring
face sets, and for improving the wear lifk of the asserably, Similar work hag been cneried out
by Smith International, USA, and other organizations, but has been protected by a
cc)mprehensive patent portfolio. No information regarding the fundamental friction and wear
charaoteristies of such beurings could be found in the open literature,

Initto} development work conducted by the wriler and co-workers showed that the
- performance of PCT) thrust bearings appeared to be limited by erratic friction behaviour and
unanticipated seizore of the bearing surfaces af high contact prcs‘sures, rather than by wear,
A mote fondamentod study was thus initioted to exomine the friction characteristics of various
cambinations of two PCT types under both dry and water-lubricated sliding conditions, The
primary aftn was to generate uselitl data coneerning the operational limitations of these sliding
cnupl'cs. as well as to develop an understanding of the fundamental friction (and wear)
mechanisms, to fcilimte the selection and/or development of improved material couples for
I'CD thrust benrings.
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programme of work was thus initinted by the Chamber of Mines Rescarch Organization
(COMRQ) to study the Iriction and wear characteristics of AIST 440C -~ engineering coramic
stiding couples, with the aim of gencrating data and knowledge which could be applied in the

design of impreved reciprocating water-powered components,
1.2 Borchole Drilling in the Oil Industry

It iz common practice in the drilling indvstry to pump large volumes of o water-based drilling
Tluid Cor mud) down the deill pipe and through the drill bit to cool and lubricate the drill bit
and flush the penerated cuttings out of the borchole, Analogous to the hydro-power concept
In gold mining, this has led to the dcvcl'opmcnt of down-hole powerpacks which make use
of the stored energy in the drilling fluid to directly drive the detll bit, The two pl;i'111ary tynes
are the Moinenau positive displacement motor, which incorporates a helical shaft running in
a rubber stator s the driving element, and the turbodrlll, which comprises numerous rotor and
stator turbine blade stnges analogous (o a gas twrbine. Both motors are driven by the drilling
{fuld which is supplied at a typieal rate of 3500 lmin.

- The hydrautie and drilling loads are supported by a bearing pack which comprises a set of
rogtial aneh bi-dlirectional sheust hearings and is typically mownted between the drive unit and
the drill bit at the botiom of the drill sting. Due to the high flowrates and faivty agressive
nature of the drilling fluid (which containg solids such ay buntonfie, barite and silica), it is
wsually inyweactical to seal these bearing units.  Therefore, the bearing surfiees are generally
tubricated with the drilling fluid, and this fends to rapid wear of the rubber/metal plain thrast
hearings or the all-metal rolting element thrust bearings which ae teaditionally uged, The
typlenl lifetime of such a traditional throst bearing set may vary between ahotit 40 houres and
100 hours,  Comparing (his o the typical time required for retrieving the diill string from the
burehale to replace the hearing (24 hours), the ceonomic implications become clear,

Furthermore, the typleal thrust foads which must be accommodated are of the order of 10} -
12 tonties during drifling, while the superimposed shoek loads can momentarily reach values

i excess of three times this statie toad,  The annular space which is availnble to necomodate
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CHAPTER 1
1.  INTRODUCTION

Mining is probably one of the most importaat industries worldwide, and particularly so in
South Afriea, Although the contribution of mining to the South Aftican GDP has declined
slightly over the past ten years, it remains an impwrtant contributor and an integral part of the

eeonomy.

The eurrent trend for base mineral prices to remain static or decrease slightly bas placed

tremendous demands on the local and vversens mining industries to reduce unit production
- costs In order to preserve profitability. This has fed to much rescarch activity into improved
nitning methods and more effichent use of engineering moterials in mining applications, Due
to the arduous nature of these applications, the tribological charneteristics of materinls are of
particular importatice, and this aspeet is addressed in the present work.

LT The Hydro-Power Coneept

South Africar pold mines are among the deepest in the world and efficient cooling of the
stope regions 18 critieal to maintain i acceptable working envitonmont, For this purpose,
lnrge amounts of chilled water are pumped down the mine shafts and into the stope regions.
The hydro-power concept makes use of the potential cnergy stored in the vertical, ehilled
water column in the mine shafl to provide hydmulic power to stnpiﬁg equipment, such as rock
drills, This has important economic advantages over tradlitional preumatic or hydeaulic power
sources.  Other benefits inelude inereased safely and compatibility with the existing mine
infrastructure,

Initial reseavch work showed that @ serious performance-limiting fetor in the development
of high pressure, liigh Trequeney reciprocating components for water powered eyuipment 1ike
water hammers and rock drills, was severe stiding wear and stick-slip motion {L.e. high and
varinble fHetion coelTicients) of the tradidonal AISI 440C stainless steel components. A

S

Dy
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2,23 Friction and weay transitions

The current understanding of the wear of coramics is Inadequate for engineering design
purposes [53]. One aspect of the problem is that investigators have used laboratory test
conditions under which one particular wear mechanisi dominated. It is now well known,
however, that different wear mechanisms may operate simultancously or sequendally, thus
ereating ttansitions as the experimental conditions change. Consequently, ntuch of the data
reported in the llterntun. i3 not comparble, A veeent rw&ew of the khOchd&,L gtatus on wear
and librication of cernmics [54] demonstrated that of 300 collected papers, only 70 umlmncd

comparahte wear information. Dven among these, the scatter in data coneerting materinl -

properties and wear is unaceeptably high, os summiarized in Table 2.1 by Hsu ef al [55].

Talle 2.1¢ Coeramle wear datn from lierature
R T N T
- Men.n mltnngu Menn _mlmge Munn m | Mean | Range |
Fracture toughness, 4 26 a4 1,4-6 29 184 | &8 | 5413
MPa/im'# - _
Hnrdness, GPa 16 | 162 | 163 | (317 | 28 | 1334 | 12 | 1044
Elnstle Modulus, | 370 | 340410 | 313 | 200-333 | 397 | 3004402 | 206 | 196-316
GPa _
.Dcnslty,'gicn.l‘- . 1.9 3.8-3,0 32 3;1-3 ;-1 a0 2,832 LAY 76,0
Wear Coefficlents® . . ' ' |
Awmbient 100 [ 1000 | e [rotiod ] 1ot | oot | 100 | je%aee
Humlid ale 107 AT 1! 1010 ﬂ?A N/A e N/A
Labdeated® | 10 | 100007 | 10° | WA® | f0° | WA 107 | 10%10t |
NOTES: 1. PRZ. < Partlally stabitized wirconin
2. Dimenstonless wenr goelflcient, K, v defined by in the Archard wear equation,

Lubricated denates Hguid fobricants were used, which may or may nat lubricate.
+ N/A - inwutticiens datw for reasonnbile value,
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ceramics, Jeading o inereased intergranular eracking, Ilowever, there iy disagreement in the
literature concerning the influence of this effeet on wear rates. For example, Fischer ef af
[47) and Scott [48] tound that the wear rates of toughened zirconiny were signifieantly higher
in water than in air. Conversely, a decrease in wear rate was recently obsetved by Stachowlak

¢t af [49], despite an incrense in smoll-seale surface Trcture,

'ﬂﬁrd-body films which may be formed by telbochemical reaction, materia! transfer, or
contpaction of wear debris also exert a strong influence, to the point where wear can rarely
be correlated directly with ctack growth rates [16]. Lancaster '[50] argued th_nt fmproved
wenr models will need to be based not only on frocture meechanies, although fractore is clenrly
important in the generation of wenr debris, but also need to take into account third-body
formation wil material microstueture, It would appenr thut such a model would have to be
gpecific 1o porticular materinls, or ot least to o materinl clags, and that it may thus be
impossible to develop a general mode! whish will allow the accurate thearetionl description
and prediction of wear for most ceramic materials,

It is nevertheless useful for the Tollowing discussion to consider a simple model of wear, oflen
teferred to os the Archard wear equation, which relates the volume wear Q to the material
- suefaee hardness 12, npplied load F and stiding distanee It

D
b7 (24

n

Q-K

where K is the dimensionless wear cocfticlent, as defined hy Rabinowiez [81](53]. Coeramice
mnderials display o reasonably linear relationship between wear and sliding distance and lond
and therefore the wenr coefficient is used by many investigators to report luborntory wear
data, In some eases, the dimensional or volmetrie wear eoeflieient is also used. It is defined
ay I/T with units mm YNt and represents the volume wear per unit sliding distanee per unit
applied lowd,
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a transformation of the tefragomal to the monoclinic plmsé. anslogous to the martensitic
translormation observed in steels [34]. The fineture toughness of the ceramic is incrensed
since the transformation absorbs u proportion of the driving energy of a propagating crack:
Furthermore, the trmsformation is ossociated with a volume cxpansion of botween 3 and § %
which further refards crack propagation by generating compressive steesses at the erack tip.
These microstructural toug,hcnmg, mechanisms have been described in more detail by Bvans
[35] and have led to the successful use of the materinls in demanding appiications such ag
tappet facings in internal combestion Lnginw. screw conw..yur henrings and seraper b]ﬂdLS in
the mining industry and extrusion dies in the memllurgil.al indusiry [36),

The transformation toughening effect can have o dromatically bencficial influence on wear
resistance, as-demonsirated by Fi_schcr ot al [37] who found that the wear resistance of yiiria~
stabilized zlrconies is proportional ta the fourth power of the fineture toughness, In contyust,
several investigators have found minjma in the wear resisiance between room temperature and
_ about 500 °C [38][39] while others demonstrated high wear rates of zirconin eeramies wnder
vatlous test conditlons, particularly ut high sliding speeds and applied Iouds [-40][41][42] [43].
In (hose cases, the high wear mies were explained in terms of the largesseale teleagonal-to-
monoelinic iransformation and subsequent delamination of the neagurftice layer, The pleture
that emerges Is that under lower loads, temperatures and sliding speeds, partiol transfornuition
of the tetragonal phase in the near-surface regions of zirconia ceramic inhiblts microfractore
and improves wear resistonce.  Under more severe sliding conditions, however, the
translormation 1s more complete and affeets o thicker subsurthee layer, The volume expansion
associated with the teansCormation then resulte in spalling and delamination of the transformed
Inyer, thus {nerensing the wear vate [44],

In practice, wear of ceramicy is clet arty a complex phenomenon since mechanisms such as
plustie  deformation, microfracture, fotigue wnd ribochemical reactions may  oceur
simultaneously [45] amd are affected strongly by operating conditions and the environment,

Direet envitonmental effests include stressevorrosion oracking which i3 known to incrense the
wear rate of alumina in water [46]. A similar mechonism hay been observed in zirconia
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Zircondn ceramics display a unique microstructural effect which has an overriding influence
on fracture and wear properties. ZrO. exists in three erystallographic structures, namely cubic
above 2370°C, tetragonnl above 1170°C and monoelinie below 1170 °C {33]. The tetragunal
or cubic phase can be stabilized over the entire temperature range by additions of MgO, Ca0,
Y,0, (yitria} and CeQ (eeria); such ceramics are termed fully stabilized zirconins (FSZ),
Towever, by caretully selecting the level of these additions and controlling the microstrueture,

varying proportions of the tetragonal phose can be retained to room femperature in a

metastable form (tetragonal zirconia polycrystals, TZP, or partially stabilized zirconia, PSZ).
In these ceramies, the application of tocalized thermal and/or mechianien] stresses can cause
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dry sliding since the silica layer is ensily sheared, reduces ihe coefficient of friction and thus
inhibits microfracture, Eventually, the surfaces mny become smooth enough to cnable

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

Most ceramics exhibit low thermal conductivity, diamond being the notable exception.
Fracture due to thermal shock can thus occur as steep temperature gradients are developed in -
the surface due to frictional heating [28], This mechanism is of particular importanee in high-
speed, dry sliding and/or high temperature applications. Winer and Ting [29] studied these
pspeets and proposed a thermomechanical wehr model wherein fracture is caused by a
combination of mechanical and thermal stresses and is influenced by the temperature-
dependent mechanical properties of the cerantie,

It will be apparent {rom the preceding discussion that intergtanular fracture and fracture on
the scale of the ceramic grtiin size are most important under practical contact conditions, It
is thus not unexpected that ceramic materlal microstructure and properties exert a strong
influence on fiiction aud wear, Ajayi and Ludema [30] found that the extont of damage and
wear on a _gfafn size scale was significantly different for ceramics such os silicon nitride,
silicon carbide, alumina and zirconia due to the influence of microstrueture. Nevertheless,
. macroscopic d_am'age mechanisms such o transverse spalling were found 1o be similar for
these ceramics, and therefore might still lend themselves to modetli,g based on fracture
mechanics and {riction theory considerations. Ajayi and Ludema [31] extended their work
by showing that materials with weak grain boundaries (three different aluminag) wore
predominantly by grain pullout and so exhibited higher wear Tates than a material with
strunger prain boundavies (silicon carbide). Zum Gabw et af [32] demtmstralcd  strong
influence of grain size on wear resistance for alumina and, to o lesser extent, for zireonia
ceramics (Figwe 2.3), Note also the vast difference in the behaviowr of alumina in
unidirectional vs reciprocating sliding. This demonstrates the relevance ol the present woek
on englneering ceramics sinee niost published studies were earrled out on unidirectional pin-

onwdige tribotest machines.
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Figure 2,2: Formatlon of Hertzian cone ¢racks {a} under o statie indcntcr_mul (b
during shiding, (as prosened by Tutehings {151

present work, since the siress . are completely different,

Apart from plastic deformation and brittle fracture, ceramics con wear by tribochemieat
reqetions or corrosion.  For example, SEN, reacts with water to form silica and silica hydrates
which are relatively soft and can be ensily reimoved from the surface by mechanicnl
action [26]. Nevertheless, the wear rate is generally reduced by thiy mechanism compared to
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friction greater than 0.3, these stresses reach the surface of the eeramic where they reduce the
fracture initlation stress, as mentioned previously, and promwote fracture.  Under these
conditions, fracture is typically on o small scale and oceurs along the grain boundaries,
ieacliug to the removat of individual ceramic graing and a roughening of the swifnce.

Under concentrated {counterformal) bul clnstic contacts below a blunt indenter, contact
conditions are intermediate between the above two extremes, briitle fracture occurs on 8 lorger
scale and can be understood in terms of the Hertz elastie stress distribution. For o sphere
' pres;siﬁg against a plane, it can be shown that the magimum tensile stress o,,,, occurs at the
surface and just at the edge of the circle of vontact:

Ul‘ll\l.'..'{ = (1 = ?'u) uw.'nn | | | (2'3)

where .. 18 the normal stress applied over the contact area and v is Poisson’s ratio. This
tensile stress component cavges a Hertzlan cone crack to initiate and propagate when a certain
critical normal load is exceeded (Figure 2.2(0)). The strong influence of friction on this
critienl fracture load was conflemed rccent'ly'by Sliney [21] who demonstrated that ion-plated
sitver films towered the coefTicient of friction between diamond and alumina and thereby
reduced fracture, When fraclure does oceur, it tends to appear in the fory of urc-slmf)ed
cracks which intersect the contact sueface transverse to the sliding direction (Figure 2.2(b),

Other fracture mechunisms which have beet abserved include subsueface eracl initintion and
propagation [22][23] as well as the related fracture and I‘ragmenta?iou of the ceramic surfuce
theough fatigue [24][25]. These studies showed that fraeture can oceur at loads and stresses
which are below the critical levels for spontaneous frocture by the initiation of cracks at
material defeets, such as pores, and/or by the progressive aecumulation of dislocations in the
material, Brookes and Parry [25] demonstrated that such mechanisms are active even when
sliding under softer metal Indenters, The fatigue mechanisms are dependent on the frequency
of the applied sess cycles; this {llustrates the importance of seleeting the correct methodology
in lnbotatory tests, Lividemily, it will be dangerous to rely on data aequired from
unidirectional pin-on-dise tests il o reciprocating cumponént is belng investigated, as in the
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imporiance in metat-ceramic sliding systems, Such ’tribo-> or *third body-" films can have

a dramatic offect an ceramic friction and will be discussed in more detail in Section 2.2.4,
2,22 Fracture and wear

At Jeast three basic particle detachment mechanisms can be distinguished lor ceramics [16]:
plastic deformation, brittle {raciure and corrosion or wear by a 'tsibochemical’ mechanism,
Brittle tracture undoubtedly leads to the highest wear rates and can thus be regarded as the

most important mechanism,

The most severe contact conditions occur with rough sliding surfaces or shorp indenters

{particles) where higl localized loads and plagtic deformation are experienced by the ceramic
sueface. Where the depth of deformation exceeds a critical value, vertical median vent eracks
tend to form ditectly under the contact zone during the loading cycle [4]. Lateral cracks form
during the unloading cycle, driven by residual stresses in the doformed zone bepeath the
contact, and these ofien extend beyond the contact zone, Bvaig, Lawn and Marshall [17][18]
[19][2_0]_ studied these crack field ntensively and suggested that material removal oceurs
when tlie radial cracks (or the median vent crack®) and the lateral cracks intersect to cause
spalling. They proposed o model which relates the weor volume, V per unit sliding distance
§ to the fracture toughness X, hardness of the wearing surfice H, elastic modulus Z, and
spplied load P, as follows:

I 0.8
Vep 112§ 14 0.5 }ia 0.525[ ___) &
h ¢ H

(2.2)

However, in most practicat shiding systems, surfuces in contact tend to be eonformal and
simooth, for example sliding bushings and mechanical seal rings. Loenlized stresses tond to
be low, the contact is churacterized by clastic stress fields and the above model is not
applcable. Nevertheless, as a result of [riction at the interfnce, significant tensile stresses
occt near the ceramic surfnee at the trailing edge of the contact [15], At coeflicients of



CHAPTER 2: Literature Review ' 9

Under high applied loads or concentrated (counterformal) contaets, plastic deformation and
fracture of the ceramic surface occurs, which results in roughening of the surface, Frasture
provides an additional mechanism for the dissipation of energy, the contribution to friction
by mechanical interlocking of asperitics increases and thus the coefficient of friction increases,
soinetines by a factor of Faur or more [9]. An example is shown in ﬁigure 2.1 for a diamond
indenter sliding ¢n a single crystal of siticon carbide [14, 15 (a more detailed discussion on
friction and wear transitions is provided in Section 2.2.3). It is impottant to note that fracture
initiation is influenced by' the tangential friction stress [8). For coefficlents 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-oxlde cetamics such
08 sillcon earbide (SIiC) and silicon nitride (Si,N,) are Susce.ptible to oxidation when sliding
* in ait while oxide ceramics such as alumina (AlLO,) and zirconia (ZtO,) form hydrated surface
films in the presence of water or water vapour [14, 15]), Material transfer and the compaction
of loose wear debris on the sliding surfaces is comménly observed and is of particular

0
. OB
5
3
&
T 04
&
5
a gp
[ 1 | | !

b
—
=

4 i 4 G
Narenatl Ixad (N)

Figure 2,11 Varlation of coefficient of fiction with normal load for & 60°
diamond cone sliding on o silicon carbide single erystal, (as preseuted by Hutehings [15])
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2,2 - Basic Concepts in Ceramic Friction and Wear
2o241 S’idlllg fl‘iCtio“

Stiding friction in this context may be defined as the resistance to motion by one solid body
aver another. The friction force i< usually proportionul to the applied load, N:

F=pN - @1

where the proportionality. constant, . is the friction coefficient. Under sliding conditions, the
frictional fotce xmist be overcome over the entire sliding distance. The resulting eﬁergy is
dissipated as frictional heating of the sliding surfaces and through other'processes such s
surface d’éfom'lation and fracture, which have recently been discussed In detail by Tabor [13].

Thete 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 maling surface, deformation
and/or fracture of surfoce and near swifnce layers, and interference and loeal plastic
deformation as a result of trapped debrls (third bbdy effects [141). The relative contributions
by each mechanism to friction depends on the nature of the materials in contact, the app!iéd
Ioads and speeds, as well as the environment,

Ceramics, because of their high hardness, exhibit only very limited plastic Jow at room
temperature and thuy the contribution to friction by plastic deformation is small under low
applied londs, Moreover, the ionic or covalent nature of coramie bonding limits adhesion
hetween ceramics. In the absence of oxygen, the coefficients of friction for ceramics are thus
lower than for comparable metal-metal contacts [15]. In unlubricated sliding in air, ceramics
typically show friction cocfficients between 0.25 and 0,8, which are conparable to those for

metallic sliding couples separated by continuous metallic oxide films,



CHAPTER 2: Literature Review | T

decades, vety little publishicd information is available on polyerystalline diamond composite
materials (PCD), The low coefficient of friction aad low wear rates of diamond make PCD

- mnterials 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
PCD to facilitate the development of these and other sliding components,

Agoinst this brief historical background, the present study foeused on two aspects:

i, the generation of previously unavailable laboratory frietion and wear data
which can be used with confidence in the design and deﬁelopment of specific
hydraulic mining equipment; and |

fi, -~ an improved understanding of the interrelationship between operating
parameters, environntent and friction and wear behaviour, particutarly for PCD

materials,

- Being focused on specific industrial applications, namely reciproeating elements in lydraulic
rockdrills and thrust bearings in down-hole motors, the study is limited to water-lubricated
engineering ceramics sliding ageingt AISI 440C stainless steel, as well ng varloué
| polycrystalline diamond matetinl couples in dry and water lubricated siiding contnct.

In this chapter, published information on important aspects of the friction and wear of
ergineering ceramies and dismond, which relate to the work described in this thesls, 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 Jabo «tory friction and wear data which is applicable to industrial
applications; '

it better chm‘actérization of the test materials, particularly the worn surfaces, to
elucidate chemical surface effects and transfer layer formation, especially in
metal-ceramic sl{ding contacts; and

iiil.  the development of new high-temperature lubricants for ceramics,

Despite efforts in these directions during the late 1980°s and enrly 1990's, the friction and
weat behaviour of ceramics remaing relatively poorly understood, compared to metals [10).
There is no adequate unified theory which describes the relationship between friction, wear,
operating conditions and environment. Reliable prediction of ceramic performance in field
applications based on theoretical cor .iderations or Inboratory tests is largely Impossible, unless
the essential conditions experienced in the field are closely matched in the Inboratory tests.
A further aspect to the problem is the poor reproducibility of many laboratory tribotests, as
confirmed by recent round rabin tests on metal-ceramic sliding couples carried out by varlous
laboratories within the framework of the Versailles Project on Advanced Materials and
Standards (VAMAS) [11][12],

As u result of the historical focus on internal combustion engines and aerospace applications,
comparatively little information is available on water-lubricated metat-ceramic sliding systems,
These are of {nterest in many.n;..plicalions, particularly in the mining industry, and thus one

part of the present work examines such teibological couples in some detail,

The tribological knowledge base is considerably more patchy in the case of gynthetic diamond
materials, Although numerous basic studies on the fiiction and wear of natural diamond

single erystals and polyerystalline synthetic diamond filins have been earded out over the past
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In the case of alumine, it is known that water can inerease fhe extent of fracture by i stross-
carrosion mechanism [46](94], Where this is the dominant effeet, the wear rate would clearly
be expecied 1o increase, as observed by Wallbridge et af (04, 82, 84, 89), Kupelski [87] and
Scott [48]. However, it has been cqually “vell documented that alumina {s susceptible to
hydrolysis [83, 84][95][96][97]. In the presetice of liquid witter or at relative humidity levels
above approximately 20%, o more or Jess contitmous film of aluminium hydroxide (bochmite,
AI(OHD) is formed on the atumina surthees. This eould occur diteetly by reaction with the
alumina surfice itself or, and this is more plaustble, indirectly through reaction between water -
and finely divided aluming wear debris, The imposed fiiction siress modifies the hydroxides
to a layered structure which s easily sheared and is effective In reducing the friction
coefficient and protecting 1he undcriying surfaces from fracture and wear [98]. Where these
effects override the stress corrosion effeets, the friction coeflicient and wear tate would b
expeeted 1o decrense, as observed by Sasaki [83], Gates ¢f af [84], Perea-Unaueta et al [
Takadoum [86] and Jeng et al [89).

The influence of water on the friction und weat behaviour of zirconiu cerumics iy poorly
understood. It has been suguested that the presence of water redaces the surface enwrgy and
increnses ceack propagation rates, fiacture and wear, analogous o aluming eceramics, although
no direct evidence was provided [47)[48). Nevertheless, empirical evidence iy now
oceumulating which appears to confinm that zivconia ceramivs are suseeptible to some kind
of siress corrosion mechanism in water,  On the other hand, Taneaster et af [99] recently
observed a reduction in the wear rate of PSZ sliding in water and attributed this effect o
tribochemical reactions.  Onee again, no direet evidence was provided o support this
hypothesis and the possﬁ:ility of formation of softer, lubrjciouy fuyers on zirconia ceramicy
lins yet to be proved [49],

Silicon bused ceramics are mueh more reactive in water than aluming or zirconia ccrzimics.
The formationt of tibochemical surfice Alnw composed of $i€), or hydrated silicates on these
materials has been contirmed by many investipators [100]]101][102][103][104 ] 105][ 106]
[107}. Furthermore, although the ceramics wear by microfracture at low sud intermediate

humiditivs, the crack propagation velocity in SiN,, for example, remaing unchangsd with
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Tulble 2.3 Summary of previouns work on the elfect of water or inereasing retative humidity for various
eeramie sliding couplus

Lomblnation Test Environment Effect of water on ] Referonce
: Cuonfiguration -
. _ _ Friction Woenr rate

AL Oyfitself Pinfdise Varying th Decrease Deerense 1831
d=ball Water Decrense Decrease (84}

Pin/dise " - Incrense [64]

Pln/dise - YVarylag th Duecreass ~ Dhecrouse j85]

Mnddise oo Decrease Pecroase | [86]

Bull/dise " Tnereuwse Ingrease [87], ay referenced

" _ : fn [88)

Balliplate Water Decrease Deerease [89)

(reciprocating) _ _
Pin/plaie " » | Ingcrense - [48]
1 {reciprocating) .

81N fitself Pindd{se Varying rh | Decregse [Jecroase [83]
Pinklise Water ecrease Decrsase [90]

Pinfdlse Water Unehimged Degrense [26]

SiCMaelf Pin/dlge Varyiog rh Decrense Deerense {83]
' Fretting " Decrense | Doecrease fo1]

2Oy ftsell Makdise Varying rh Inerease Inerease [41}
Fretting, " Unchanped | Decrease [92]

Pindplate Water Inerense [netense [48#]

Pinfing " Decrease Inereqse [45]

Iv.  the alieration of the deformation properties of the surfuce layers of the
materials  (chemomechanical effeets),

When present as o liquid, water may [ush debris out of the sliding interface and thus impede
the Tormation of thitd-body films, There appears to be general agreement that this results in
an inerense in wear rate but a degrease In fiction coofficient [93], Wear rates will also
increase i surface fracture inercases duc to a stress-corrosion effect, Qu the other hamd,
ribochentical reaesions between water and (he cerambce sucfuce or the wear dubris may resull
In the formation of more tenacious protective surfuce tims with a concomitant deerease in

weat rafe.
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cerantie, followed by the progressive agglomeration and densification of these particles into
small cylinders by a rolling action, The cylindrical debris particles are wsually m‘icntcd_
transverse to the rolling divection and may thus provide an wdditional, low resistonce
meehantsm of velocity accommodation across the conaet by acting like miniature rober
bearings. Indeed, the presence of these particles has been assoclated with a significant drop

in friction coeflicient [78],

There appems to be goneral agreement in the literature that the presence of well-devetoped
third-body sutfuce lnyers which exhibit load carrying cupaéity is benefiefal in reducing the
wear tate of the first bodies |79 However, the influence. ol sueh layers on the fietion
cocfficiont ﬁppears to depend both on the nature of the film and the ocation and mode of
~velosity accomumuodation across the interface, Clearly, friction coefficients may be expeeted
o drop if the third-body {ilin §s mechanically weak and velocity accommodation oceurs by
shear actoss the third body, On the other hand, well-developed 'beds® of debris on the sliding
surfaces are often assoeiated with signlficant increases in fiiction coefficient. probably as a
result of plmnglﬂng and ubragion effects [79][80]. Velocily accommodation sites and
mechanisms have recently been discussed in more detail by Alexeyev [817 and Berthier {82].

ibochemical effeets - the influence of water

It has become clear that most engineering cernmics are prone to tribochentical reactions or
modifications of their surface mechanleat properties under the influence of' adsorption and
other mechanisms. Flowever, there Is considerable disagreement in the literature coneeming
the inltuence of water on fiiction end wenr compared to dry slidiﬁg. ug ilustrated in
Table 2.3,

These ambiguitics may be expluined in terms of the influence of waler on:
i tlebris ngplomeration and the forimation of third-body surface {ilms;
ii. the formation vr changes in the strueturs of tribochemival surface (Tims:

jiil,  the extent of crack growth and Dracture; ad
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suggests that they may be effective in reducing friction wid wear,

Microhardness of tribofilms and Fapped pareit suefaces on several ceramics, atong with bulk

Table 2.2¢
and contael temperatiees (°C)

Mnterinl Hardivess (HY ) Bulic Contnet

- : tempernture temperatire

Lapped surfice Tribofilm R B

Aluming 2 200 £ 100 . 210 1350 - 1450
© WRA 2 500 4 100 | 750 4 150 205 T = 1450
SIC 3 100 150 800 & 150 195 T (100

sisic || 2600 150 1750 & 150 L T>1000 ||

Third-body filins form in & somewhat differcnt way on silicon based coramics. [t is well-
known that silicon aitride nnd silicon carbide oxidize ensily at high temperatures [74][75][76]:

SigN, +3 0, » 3 810, +2 N, @8

Tribofilns on these materials are therefore usually composed of siliea (S10,), which is formed
by direct oxidation of the coramic surfhce. Similarly, film formation on siaton involves
chemical resction uf the surface combined with mechanienl shear (o form a homuogeoeous {iim
comprising fine. erystallive sialon feagments In a silice matelx, which is usually
amorphous [72), Despite the fact that tribochemival reactions play o mueh nore prominent
rile than mechanical comminution and compaction of wear dobris, the TBA. is applicuble to
Itribo'films fotmed on these ceramies in the sense that the films also display load carrying
capreity and are able to accommodate the sliding velocity through plastic deformation or
internal shear muechanisms. .

It has alsa been well documented that cylindrienl wesr debris is generated on silicon-based
coramics which are subjected o reciprocating motion [77][78),  The likely mechanism of
“formation involves the detachment of small particles from the silien surfiee layer on the
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farees are involved in the agglomcrutidn and attachment process and that these focees are
sufficiently strong to prevent the tribofilm from being removed during sliding contact,
Pursuing this argument and based on extensive studies of alwning, zirconis, silicon nitride and
silicon earbide in dry sliding, they suggested that the nature of the tibofilms depends on the
bonding type of the ceramie (Figure 2.10), For two ionically bonded ceramies sliding
toguther (e.g. alumina or zirconia), continuous and adherent films are generally formed
because the van det Waals forcos are strong in such 'couples. On the other haud, these forces
are relatively weak in the case of covalently bonded ceramics, such as silicon nitride or silicon
carbide, ond thus no distinet films or only individual particle reattuchment are observed.
Paicny'triboﬁlms oceur when combinations of fonic and covalent materials ate in sliding

contact.

Blomberg af o [70] attempled (o characterize the mechanical propertics of tribofilms formed
on tlutaiad, whisker reinforced alumina (WRA), and two silicon carbides by microharduess
indentation methods, Altheugh the porous film on alumina could not be evaluated, the
remaining films exhibited hardnesses significantly lower than those of the parent surtaces
(Table 2.2). The indentations were associated with plastic flow of the wibofilms, which
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1. dctachmunt of wear debris Trom the two ‘lirst bodies’ which are in contact
(e by fracture or delamination); '
. enteapment of some propoction of the wear debris within the contaet zone; and
i, the geadual filllng of surfuce valieys (Abbot's volume) with dobris, Wihen
Abbot’s volume 1s full, the debris spills over onto the sliding surfages and
separates them. Al this point, o third-bady interfacial layet is formed which
is associaled with a certain load carrying capucity,
The central argument it the third-body approach is that debris particles entrapped in the
contact zone are “tennsported’ at velocitios which differ from partiele to pacticle and ure not
negessarily parallel to the imposed sliding direction, The sliding veloeity batween the first
bodiey can thus be accommodated across the thickness of the third body (or interfacial layer) _
by these velocity pradients. Therefore, it should be possible to deseribe the friction and wear
‘ehaviour of materinls in terms of thc'rheologic.al properties of the third body, analogous to
lubtication theory. Unlortunately, no suilable technique cxists to mensure the. rheologleal
- prapettics of third-body filng directly, and so recent stucius have Tosused on clucidating their
structure and likely mechanical properies. '

Blomberg and cowotkers [70]{717172] demonstrated thot tribotilms formed on unreinforeed
alumina in dry sliding consisi ol small aluming fragments, typleally 10 « 100 nm in diameter.
These fragments comprised o-alwming crvstals and did not undergo any phase change duving
[ormation. The {flms were porous, poorly adherent and, tn agreoment with the TBA, appeared
1o have been formed by mechanical fracture of the alumina surfuce, followed by milling and
compaction of the wear particles. No binder phase was detected and the films were deseribed
as sither “well-sintered® througly the thermomeehanical interaction of high contact pressutes
and temperatures, or more lonsely adherent and forming a particle bixl on the underlying
surface,

In contrast, Ajayi and Ludema [73) suggested that the driving Toree for debris agglomeration
is the high surface energy of the small particles, which is reduced when particles bind to o
surfiiee o to each other. They went on o show that van der Waals and electrostatic attractive
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studics should endeavour to identify frietion and wear transitions which may be Important 1o
the particular application. Where relevant, these could be presented in the form of simple
two-dimensionnl transition diagrams such as graphs of wear or friction against applicd load,
“depending on which is considered the more impottant, Due consideration was given to
trausition phenomena in the present work,

224 Swrface film formation and covironmental effects

So far it has become clear that wear of ceramies is a complex phenomenon which does not
lond tself to simhle wodelling. From the preceding sections, it would appeat that apart from
{racture, the formation of third-body interfacial films and tribochemical effects criticully
inﬂugnce {riction and weae, Through such mechonisms, the environment (Le lubricant
presence and compositon, lemperature) exeits o strong influence on tribological behaviour by
shifting the location of friction and wear transitions, It ig thus relevant to diseuss the rdle of
third body films and tribochemistry in more detail for nluming, zirconia and silicon-based
cotamics which are of interest In the present work,

Weut debyis and the formgtion of third<bady layers

Third-body interfacial layers composed of compacted wear debris have been observed in
numerons studies on  alumina [61][62][63][64] and ziveonia [-12][47][65][ﬁ(:][(a’?][(:B][GO]
- under unlubricated sliding conditions, In ull cascs, the friction and wear behaviow of the
cetamics way explained in terms of the formation and removal of these layers. (As diseussed
previously, however, the behaviowr of zirconin ceramics is complicaed by phase
transformations in the pear-surface regions). ‘

Godet [14) readized that the mechanical aetion of wear debels in the contact vone - one fuetor
-which is common to different materials in different types of sliding contact.  In an wttempt
to rationalize those aspeets, hie developed the “(hird-body approach’ (TBA) to wear, He
distinguished three stages in the formation of third-bady interlucial layers: '
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Figure 2.8: Alumine wenf map under dry slicing eonclitions,
determined using o step loading test proccdure, (after Hlan or of [85])
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In an atiempt to visualize tribological transitions and the complex interrelationships between
operational variables and friction and wear rates, the concepl of ’wear mapping” was
d‘eveIOped. Wear maps or transition dingrams were originally referred to by Tabor [53], who
attributed the jdea to Johnson, and essentially represent three-dimensional plots of wear rates
agafnst combinations of operational parameters such as load, gpeed and sliding distance over
a wide specirum of tribologieal conditions. They are generated for particular material couples
and are useful to the design enpineer for the identification of critical operating limits.

 For the construction of wear maps, the independent variable of the tribosystem are classified
into continuous variables (lead, speed, temperature and time) and discrete variables (material,
lubricant, envirdnment,-contaminants) with wéaf_rate being the dependent variahle. According
to Hsu et af [55], five three-dimensional wear maps. can be drawn for each allowed
combination of diserete variables, namely graphs of wear against (i) speed and load, (i) speed

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

complete set of maps then fully deseribes the tribological charncteristios of the system,

This illustrates a key weakness of wear maps, namely their requircment for vast amounts of
datn. With the traditional tribotesting approach, each data point on the map represents one
test at & particular set of experimental conditions; thus the generation of wear maps with an
ndequate resolution becomes extremely time-consuming and expensive, Iisu et gl [55][57][58]
recognized this and developed a step loading techuique, uging « unidirectional pin-on-dise test
machine, in order to generate data faster, They demostrated the technique by deriving wear
mapy for alumina {an example is shown in Figure 2.8). Recently: weart maps for selfmated
silicon nitride under dry stiding conditions were also published by Lim et al [59] (Figure 2.9)
~and Dong and Jahanmir [60] but these were constructed using teaditional methods,

In summary, it must be concluded that three~dimensional wear maps for ceramics have not
yet been developed to a level where they can be widely used, Few are currently available
and, since they e time-consuming and expensive to genciate, selected Inboratory studies such

a8 the ome deseribed in this thesis will be required for some time to come to obtain the data

and vnderstanding required by specific applications, It is equally evident, however, that such
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Analogous to metals in sliding contact, wear {ransitions in ceramics are characterized by sharp
clmnges_in wear rate with chianges in load, sliding speed, or environmental conditions
(temperature, lubricant composition, ete.). Mild wear is typically characterized by smooth
sliding sutfaces and low friction forces and wear mechenisms are dominated by plastic
deformation or {ribochemical reactions, leading to low wear rates. In severe wear regimes,
ceramic surfaces are roughened, friction coefficients are higher and wear mechanisms are
dominated by britile fracture, leading to higher wear rates, The dimensionless wear
coefficient K typleaily varies between 10 and 10% in the severe wear regime and is two o
more orders of magnitude lower in the mild wear regime [15]. The variations in the data
reported in Table 2.1 may thus be aitribuied to wear rate transitions and jllustrate the
difﬂculty associated with extrapolating ceramic performance for a particular application from
- even a relatively Jarge body of literature data, |

Woydt et al [36] 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, rather than the dimensionless wear coefficent):

1. stress-induced surface fhtigue transitions, for example Si-SiC materinls sliding
under unlubricated conditions (Figure 2.4); '

i, humidity-dependent transitions resulting from the mechanical and chemical
formation of third body surfuce layers, for example fretting of MgO - partially
stabilized zirconia (MgQO-PSZ), (Figure 2.5);

iit.  transitions induced by temperature- and Bressure-dependeut phase

 tansformations of the ceramic microsiructure, typified by the unlubricated
sliding of MgQO-PSZ pairs at different temperatures and sliding speeds
{Figure 2.6); and _

tv.  transitions induced by tribooxidation, which may cause incrensed or decreased

wear: for example, the formation of SI-0-N surface layers on silicon nitride

poirs in unlubricated sliding (Figure 2.7).
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iv s clear that the precise characteristics, mechanisms of formation and rdle of such layers are

not adequately understood yet,

Where the ceramic surface is not adequately protected by o transfor luyer, chemicallyassisted

dimage to the ceramic has bean reported, leading to Increased wear rates. For example, He

et al [150] showed that zirconia cerantics are loss resisiant to wear in water und surmised that

this may be the result of water-assisted phase transformation and {raeture. Yang and Bahadir

[(51] stucied the behaviowr of aluminwebased ceramics against o) steel and found that, in
Y

the absence of o well-developed transter fayer, the aluming suffered stress-corrosion damage,

The chemical interaction between steels and silicon-based ceramics is Jess strong than for

oxide ceramies, leading to very little transior layer formation [148],

Ad in unlubricated
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to incrense sipniffcantly with increasing humidity in the case of Ti and Al The effect was
attributed to enhanced oxidation of the metal surfaces at higher humidities, which increases
adhosion between the ceramic and metal oxides, Nevertheless, the lubricating effeet of

adsorbed water vapour was confirmed In experiments with Ag slidors,

In hfoad agreement with these basie studics, Papaphilippou e af [145] showed that the friction
and wear behaviour of ductile cast iron against aluming Is dominated by an oxidational wear
mechanism, At low humidity levels (25% RH), the interfacinl wear debrls contained
 gignifieant amounts of ietaltic debris and wear coefTiclents were high due to ahrusive wear,
With increasing humidity levels up to 80% RIL both the friction and the wear coefficients
decreased signifieantly, which way atiributed to more extensive oxidation and boetter protection
of the wear surfuces, The effect ws more pronounced «d tow siiding veloeitios while For high
velocities (0,6 « 0.7 nvs), humidity had only a slight eifect on the wear coefTiclent,

When used as a liquid lubrieant, it has been shown that water is not eftective in preventing
tribolagieat phenomena such as matovial tronsfer and tribochemicnl reactions, which have been
described in previous scetions of this review [146][147][148], In the cnse of oxide ceramics
sliding against hardened or stainless steels, the formation of ferrous wansler layers Is
commionly obse ved which often resemible those observed under unlubrticated conditions
[148][149]. Typicat friction and wear results obtained by Andersson aod co-workers [148]
for stainless steel sliding ot a varfely of engineering coramies are summarlzed in Figure 2,14,

Inn contrast with this cardier work, 1o ot ! [150] very recently found that coplous transter o1
hardened steel: (AISI 5200) to Torm thick and relatively continuous transfer layers unly
oeeurred on zireonia-toughened alumina (ZTA), but very little transfer oceurred on ziconit
ceramies (TZP). They also found that the cocilicient of friction for the steel-aluming couples
was a factor of 2 higher thun that of the steelzirconia couples.

Despite these ambipuities, there iy Tuirly good agreement in the literdure that mefallic translor
layers are effeetive In profecting the underlying ceramie surfiee and reducing damage to the
cetamie, although thefr presence may result in higher coeliicients of friction, Nevertheless,
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the rates of these two processes hecome comparaide, whereas stable friction coeflicients are

observed when either of the two processes tre dominant.

In the case of Siﬂ\l,i sliding against steel, the formation of u 8iQ) tansfer layer on the steel
surface has been reported [116][140] and the friction and wenr behaviowr is dominated by

tribochemieal effcets, annlogous to selfsmated SiN,,

The influenve of humidity and water lthicatjop.

It is evident Trom the preceding discussion that motal (ransfir to the ceramiv surfuce appears
1o oeeur by interfacial bond Jormation, Tollowed by rapiure ol cohesive bonds in the metal.
This madel is supported by the work of Takadoum er «f [141][142}, who studied pure Cu, Ni,
Ti and Al in sliding contaet with ALO,, SLHN; and PSZ, and demonstrated thot the magnitude
of the coeflicient 01 friction and the extent of metal transfer is related to the oxidation activi ly
of the metal. In the case of copper-ceramics and nickel-coramics systems, Increasing relative
humidity in the range of 20% 10 90% resulted in a sipnideant deercase in the measured
- coelTicients of fifetion, In contrast, the relative humidity level had no significant effeet in the
case of the chemically more reactive aluminium and titinium, where the coclficient of frietion
was found to be constant at ~0,60 and ~0,80 tespeetively, Takadoum ef af speculated that the
reduction in frietion coefficient {or copper- amd nickel-ceramics systems s related to the
Jubrienting elfect of an adsorbed water vapour film, More actlve metals, they argue, are
covered with more stable oxides and the adhesion of this water vapour {iln is reduced,
resulting in nruch lower sensitivity W increasing humidity lovels,

Similar results were obtained by Demizu ef af [143]{144,, who found the friction coellicients
of pure mctals against ALG,, ZeQy (TAP), SiC and 81N, 1o correlate strongly with the Gibbs
{iee energy of fonization of the metals, particularly It very humid air (0% RED: that s, the
niote uelive nietals showed higher coclficients of friction.  For metals sueh ag Cu, Ni, Pe and
Cry which ate relatively unreactive compared to T aud Al the Iiction coeflicient decrensed
slightly or was not greatly influenced by inereasing humidity in the range 10% to 90% RIL

Huwever, in contrast with the findings of Takodoun ef af, the Trleton coelliciont was seen
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2,33 Surfnce film formation and citvirnmnental effects

Analogous o ceramicfeernmic sliding eouples, materinl transfer and other third-body effects
such as interfacinl oxide layer formation alse oceur in metal/ceramic stiding systenms and, as
indicated in Figure 2,12, play o fundamental rdle in controlling fiiction and wear, The basic
mechanisms of third-body {ormation mnd their influence on tribological characteristics have
been deseribed in Seetion 22,4 and are broadly similat for metal/eeramic sliding,

~

Dry sliding

It sliding against oxide coramics such as ALO; and ZrO;, metnl is commonly transferred to
the ceramie surface 1o form 4 more or less contntious third-body lnyer [45][68][115][134]
[135]{136]. When sliding ngainst forrous alloys, the tanslor layer 1s mainly composed of iron
‘oxides and adheres firmiy to the ceramic substtate [119][137]. There appeats to be general
agrecmentt in the literature that such transfer films prevent direct metal-ceramic contact and
thug deminate the fiiction behaviowr of the sliding couples and proteet the underlying ceramic
from further damage. In the case of ductile and grey cast bon, it has been shows that
graphite Trom the cast i ean net o9 a solid [ubricant at the interface and lead to a Turther
reduction in cotamic wear rate [138].

In view of the strong adhesion between the metallic transfer Jiltns and the ceramic substrates,
niost investigators have attributed the formation of the {ilms to chemical internetion between
the metal and the ceramic. Zhou ef ¢f [113] recently studied the unlubricated wnidirectional
stiding wear behaviour of high chromium east fron with various matrices against ALO, mnd
710, ond confirmed that the extent of metailic transter film formation was related to the
adhesive enorpy botween the cergmics and the eyt fvons,  Direel evidenee for chemical
interaction between Aly(); and EN24 steel was provided by Ravikitan and Pramila Bal [139),
with metal transfer and iron oxide formation at low sliding speeds and the Tormation of' o
spinel-type solid sulution between jron oxide and aluming at high speeds.  Furthermore, these
investigators attributed observed oscillations in the friction coefflclent to the competing
processes of transtir layer formation and depletion.  They argued that oseillations veeur when
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wear mechanism map for different ceramics, such as that derived by Lim and Ashby [132)

for steel/steel wear (Pigure 2,11).

This complexity is demonstrated by the load-veloeity friction and wear maps developed by
Gautier and Kato {133] for alumina, PSZ and 8i;N; in uniubricated, unidirectional sfidine
against steel. The maps provide an excellent summary of typical friction and wear data fo.
these sliding systems and are shiown in Figures 2,12 and 2.13.

Referting to Figure 2:12, it will be seen that the coefliclent of ftiction is rarcly stable for any
of the sliding systerns throughout the test period, It is therefore nteaningless to quote a single
coeffielent of friction for o partleular metal/ceramic shidlng system. Nevertheless, there
appears o be  general trend towards incrensing stability with increasing sliding speed an
applied load. This may be related to the formation of thicker, mote well-developed transfor
layers undar these conditiony, or the occurrence of direst contact between the & .
materials, The interfacial material properties and contact conditions may thus be MOre slavic
- and well-defined, leading to more stable frlction coelficients, |

The friction and wear maps reveal a further important characteristic. namely that lower
cocfficients of [riction are not necessarily associated with lower wear rates. In fhet,
particulaedy the 8Ny« and PSZ-stee] couples exhibit gencrally lower fiction coefficients at

higher sliding speeds and applied londs, whete inereased overall wenr rates ate expericnced,

Gautier and Kao [133] compared their results to dnta published previously in the open
literature wdk found general agreement, They further demonsteated that a linear relationship
appears to exist between the wear rate of the ceramie or the steel sliding partner and the term
#Wy, where p s the coefficient of friction, W the applied load and v the sliding velocity,
This term represents the frictional encrgy generated at (he sliding interface, which controls the
growth rate of inerlaeial oxides and the onset of soflening and melting.
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Lim and Ashby [132] dcvclophd a wear mechanism map for steel-on-steel wear in
unidirectional, wnhibricated sliding which illustrates the different wear regimes as a function
of sliding speed and applied load (Figure 2.11), They also found that the severity of wear and
the boundaries between wear regimes correlate well with the general surface and contact flash
temperatures expected at particular vaiues of load and speed (Figure 2,11 (b)). Although
limited in that it applies only to a pin-on-disc system,' this map is very useful to engineers in
predicting the likely wear mode of a particular steel-stee] sliding system,
- The wear mechanisms deseribed above are fundamentally controlled by the energy dissipation
at the interface (which depeads on the sliding speed, the applied load and the friction
coefficient) and thus also occur in metal-ceramic sliding systems.

Abrasive wear of the metallic counterbody by the ceramic asperities has also been reported,
for example in stecl/alumina and stecl/silicon nitride systems [133][117]. This is not
unexpeeted in view of the high hardness of the ceramics compared to steels and other alloys.
However, the ﬁwchanism appears to be relevant only where the ceramic surfaces are rough
{e.g. ground) and contact loads are relatively low, Moreover, most ceramics tend to show
improventents in surfrce roughness with increasing sliding distance, unless significant surface
fracture occurs, by mechanisms such as plastic deformation and tribochemical reaction.
Together with the rapid formation of metallic transfer layers on most ceramies (see Scetion
2.3.3), which may be accelerated by abraston, this effeet will tend (o limit abrasive damage
on the metallic counterface to the carly run-in stages of sliding cuntact,

Erietion and wear datn

Metal/ecramic sliding pairs are susceptible to transitions in friction and wear rate, analogoQs
to metal/metal and ceramic/ceramic stiding systoms, which are a function of the siiding
conditions, It i clear from the preceding diseussions, however, that the wenr of ecramies also
strongly depends on the material characteristies of the ceramic jtself (chemical nuture,
fabrication route, mechanical prapertivs, ete.), and is probably more complex than metattic
wear, It would therefore seem diffieult if not impossible o derive a single pressure-velogity
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combinations of high sliding speed (~ 0,5 m/s or mote) and applied load (~ 2 30 N in a pin
on-disc or ball-on-disc test), Examﬁles include spalling of a ransformed surface layer in
zirconia ceramics as well as surface microfraciure of alumina ceramics {114][115]. Analogous
to ceramie-ceramic wear, the extent of surface fracture appears to decrease with increasing

ceramic fracture toughness,

For silicon-based ceramics sliding apainst metals, the dorhinant wear mechanism at lower
stiding speeds is tribooxidation, as discussed before [116]]117]]118). At higher speeds and
applied loads, locatised fracture is observed on the surfaces of silicon nitride [119] and silicon

catbide [120], which results in an increase in friction coefficient and wear rate,

In additlon to the ostablished mechanisms deseribed above, a few investigators observed
abrasive wear on zirconia ceramics [121] and silicon nitride [122]. 1t is thought thut this is
attributable to ceramic wear debris particles which move through the sliding interface or
become embedded in the metal counterface. Nevertheless, the other wear mechanisms are

usually dominant,

Metailie counterbody wear

Under most practical conitact conditions, the unlubricated wear of mefals is dominated by two
primacy mechanisms, Firstly, oxidational wear oecurs whore the real contact areas of the
metals are covered by a protective oxide film, typically 3 « 4 um thick, from which wear
particles aee detached duriag sliding [123][124][12571[126](127]. The mechanism is associated
with little subsurface plastic deformation and low wear rades and typically occurs at
combinations of relatively Jow applicd loads and sliding speeds or low londs and high speeds,
As sliding conditions becorie more severe (e.g. high loads/ high speeds or high loads/ low
speeds), a transitlon ocowrs to plasticity-controlled wear mechanisms which are chavacterised
by severe subsurfice plastic deformation and high wear rates. Muterial loss then oseurs by
asperity adheston and shear [15], nucleation and growth of subswrface cracks leading to
delamination wear [128]{1291{130){131], and various formis of surfuce fatlpue.
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hydraulic cyele 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 frietion and wear
characteristics of metal-ceramic sliding couples. Emphasis is placed on highlighting
similarities and differences compared to ceramic-ceramic .systems. In addition, some key
friction and welar data are presented,

2.3.2 Friction and Wear

Ceramic counterhody wear

As described earlier, material loss and wear of engineering ceramics oceurs mainly by
tribochemical reactions (for non-oxide ceramics), fracture and, to o lesser extent, by plastic
deformation, Tribochemical reactions are dependent on the environment while the latter
mechanisms are controlled by the stresses which are generated in the ceramic surface during
sliding, Invironmental parameters are largely independent of the counterface material
composition, while the stress state in the sliding elements is a function of the applicd load and
sliding speed,. It is thus not surprising that these fundamental ceramic wear mechanfsms oceur
in metal-ceramic sliding couples as well,

Nevertheless, the stress distelbution in the ceramic is o fanction of the mechanieal propertivs
of the counterfuce material. It will be readily appreciated that the surface asperities on softer
metallic materials will deform plastically when 'ioadc.d against a herd ceramie sueface, The
applicd load is thus distributed more effectively than in the case of ceramic couhwrbodic's.
which results in less concentrated contacts and lower stresses in the mating ceramie surfhees.
As miglht be expected, many investigators thus reported no damage or only polishing and very
mild wear of the ceramic clement (e.z, unlubricated sliding of aluming against tool steel {113]
and zirconia ceramics against BS,970: 1091 826Md) (EN26) steel, beass and cast iron [o8]).
Significant damage and surface fracture is typically only observed under severe sliding

canditions, which ogeur ot
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increasing humidity [108], The tribochem® . formation of prolective surface films is thus
the dominant effect in all cases, which explains the more congistent resulls obtained for these

ceramics.

Nevertheless, some Instabilities in friction and wear coefficients can ocour. Very recent work
by Takadoutn et al [109] demonstrated that protective hydrated silica fiims are fornied by
aggregation of wear debris, rather than by direct oxidation of the ceramic surfaces (fe. the
mechanism follows the third body approach discussed carlier). As might be expeeted, the
friction coefficicnt and wear rate were seen to increase stpnificantly when thie woar debris was
continually removed fem the interface. These findings are in agi'eoment with and explain
resulis from carlier work by Yamamwoto and Ura [1101.  In reciprocating sliding, much of the
. protective film is removed ﬂuring each stroke and unless the film can be re-formed rapidly
enough, friction and wear coefficients increase [1115. A further source of instability has been
teporied very rc'chntly by Andersson and Blomberg [112] who showed that silicon monoxide
(8i0) is formed on SiC within narrow operational regimes and appears as a Joose powder on
the sliding swface. This debris is unable to produce a protective tribotilin and is associated
with higher {iction cocfficients and wear rates. '

23  Metal-Ceramic Sliding Systeins
2.3.1 Introduction

The previous sections have focused on ceramic-ceramic sliding couples in order to introduce
and discuss the basic response of different ceramics to tribological stresses, In recent years,
n.einl-coramic sliding systems have gained in industrial importance for a number of reasons.
There is increasing intorest in the substitution of ceramics for more traditional materials in
engincering sysiems, even in technologically conservalive industrics such as mining and
minerals handling. This frequently leads to metal-ceramic sliding interfaces since. the
substitution of both sliding pattners is often impractical due lo the relative brittleness of the
ceramics, Cost considerations further mitigate against the use of ceramics for both sliding

partners in many oases, A typical example is the spool valve assembly which controls the
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As deseribed by Wilks and Wilks [179]. some work has been done on PCD in " ling contact

with steel, in response to the use of PCD ns a eutting tool. Not surprisingdy, the dominant

“parameters which deternined weat rates were found to be the roughness ol the PCD surface
and chemical wear and transfer of steel to the PCD.  The latter effect is probably related to
the presence of the cobalt binder phase since no material transfer was obyerved with single

crystal diamond.

Again, no systematic study could be fowl in (he open literature of the wear of PCI vompacts
in sliding contact with similar materdals. It would, however, be reasongble to assume that the
“mechanisms outlined above would also be operative in this case, depending on the contact
conditions such as PCL roughness, contact temperature and contaet pressure,

P
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This veeurs as o result of rubbing against abrasive rock

surfaces such as s ndstone and resuits in a smooth wear
flat on the PCD compact by the fracture and cleavage

mechanisms deseribed carlior,

Microchipping of singic or muliiple diamond
erysials occurs as o result of eyclic applied loads
which breuk the bonds between the diamond
purticles. Where thermal effeets are negligible,
the wenr resistance of PCD increnses with
decrcasing dimnond grain size,

As described calier, PCD exhibits thermal instability at
temperatures above ~ 730 "C. At these lemporatures,
the microchipping wear mode changes to severe thermal
degradation and the puli-oul of entire diamond grains,
This is caused by internal stresses between the dismond
grains which are the result of differentinl thermal
expansion of dinmond and the cobalt binder phase,

Below 730 "C, Inereasing temperatures itcrense the r.ie
ol microchipping and the rate of wear,

Inn the presenee of oxygen, diamond begins to graphitize
at tlemperatutes above ~ 875 "C. However, due to the
presence of the ecbalt catalyst phase. conventional PCD
compacts ean begin to graphitize at temperatures around
700 °C, as deseribed carlier.

Studies of the wear of PCI cutters have often tended to foeus on the temperature-ralated wear

mechanisms due to their prevalence in drilling applications [188].
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an industrinl finishing process, much of the research work has concentrated on the polishing
of single erystal diamond using o cast iron geaife loaded with diamend grit [180¢]. Under
these conditions, the rate of polish (Lo, the resistance to abrasive wear) is strongly dependent
on the erystallographic orlentation of the polished face and the direction of abrasion. This
- arises because abrasive wear and polishing of dinmond occurs primarily by o mileroscopie
cleavage process, and diamond cleaves preferentially along {111} cleavage planes. It is
Interesting that graphitization as # primary diamond wear process is now generally rejected
in favour of mechanical chipplng and cleavage ([181], as quoted in reference (182]).

It hus also been shown that softer matetluls such as steel and even aluminium can canse wear
of diamond [183]. ‘This polnts to a fatigue mechanism which causes the formation and growth
of snuall cracks in the dinmond surface which eventvally result in matetiol loss.

Chemical wear oceurs when diamond is brought into sliding contact with materials which have
a bigh alfinity for carbon [179]. A typical well-known example is the machining of ferrous

alloys, which results in very high wear rates of the dinmond tool and is thus generally

avolded.

PCD composite materials are essentially isotropie due to thelr polyerystalline structure and
therefore exhibit 1o wear ahisotmpy. Nevertheless, many of the dinmond erystailites present
themselves to the wearing couterfuce in very abrasion resistant orientations and this coused
initial difficulties 1 the polishing of these materfals, owaver, it has since been shown that
PCD ean be polished more rapidly on a scaife than single erystal diamond, provided the seaife
is kept adequately charged with diamond ebrasive [184]. This is due to the abrasive particles
being pressed into the meial binder vegions where they then also damage the Jess resistant
edges of the PCD diamond grains, ‘

Resides polishing, meost of (he work on PCD hus coneentrated on the wear of this material in
cutting and partienlarly drilling of oil and gas wells} since these are the most common
applications ol PCI> [161]]185]{186)[187]). The primary wear modes which have been
identifict] arc briefly described below.
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eoefTielent of fiiction and explained this elleet in terms of the geperation and aimihilation of
dangling bonus on the dinmo:.. surfaces during sliding. In experiments with silicon carbide
sliding against diumond coatings, Jabhanmir ez of [173] attribuled tow {retion o the formation

of graphite &t the sliding interface,

The overrlding influence on friction, however, appears 10 be the surface rough'ncss of the
diamond coating [174][175]{176]. Driction coefficients are high (~ 0,5) for rough coatings
(R, > 200 nm) and similar to that for single crystal diamond (~ 0,05) for smooth coatings
(R, ~ 1 nm). A roview of the tribological characteristics of diamond coatings. and
technological challenges associnted with their industrial use has récemly been published by
Bull and Matthews [177).

Only very limited work has been published on the [detion characteristies of PCL). Field and
Preeman [178) studied the fiction of syndite (a De Beers PCD with cobalt bituler) against
various metals and alloys and found that, in general, friction is lowest for diamond, highest
for amborlte (r D¢ Beers cubic boron nitride composite) and intermediate for syndite, Feng
[169] examined the fiiction of copper, tungsten carbide and cobalt an syndite and found, not
surprisingly, that materinl transfer nnd ronghmess effects dominate the behaviour with softer

materials, With tungsten corbide, the frietion coefficient was lower at ~ 0,4 and did not vary
| greatly with syndite roughness. The offects were explained in terms of ploughing and
adhesion, with transfer also playing o significant 1dle,

To the best of the writer's knowlege, however, no systensatic study of PCD etion and wear
has been published in the open literature which explores the tribological mechanisms and
operational limits associated with these materinls, The present study therefore aims to make
a contribution in this area,

2 Wear of dismond

Dintmond is susceptible to two main forms of wenrs mechanical or abrasive wear and chemicul
wear, as outlined in a recent review by Wilks and Wilks [179]. In view of ity importance as
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incubatiun period, compured to unlubricated and paraffin lubricated conples (Figure 2,17).
This clearly shows that adhesion effects are Important in diamond tibology. It is suggested
that dinmond surfaces in air are covered with a chemisorbed layer of I or OIL, fullowed by
an adsorbed layer of water, No dangling bonds are therefore available on the diamond

surfaces and adhesion and friction is reduced,
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the same track. Carter Feng and Field [171])

It is thus clear that the mechanism of diamond friction must involve both asperity interaction
effects ns well as adhesion. Additional effects include surfbee and subsurace ftacture onee
a eritical contact pressure level iy exceeded, as well as the possibility of' plastie deformatton,

However, no definitive deseription of the processes hay yet been developed.
Friction of diamond eoatings and PCD
Palyerystalline dinmond coatings do not ingorporate any second phases and would thus be

expected to behave in a fundamentally similae way to single crystal diamond. Indeed, Gardos
and Soriano [172] demonstrated that the adsorption of hydrogen is important in l_uweris}g the
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polish lnes aad hard refers to stiding i the <i10> direction, (aier Sansuzis and Wilks [168)

rise and fall over one another, They further described several energy dissipation mechanisms
to acrount for the observed frictional los. s, the most pltiusiblc of which would appear to be
clastic vibration of the asperities alter each disengagement. This model is successtul in
describing most of the above effects,

However, recent work by Feng and Field [170][1::'1] demonsira.cd o marked effect of
tentperature and the presence of water on tiction behaviour. In single reciprocating truversal
experiments; they found that increasing the temperaiure in the presence of water resulted in
a significant Increase in the cocfficient of friction (Figure 2,16 (a)). A similar effect was
found for liquid paraffin; however, in contrast to the behaviour with water, the fiiction
coefficient remained at a high value on cooling (Fi;gure 2,16 (b)). For multiple traversals, the
[Hetion coefficient of water lubricated diamond couples decreased markedly after an initial
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the <110> or cube diagonal direction and highest along the <100> or cube edge dirgetion
[165][165), The frictional anisotropy is smaller on the (110) face and virtually non-existent
on the (111) face, Enomoto and Tabor [166] showed that the applied load on the sliding
dinsmond indenter needs to exceed a cortain threshold level before the anisotropy effcct_

becomes significant,

- The magnitude and symmetry of the friction coefficient also depends on the direction of
polishing relative 1o the crystallographic otientation of the samples [167]. Bearing in mind

~ ihat material is removed during polishing by a small-scale chipping or cleavage process, which

results in surface rorghness featwres of the order of 5 nm in height, this result suggests that
surface topography is an important patameter governing diamond friction behaviour,

The literature is divided concerning the influence of applicd load on the maﬁnitude of the

{riction cocfficient,” Using a rounded stylus as sliding clement, Enomoto and Tabor 1165]
found that the coelficient of friction inereosed with increasing applicd load. In contrast, using
the tip of a natural ociahedron as slider, Casey and Wilks [166] found that the {iiction
coefficient was indepéndcnt of the applied llond, which supgested an influence of stylus shape,
Further experiinents by Samuels and Wilks [168) revealed that these diserepancies were
related to different contact pressure regimes used it the provious work, Using styli of various
radil but under similar contact pressurc conditions, they showed that the coefTicient of friction
decreases or remains victually constant on the (100) and (110} surfaces in the *hard divection
{Figure 2.15), (‘Hard' hero refers (o the ease of polishing of the diantond in this direction),
This trend has since been confinmed by Feng [169],

Intfluenee of lubricants

- It is gencrally nccepted that the friction of diamond is much lower in air 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 and the geometeic effects
discussed in the previous section, Casey and Wilks [166] and Samuels and Wilks [167]
proposed o ‘tachet-type’ frietion mechanism, whers the asperities of the interacting surfaces
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. Single crystal diamond begins to graphitize at at an Increasing rate at
| temperatures above ~ 1200 °C in inert or reducing atmospheres and above ~
875 "C in the presence of oxygen [161]. In PCD composites, the presence of
the catalyst phase, usuatly cobalt, leads to thermal instability at temperaturcs
above ~ 700 °C [155]. Degradation of the co.mposi_te then oceurs by the
differential thermal expansion of cobalt and diamond, as well as graphitization

of the d.iamond, catalyzed by cobalt, ' '
To overcome the limitations imposed by .thc thermal instability of traditional PCD, thermally
stable PCD composites were developed and commetcializad in 'the early 1980%s [155). These
are manufactured either by leaching out the cobalt phase after sintering, or by choosing a
binder phase which becomes inert with respect to carbon afler sintering. An cxample of the
laster matérial is marketed by De Beers under the trade name *Syndax® and contains silicon
as the binder phiase, Although much of the silicon in the diamond network is present in the
form of silicon carbide, a significant amount of free silicon remaing in these arcas [163]. As
will be scen in Chapter 5, this {s important in the friction and wear behaviour of [his material.

2.4.3 PFriction of diamond

Most of the work on the friction and wear of diamond have been carried out using Sihglc
crystal specimens of nstural or synthetic diamomd. While these basic studics have served to
clucidate some of the important aspeets of diamond tribology, they are limited in that the
small specimen size has neeessitated the use of very thw sliding speeds, An excellent concise
“review of the fiiction behaviour of dismond has recently been published by Tabor and Field
(1641,

_ Friction of dinmond in air

There is general agreement in the published literature that the coetlicient of friction of self-
mated diamond sliding in air typically lies between 0,05 and 0,15, depending on the crystal
orientation and surfuce roughness, On the (100) face, the friction coefficient is lowust along
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242 PCD: Synthesis and propertics

PCD composites are made by a high temperature, high pressure process similar to that used
in the commeretal manufacture of synthetic diamond grit, Micron-sized diamond powder as
the st&i‘ﬁﬂg material is thorm_lghly mixed with a metallic catalyst or binder phase, typically
‘cobalt, and enclosed in a profective mietat can [161]. Alternatively, aad this is the more usual
method, the diamond powler is placed into a tecess in a previously sintered WC-Co compact,
from which the required catalyst is obtained by melting and extrusion of the Co binder phase,
The sample is first pressurized to a typical pressure of 3 ‘Gpa and then heated to the
carban/catalyst cutectic temperature, which is typically 1500 *C. Sintering of the mixture
occurs by dissolution of the diamond crystals at their cdges and points of contact, followed
by epitaxial growth of diamond on faces and sites of low-angle contact batween crystals. The
'bindcr phase Is thus effectively excluded from the ctystal contact points and true diamond-
diamond bonds are formed, This characteristic distinguishes PCD composites from more
familiar composite materials such as WC-Co where no truc intergrowth of the hard phase
oceurs [162], At the completion of the process, small pockets of binder phase remain in the
interstices of the continuous diamond nelwork. Nevertheless, the typieal diamond
concentiation in PCD is 90 - 97%. '

The resultant cbmposite'is traditionally in the format of a dise, consisting of a thin layer of
PCD (~ 0,7 mm. thick) integraily bonded to the WC-Co- subsirate during the high pressure,
high temperature cycle. Some imporiant characteristics of PCD are outlined below,

’ PCD appronches the harduess of single crystal diamond but exhibits isotropic
mechanical propertics as a result of the random orientation of diamond erystals.

' Residual stresses in the PCI) layer are high as a rosult of differential thermal
contraction of dismond, Co and WC-Co during cooling from the sintering
phase [161]. These can canse spontaneous delamination of the layer from the
WC-Co subistrate when subjected to impact loads,
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 industrial applications [154], Today, synthetic diamond is available in 4 number of forms:

. loose prit:  which is vsed in cutting, grinding and polishing and drilling
| applications and accounts for the majority of synthet'ic' diamond
used in industry (current marcket is estimated at around 400
million carats or 80 tonnes per annum, of Which synthetic grit
accouts for about 90% [155])

* cogtings: whicly eonsist of po!}'rc.rystalline 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

v composites: nlso known as polycrystalline cliémond (PCD) composites,
where diamond crystals are sintered into a dense structure in the
presence of & metatlic binder or catalyst phase. The resultant
cylindrical compacts are widely used as cutting tools and inserts
for oil and pas well drill bits and are the matetials of interest in
the present work,

Diamond grits are usually commercially manufactured by subjecting a mixture of graphite and
a metnl solvent, such as cobalt, nickel, iron or alloys of these, to high pressures and
temperatures of ~ 5 GPa and 1500 *C,, respectively. Polyerystailine diamond or diamond-like
coatings can be produced using chemical vapour deposition (CVD) and other techniques, but
most industrial applications are still very much in the development phase, Further details on
the development history, manufacturing methods and applications of these mfltcrmls can be
found in references [1541, {156], [157], [158], {159], [160].

The synthesls and cssential properties of polycrystalline diamond (PCD) composites will be
discussed in more detail in the following scetion, since this is important for developing an
understanding of the tribological characteristics of these malerials,
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sliding, the behaviour of these ceramics is dominated by tribochemical 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 n/s.
24  Synthetic Diamond Materials
2.4.1 Introduction

Dinmond possesses a face-centred cubic steucture in which the carbon atoms are tetrahedrally
cootdinated and covalently bonded [152]. This is responsible for the unigue 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 ather materials [153]. These and othier properties make diamond an attractive material

for electronic applications (e.g. heat sinks), optical applications {e.g, x-ray windows),

Table 2.4 Some key properties of diamnn'd compared to selected engineering ceramics,
Property ~ Diamond Alumina Zlrconia
Hardness (GPa) 56 - (08" (.22 10~ 14
Young's Modulus (GPa) 1000 340 - 410 196 - 216
Fr!ctinn_coefﬁciénf (self-mated, it air) 0,05 - 0,15 0.6 - 0.7 06 - 0.7
Thermal conductivity {W/em.'C) i '
NOTES: 1. Values depend on erystallographic orientation.

biological applications {e.g. coated heart valves to prevent wear and biological fouling) and
tribological applications (e.g. eutting and grinding toola).

| QOver the past 40 years, considerable research eftort has thus gone into the development of

diamond synthesis technologies in order to facilitate und expund the use of dinmond in
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written in machine code to achieve maximum speed, reads a burst of digital data over u
number of reciprocating cyeles from eaen channel and performs an averaging function, The
length of this datn buest for ench channel is Spcc.iﬁed in the test parameter sut-ﬂp stage. For
the wenr depth data, the subroutitie simply calealates the mean of this data burst,  The
advantuge of this approach is that varlations in the data due to vibratlons ot variations in

speeimen height are averaged out for cach data point.

For the friction force datathe process is slightly more complex since (he sign of the signal
changes from positive on the forward stroke, o0 negative on the retuen siroke,  The subroutine
thus calculates the average 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 foree
data, the routine had to be capable of reading the transducer data [ast ehough to resolve a
_number of individual reciprocating cycles at the maximum design reciprocating frequeney of
the machine.

In summary, the machine eode subroutine rends a burst of raw digital data from each of the
two A-D converier channels at preselected sampling intervals and calculates o menningful
average for cuch data burst. This average i then returned 1o the main programme and
represents the y-value of the data pair Tor thet particular sampling interval, For each chantiel,
the cumulative time clopsed for cash sampling inferval is calouluted and represents the x-value
of the datn sair,

Immediately afler sampling, the raw tefction and wear data pairs are converted into data pairs
representing cumuiative sliding distanee vs. [retion foree and cumulative siding distance vs,
wear depth, using the necessary lest parameters and calibration constants, These data pointy
are then plotted on the computer seizen in real-time to provide the investigator with a
graphiéal view of the progress of the test. This is particularly useful when investigating
Iriction and wear transition phenomena, where it Is sometimes desivable to terminate the test

before and after o transition to enable detuiled wear surlfhce analyses.

Fallowing the above operations, all four data pairs are then stored un disk in ASCTT farmat
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Option 2 s used to [t polynomial to nequired data, which can subsequently be plotied '
together with the data using the Graphics options. The remaining oplions were not ri:'quii*cd
in the presenit work and are currently not supported. However, the menu structure has been
designed to nllow Jor casy extension of the programme to incorporate these {features,

Gﬁtphies: 1. Setup graph
2, Dlot curve(s)
3 Select output deviee
4, Change graph aspect ratio

The programme supports the simultaneaus plotting of multiple dutw sels on x-y graphs with
two y-axes. Option 1 18 used to set up the geaph, Le, to define axis seales and labels, seloct

~the Tine and mavker type for the different data sets, and 1o define with respeet to which y-axis
cach data set is 1o be plotted. Option 2 is used to then plot the graphs. A notable feature is
that the x-axis and the lell-hand y-axis are sealed automatically by default; based on the x and
y values in the data set. This enzbles rapid plotting ol any given data se* without the need
to first mannally sealc- the geapl, FPurthermore, o cursor is provided with the graph on the
computer yereen. This ean b moved along the plotted curve using the arrow keys wnd s
useful for finding the x-y cvordinates for any given point on the carve. '

Output devices like printers can be specified with Option 3, the default deviee heing the
coniputer sereen. However, this option iy nuw inoperative sinee it was fowmd Lo be more
wonvenient 1o print graphs using the plotting functions in QuatteolPro™, The aspect ratio of
the graph ns it appears on the computer sereen can be adjusted using Option 4.

3.3.3 Data acquisition and storage

The analog signals from the Hiction force and wear depth transducees are converted into
digital data wing an A-D converter eard.  The computer progranune interrogates the two
chanitels of e A-I card at sampliog Hine intervals which are speeilied durlng the fost
parameter set-up stage (Oplion 1, Test sub-menu). At cach interval, o small subroutine,
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Option 2 is used 1o run 2 test awtomateally, where the computer storts and then terminates the

test once the test duration specified fn Option 1 has clapsed and contnuously sequires and

stores {rietion and wear data during the test. Qption 3 provides for manual control where the

machine can be slarted and stopped using selected computer keys,

(i)  Disk Utilities:

L]

Dafa filess 1. Load files from disk

Sawe: files on disk

LT I S
-

Catalog disk (i.c. list files)
Load files from disk

Save files on disk
Catalog disk

Specify directorles

TCON files: 4
5

-

oo o~y O

Display default file structue

Note:  TCON files list the selected conditions for cach [riction and wear test. together with
the test name and date on which the test was conducted.

fdit/Enter datw: 1.

2]

L U N ]

Data entry from keyboned
Append/insert data to file
Delete points

Lidit datn points

List points |

These options ean be used fo enter data using the keyboard, and to list and modily the dat

sclectively,

Manipulate data:

B

»o

Trangform data stopwise

Polynomial regression

Intetpolation on existing derived curve
Intepeate/difTerentinte data

Calevlate arithietic mean / RMS value
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Wigure 3.3: Typieal sereen dikﬁ]ﬂy prior 10 starting o test, DUriTg 8 (est, the nequired friction and wear
data [s displuyed graphically and numerically I the centse witidow,

reciprocating frequency, test durntion, data file name and test deseription, These paraneters
are subsequently used with the calibration constants derived in the ealibration routine
{Option 4} (o caleulate sliding distanes and the coefficient of friction from the raw data
obinined from the transducers, The conditdons for data aequisition are alse selected in this
step; more about thiy in Section 3.3.3. Finally, the user can specify lower and upper limits
Tor each dati channcl, in user-selected units,  For example, in the cose of wear depth the
limnits might be 0 and (.4 mm, respectively, The programme then mionitors the values of the
aequired data while excenting the test and will torminnte the st automatieally when any one
limit is exceeded. This feuture Is required to protest the machine against potential damape
when running tosty unattended, On termination, a nwssage will appear in the ‘Remarky’
column in the centre display window (see Figure 3.3) which indieates on what chapnel and

for what reason the terraination occurred.

Y
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331 Menu strueture

There are twe meny levels, namely the maty menu whicl lists the options available and five
subrmenus which ave used to exeeute the various options {these are discussed in more defail
in the following scction'). The sub-menus are accossible either from the main menu, or
directly from any other sub-menu by ‘hot keys’, When cisplaying a sub-menu, the screen Is
divided into three windows:

-

. Top window: which provides information concerning the number of
' data files londed in memory, date, time, and dala file
path; .
. Centre window: © which lists the sub-menu concerned; and
. Bottom window: which provides relevant information to the user, such as

a list of ‘hot-keys* to be used for accessing the various
ub-menus directly as well as any error messages,

These windows nre also used while the Test sub-menu is displayed, ot while executing a test
(Figure 3.3). In thesc cases the top menu provides a summuary of the sclected test conditions,
the centre window is used for displaying the Test menu or acquired data in realstime mode,
and the bottom window provides relevant user information,

3.3.2 Sub-menns

The five sub-menus and the assoeiated options available are listed below,

(i)  Test Menu: I. Setup test conditions
2. Run test antomatically
KR Manual override
4, Culibrate data acquisition channels

Option 1 is used 0 define a set of test paramoters, including applicd load, stroke length,



CHAPTER 3:  Development of High-Speed Reciprocating Tribometer ]

Figure 32! Flushing of the specimen contact using watce recireulating fhnl[ity‘

. continuoes monitoring of vser-selected data limits on all activated channels
with automatic test termination iff any limit is exceeded;

. real-time plotting of data fram any two activated channels;

. simultancous data acquisition from wp to 11 channets:

. automatic processing of raw data;

. automatie activation und tevmination of experiment. based on usenselected test
duration,

A listing as well as w0 compiled, executable version of' the programme is provided on she

camiputer disk provided with this thesis.
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Tollower in the oseillating head, The load frame is located in tinear rolling clement bearings
and extends (hrough the cast iron baseplate of the machine. 1t is Joaded beneath the plate by

dead weights.

The friction force is mensured by a load cell attached to the stationary specimen stage
assembly, The supports which carry the specimen stage are machined in sucl a way that they
deflect elastically under the influence of the friction fotce. This guarantees a. well-defined,
lihem' response of the load.cell to the friction foree,

. The total wear depth of the sliding system is monttored -by an inductive linear varible
differential transducer (LVDT) which measures the downward displacement of the load frame,

Since components in hydro-powered mining equipment opetate it water, the cbmpletcd tost
system also incorporates a water renireulation facility to provide flushing of the specimen
contact during testitg (Figure 3.2), The aémperatm‘e of the water may be controlled to within
1°C from room lemperature to 100°C by means of an integrated heating arrapgement.

33  Computer Softvare Development

A PCsbased computer programme. was wiitten in Microsoft Turbo-Basie™ to fucilitate
automated test contrel and continuous data acquisition, The progam includes the following
main features:

’ user-friendly menu stucture with position-sensitive help in some arcas;

. contintous on-sereen information regarding test conditions, data acquisition
perameter status and test statuy; _ '

v maxinmum data acquisition rate of 16 Ktz which s required v resolve the
fiiction loree over single reciprocating eycles and miy be varied by the user
using several delay functions;

’ attomatic data storage throughout a test
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maintenance, which indicates the effectivencss of the design measures.

To facilitate the changing of specimens, the scotch yoke housing is catried in a trunnion and
the entire assembly may be rotated about the drive shalt 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,

tunning on the drive shafl,

- Wear in the mechanism is taken up automatically by a hydraulic piston, which is attacled to

the moveable rear sliding plate in the crosshead 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 supplics the injectors, The feed pressute is
regulated by a bypass valve, If required, the liydraulic system may be converted to matwual
operation to reduce complexity. The ability to adjust the mechanism for wear is retained with

‘mazual operation.

The lower, fixed specimen is clamped in 8 stainless steel bath using a simple vee-block
arrangement, The bath, in turn, is mounted on 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 n the same fixed spocimen. A fhacility is also provided for adfusting the vertical
position of the bath with respect to the reciprocating specimen, This is used lo accommodate

fixed specimens of dilferent thickness and is necessary since the reciprocating arm needs to

~ be accurately hortzontal to avold nsymmelric frietion behaviour on the forward and reverse

strokes,

The baseplate incorporates electric tube heaters for elevated temperature testing and is
mounted on, elastically deformable supports o enable measurement of the friction foree, The
specimen stage assembly and the drive sysiem are mounted on separnte cast iron baseplates
to reduce vibration transmission from the dive system,

The normal Ioad is applied to the top specimen by means of a load frame and a roller cam
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Figure 3.1 (cont.)

The oil is recirculated through the housing from n 20 [ reservoir, vsing a hydraulie pump.

The scotch yoke mechonismy is driven by a double cam arrangement, consisting of the
crankhin on the driveshaft which fits into an off-centre recess at the rear of a phosphor bronze
cam. This cam, in turn, roiates in the sliding block in the cross head and is locked onto the
crank pin by means of a bolt, By varying the relative position of the ¢com on the erank pin.
the throw of the square sliding block and, therefore, the stroke lenpth of the crosshead may

be adjusted steplessly between 0 and 8,5 mm.
The drive shaft is carried in « bearlag block and is belt-driven by o 1L5kW de electrie motor.
The motar speed may be varied using a solid stute speed controller to set the veeiprocating

frequeney in the ronge 0 - 50 11z

The machine has now operated satisfactorily for a number of years withoul requiring
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(a)

(b)

Figare 300 Generad view of the reciptugaging tribometer (o and close-up views of the scotel yoke drive

system (B amd the specimen stge assemhly (o),
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. specimen heating facility.

While the frequency and stroke length ranges were easily determined from the operationﬁl
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 typicaily used in previous 'laboratory investigations (see Chapter 2), in order
‘to aceommiodate all Joads which could reasonably be used with metal-ceramic sliding couples,
Other specifications such as the specimen contact geometries and environmental control
fucilities were selected to make the machine as flexible as possible and accommodate the

-needs of botl the present and future rescarch programmes,

The detailed design drawings are presented in Appendix A while the completed tribometer is
" shown in Figure 3.1, |

The 1op specimen is held in a simple clamping atrangement in a moving head (Figure 3.1{c)),
which is oscillated horizontally by a scoteh yoke drive assembly (Figure 3.1(b)). In principle,
the latter consists of a square block, which Is driven by an overhung crankpin on the drive
shaft and slides in a slotted crosshead. The vertical motion of the block is thus *absorbed’
in the slot, so that only the horizontnl reciprocating motion is transforred to the crosshead.

Compared with other types of deives, the main advantages of the scolch yoke gystem are:

¢ compact design,

. no lateral forees are imposed on the output shaft, thoreby reducing the stresses
on machine components; and

. no linkages are required,

A disadvantage Is that the syslem incorporutes a number of sliding surfaces, primarily between
the sliding block and the sloited crosshead, For this reason, both the sliding block and the
crosshead are made from hardened carbon steel, To cnsure 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 HIGH-SPEED RECIPROCATING TRIBOMETER
3.1  Iutroduction

One part of the present work focused on a laboratory study of various metal / ceramic sliding

couples for use in high presmure, high frequency oscillating hydro-powered stoping equipment
like water hammers and rock drills. A review of relevant wotk published in the open
literature revealed that the mode of sliding can exert a significant influence on the friction and
wenr characteristics of ceramic and metal/ceramic sliding couples (e.g. Figure 2.3, Chapter 2),

It was concluded that a conventional pin-on-dise test arrangement, which is characterized by
‘unidirectional stiding of the samples, is unsuitable for the present work., A high speed

reciprocating tribometor 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 eouples under controlled sliding conditions. Important parameters like reciprocating
frequency, stroke length and applied load had to be variable over a range compatible to the
vperating conditions of oscillating components in hydro-powered equipment. The selected

pavameter ranges and additional specifications are listed below:

. Frequency of oscillation: 0 - ~50 Hz
. Stroke length: 0 - ~0 mm {variable)
J Normal [oad: 0-~250 N
. Specimen conliguration: . ball-on-[lat {point contact)
- eylinder-on-flat (line contact)
- flat-on-flal (aren contaet)
. Environmental control: - specimen bath for liquid environments
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4.1.2 'Test environment

Most experiments were condueted in deionized water to evaluate the tribological response of
the test couples without the complicating influence of corrosion or other effects. However,
South African mine waters can be highly corrosive due to low pH, high levels of ehlorides
and sulphates and high levels of dissolved solids, Some exploratory friction and wear

experiments were therefore conducted in « synthetic solution with typical mine water

composition to evaluate the influence of water chicmistry,
4.2  Experimental Details
4,2,1 Materials

In all experiments, a point contact geometry was employed with an AISI 440C stainless siecl
ball as the top, moving speeimen and a ceramic disc as the lower, stationary specimen,

AIST 440C sfainlexs steel

Tardened AIST 440C stainless steel ball
bearings  (10mm  in diameter)  woere
procured from Goodfellow Meotals Lid in
England and were used in the as-received
condition,  The microstructure  was
examined by preparing a cross-gection of
a number of bhalls aceording to standurd
metallargical lechnigues.  As shown in

Figure - 41,  the typical  steucture

comprisee  carbide precipitates in a :
. . o . Figuee di 1 Cplical micrograph of o sectioned ALSI 0C
sartensitie matrix, as expeeted for this ) _
: slainbess steel Ball, 100x magnilivation,

material, The hardness of the material at

38 HR, was typieal off AIST HC in the hardened condition,
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in size) with less than 10% of cubic phase present in the form
of larger grains (4 - 8 wm) [190].  Since o much higher
proportion of mefastable and transformable tetragonal phase ix
retained in the stracture, 3Y-TZD exhibits a much improved
toughening effect compared to PSZ.
. Ce-TZP: where the tetragonal phose is stabilized with 12 mol% ceria
(Ce0,) additions. The microstructure of the material is similar
« to that of 3Y-TZP but the wanglamation from the (elragonal to
the monoclinic phase oceurs at lower siresses. Ce-TZR thus
 generally exhibits improved toughness compared to 3Y-TZP,

In summuary, wnder the fnfluence of any given mechunical stress, the extent of the phase
transformation and the toughening effeet increases in the order PSZ - (3YTZD) « (CeeTZP).

Silleon based ceramies

It is now well-known that the frietion and wear behiaviour of silicon based cermmles Hke

sillcon nitride amd silicon enrbide s dominated by tribochemical effeets and the formution of

a silicasbased surfce layer. Although this has generally been associnied with low coefficlents
of friction but Increased wear rates (Chapter 2, Scetions 2.2 and 2,3), some workers have
reported high filetion coefficients for these materials sliding agninst themselves or varions
metals in bigh bamidities {100]{144]. Less appears to be known about the behaviour of these
ceramlies when sliding against steel, although reduced adhesion s transfer fayer formation
compared (o oxide ceramics has been reported.  In particular, Hitle work hoy been reportd
on SIAION (sil.icnn-uluminium—oxynilridc), although similur effeets are suspected (1917

Agoinst this background, two silicon based ceramics were selected for evaluation, namely
SIAION (sificon-aluminivneoxybniteide) und silicon nitride (SN,
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fracture toughness implies that the material should exhibit low wear in applications where
impact londs are rclativc'ly low, Further, considerable local expertise existed on the
processing, chatacterization and testing of this material, The seleetion of aluming for this
study therefore afforded an opportunity to gain experience in the tribologleal testing and
analysis ol ceramics, before proceeding to more complex and less well-understood materials,

Zirconia based ceranjes

Zirconin ceramics exhibit phase transformation from the tetragonal to the muonoclinic phase
when subjected to mechanical stress (Chapter 2, Section 2.2.2). "This i analogous 1o the
martensitic transformation fn steels and provides increased resistance o fractuie and impaet.
Zirconia ceramics may therefore be suitable for application in reciprocating hydeo~powered
equipment where some impaet loads are prese'nt. However, some reports in the liteeature
suggest that the volume expansion agsociated with the phase transformation (whicl usually
results in {ouhening) may lead to surface fracture and reduced sliding wear reststance, while
other investipators found an increase in wear resistance (Chapter 2, Seetions 2.2.3 and 2.3.2).
Further, little work lhas besy reported on the Influence ol this effect on the [retion
charactaristics of these materials, particularly when sliding agalnst steels,

Against (his background, three zlrconia ceramics were selected for the present work,
exhibiting varying degrees of tansformation toughening:

. P87 pattinily-stabilized zirconia, where the cubic plase is stabilized
with smatl additions ¢~ 3 wize) o' MO, The microstrueturs of
commercially available MpPS7 materials is cmnplex and
typicaily consisls of stable cubic uzirconin graing with
transformable teteagonal zireonia preeipitatos within the grains
a5 well aa ot the grain boundaries,

. KN CIVAL tetragonal zicconin polyerystal, where the tetragonal phase is

| stabilized with 3 mol% yitrin (Y04} additions. This material
consists primuarily of fine tetragonal grains (usvatly - G.75m
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CHAPTER 4

4, METAL-CERAMIC SLIDING COUPLES

41 Introduction _

As outlined in Chepter 1, Section 1,1, it wus uneconomical to consider replucing the skeel
lousings of reciprocating compunents in hydro-powered gold mining equipment with coramic
materals, For this reason, AISI 440C stafrless steel wag selected as the sliding counterfnes
matetial for the coramics. '

Despite significant development work, the demiled opernting conditions of reciprocating

-components in water-powered rock drills and hammers are still relatively ill-defined [189],

Uncertainty exists particularly around the opplied loads and impaet conditions due to the
dyparic nature of the mining operating cnvironment. What is clear is the faet that wear in
components such as valves and actuating pistons couses internal leakage of the hydronlic fluid
(water), which resulis in ineflieent operation and eventual faifure of the machine, Further,
smooth {rietion behaviour during sliding {s more important for these components than a low
friction coefficient per se, since sticksslip motion results in eteatic operation of the machine.

An improved metal-ceramic sliding couple should therefore exhibit o compromise between

low weor rates and smooth friction behaviour, with perbaps some blas towardy the latter
praperty.

d.1.1  Materials selection
Against the nbove background, a range of engineering ceramics was selected for study.
Alumina

Alumina has been extensively studied as @ model polyerystalline oxide cerumle and s

commonly available in various shapes at low cost, A combination of high hardness and low
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GmbI»I, Germany). These samples were supplied by Optimol and the compositions of the
steel and the lubricant were pot disclosed.

The standard calibration test conditions on the Optimol SRV machine are an applied load of
200 N, teciprocating fiequency of 50 He, stroke length of 1 mm and a lest duration of 1 hour.
In the present cose, the same test conditions were used, excepl for a shorfer test duration of
- 20 min. This was selected since the friction coefficient obtained from the Optimol rig was

found to stabilize at its charncteristie value after aboul 2 min,

The friction trace obtained front a typlenl dynamie calibration run is shown in Figure 3,7, Tt
can be seen Lhat the stable friction coefficient value of 0,11 3 0,002 showed cxecllent
agreement with the value of 0,115 given for the Optimol SRV system,

The wear depth LVDT was calibrated simply with a micrometer serew. As lor the fidction
transducer, the transducer response was linear over the distance used,

35  Sumimary

A highespeed reciprocating tribometer was developed and tested, as well as o compuler
programme to facilitate automatic test conirol, data acquisition and processing, The main
aims of the machine, namely to provide meaningful filetion and wear data in a reciprocating
mode and over a range of sliding conditions, were satisfactorily nchieved, Vibration analyses |
indicated that reciprocating frequencies between 25 and 35 Hz should be avoided unless
furlher vibration-reducing mensurey are employed., Some suitable measures were identilied,
Excellent agreement in measared dynamic fiietion coefficients we ©und with a commercially
available tribometer, using a standard tost srrangement with knuea friction behaviour,
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Flgere 3.6; Typical static calibration curve Tor Frletion furce transdneer systent,

foree was lost in the system, ptesumably mostly in the clastic specimen stage supports.

More importantly, however, the lond-output response was linear over the Joad range
considered, The transducer output could therefore be related to the aetual friction foree at the
specinten contact by a simple lincar calibration funetion.

Having achievesl satisfactory vesuits from the static calibration results, the next step was (o
calibrate the tribormeter dynamically against a material combination with known friction
behaviour, This was nceessary to verify whether effects like vibrations or unavoidable, small
errots it speeimen alignment were Jlikely to influence the measured friction coefficients
significantly. The selected couple comprised a standard steel ball and disc combination which
is used together with a standard lubrieant to calibraic the well-known Optimol SRV
reciprocating tribometer. (This machine s also eapuble of reaching high frequencles but ot
much smaller stroke Jengths of Imm maximum, and is commercially gvailable from Optimol
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The following general conclusions could be drawn from the vibration apalysis:

. Without implementing further vibration-reducing nieasures, meaningful resulty
may be obiained if the machine is run at relatively low frequencies (< 20 Hy)

and critical speed ranges ave avoided,

+ For frequencics below about 40 Hz, the mouniing of the base plates should be
rigid to ensure an accurafe stroke letigth, Therefore, isolation of the specinen
stage from the drive system by using resilient rubber mounting is not
considered practical. At higher frequencies, such o mounting may bring
benefits as the inertia of the plates reduces inaccuracies in the stroke to

" aceeptable levels,

. Reductions in transmitted vibration may be achieved through improved
balancing of the reciprocating masses and by inercasing the ma: . of the drive
syslem mounting,

Many of the recommendutions suggested by the analysis have been implemented, For
cxample, most tests in the present serics were conducted at frequencies bolow 20 Iz and the
machine components were supported on heavy cast iron base plates. Cast iron was selected
since this material exhibits superior vibration damping characteristics compared 10 steei,

3.4.3 Static and dynamic ealibration

The friction measurement system was calibrated by applying khnown static loads to the
speeimen stage in the speeimen contact plane. This procedure was repeated regularly
throughout the fest programme. A fypical calibration cupve is shown i Figure 3,6, Based
on the construction of the amplifier, an output of § V was equivalent to a load of 30 kg on
the transducer. This implics that the calibration curve shown in Piguee 3.6 should have
exhibited a slope of 1 if no portion of the fiction force was lost in the mechanical systein,
In fact, the slope was close (v 0,84 which implicd that close to 16% of the actua) friction



CHAPTER % Development of High-Speed Reciprocating Tribometer ' 6o

Initial tests conflictned that significant vibrations were transmitled to the specimen stage from
the drive system at particular frequencies, The vibrations of the specimen stage and the
transducer support wete 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 fie vibration, was found to be approximately 30 Hz. Accordingly,
the amplitude of the spr:éimen stage and trangducer vibration exhivited a peak at about 30 He,

When the base plate of’ the -specimen stage assembly was supported on resilient rubber pads,
the natural frequency dropped to about 9 Hz, In the absence of a filetion foree, the maximum
dispIacement amplitude was then reduced to about 30% of that abtained for a stiff support.

Unexpectedly, however, this maximum amplitude accurred not at the natural frequency, but -

sotnewhere between 18 and 50 He

In order to sssess 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
one of the accelerometers. With the machine running without specimen contact (j.e. zero
friction foree), the momentary value of the measured force signal appeared to have a random
distribution with no discernible component close to the excitation frequency, The scutter
associnted with the signal appeared o be unalfected by resonance in the system and increased
approximately lncarly with increasing reciprocating frequency. As was the case in the earlier
force analysis, the magnitude of the scatter was of the order of a typieal {riction foree at a
frequency of 50 1z

Witen the base plate of the specimen stage was supported on resilient rubber pads, the
maximum scatfer in the measured force signal was reduced to about 30% of that obtained lor
a rigidly mounted plate, At particular finquencies (24 and 50 1), the scatter was reduced
even further to upproximately 2 - 5% of the typical friction force, Fowever, the resiliont
mounting resulted in oselllation of the base plate with amplitudes of up to lmm. As tests run
with specimen contact showed, this Jeo to inaceuracies in the stroke and an unsatisfactory
{riction force signal.

S
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' Figure 3.4t Y-t recorder traces of (wo low-speed tess mun 1o validate the form of the friction force signal.

342 Vibration analysis

A series of trials was run to assess the vibration characieristics of the tribometer, This
involved running the machine both with and without specimen contact with an oscilloscope
connecied to the friction foree transducer, It was found ihat sipnificant vibrations were
tansmitted from the drive system to the transducer at particular reciprocating frequencies,
At the maximum frequency of 50 Hz, the amplitude of the transducer output was of the order
of a typleal fristlon force amplitude.

To study this sffect in more detail, it was decided to perform a more comprehensive vibration
analysis using two accelerometers and a sforage oscilloscope, The acrargement is illustrated
in Figure 3.5, Since the horizontal component of the imbalance generated in the drive system
far owtwelghed the vertical eontponent, attention was focused on horizontal vibration, While
not endirely correct, this approach was justified for reasons of economy for the present survey
investigation.

A vibration test involved running the telbometer through its entire speed range without
specimen contact (i.e. with zero friction foree) while recording the accelerometer outputs.

'T’:"-‘.—.;.--
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in separate files. They can thus easily be imported into standard graphics and spreadsheet
. packages such as QuattroPro ™ for further data manipulation, if required, and printing of
graphs. The programme also automatically appends the appropriale data channel number to
the user-defined file name and assigns different file extensions to the data files: ‘.raw’ for the
taw dipital data and “.dat’ for the {ransformed date The test conditions arc stored in n
separate file under <filename.con>, This enables the user to load a previously defined set of
test pal'ameters for subsequent tests without having to manually re-specify any parametets.
To further streamiline the operation of the tribometer, the pfograrnmc refains a fest parameter

set in memory until it is replaced by a new parameter set.
34  Commissioning of Tribometer
34.1 Data acquisition system

As a first step in the commissioning procedure, the load cell/de amplifier system performance
was assessed.  After zeroing, the machine was left for 24 hours to assess zero diift. 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 tribometer was then run at o frequency
“of 3 Hz while the signal from the fliction transducer was monitored by a y-t recorder, As can
be seen from Figure 3.4, the friction trace approached a square wave, which indicated that the
dynamic cocflicient of friction was relatively constant over the sliding strokes, The friction
coefficient also exhibited a small peak at the start of cvery stroke, showing that the system
was sensitive enough to detect the static coefficlent of friction as sliding initinted at these

positions,

The friction measuring system exhibited little hysteresis, especially under dynamic loading
conditions, Under slatic loading, the zero signal "erept” in (he direction of the applied load
by 0,01 V or 0,2% of the muximum output, which was considered 1o be acceptable,

Satisfactory operation of the data acquisition sofiware was verified by monitoring known

voltages applied to the A-D converter,
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Table dt Apparent contact pressire (Ml’a) for Sialon and 8iNy under various loads,
“Material Ground ceramics ) Palished covamics
20N | 30N 0N 20 N 30N 50 N
Slalon 46 | 62 ol 1788 | e 105
i 8N, 4,1 58 70 EA 11,5 129

and 9,9 MPa (ground, 50 N and polished, 30 N), but were observed at preséures af 10,5 Mla
(polished, 50 N). ' '

It can of course be argued that the actual contact pressure may be very much higher on the
ground surfaces as a result of their growter roughness, However, it was observed that the
grinding scratches were filled with metallic debris from the stect ball, This effeet tended to
smooth the contact surface and contributed to a more even disweibullon of the applied load.
Nevertheless, the retention of metallic debeis on the ceramic surface certainty resulted in o
more complex sliding interface compured to the polished ceramies, and may also bave played
a rdle in maintaining lower friction coefficients.

Based on these rosults, it would appear that the load carrying eapaclty (LOCY of the
iribochernical surface films in teems of anparent contact pressure i -~ 10,5 MPa for Sialon and
~ 13 MPa for 8iN, In view of the different compositions of the ceramies, it is likely that
the higher sensitivity and lower LCC observed for Sialon s associated with differences in the
chemical composition of the (ribolilms.

A similar trend towards longer run-in perlods and groater seatter mnd oscillation in ¥ction
corlTicient with increasing applied load was observed for ground PS7 surthees. As will he
diseussed in Seetion .4, thiv could be attributed 10 @ complex interplay between polishing and
fracture on the coramic surfaces und the formation of metallic wansfor Jayers,
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surfaces, However, at an applied load of
50 N the oscillating natuee of the {riction . :: BAd J83500AE OON doIonAiNE ater J
coefficient sugpested thet these films | ol
were overloaded in the case of Sialon 5 :: i
and close to overloaded in the case of 3 1 .
~ 8igN,, with the process:s governing {ilm ; :;;
formation and  depletion  becoming "
comparable. To support this explanation, | - """ e Tew . wee w e %0
a sliding éxpcriment was performed on ghaamny gintmes

pulishcd 81N, urdder a Joad of 80 N. No Figui-o 4.8: Friction trwe obtained for ALSI 440C sliding
against polished 31N, under o load of §0 N. Nole absutes
of osclilations and high coofficient of friction,

oseiliations were obscrved and the steady
state fiiction coeflicient way substantlatly
higher than that obtained at lower loads, and similar to that oblained during the run-in phose

- (Figure 4.8). This result confirmed that the tribochemical swrffee films were unable to
necomimodate foads in excess of about 50 N under the sliding conditions used, resulting in ¢
transition from low to high coefficionts of [riction, '

No large-senle oseillations in friction cocfiicient vere abserved on ground Sialon and SiN;
surfaces worn under a load of 20 N, This is not inconsistent with the above explanation and
can be altributed to differences in contast pressure,  The steel balls experienced significontly
more wear when tested against the ground ceramics compared to the polished ceramic
surfnces, due to the greater surfaee roughness of the former, The offect on the apparent final
contact prossure, as caleulated from the wear scar diameters on the steel balls, is summarized -
in Table 4.4, |

Cleatly, the contact pressutes were significontly lower for the growsd surfaces than for the
polished surfoces. TFor ground SiyN,, the contact pressure at 50 N was in fact lower than that
for polished SiyN, tested wader a load of 20 N, which provitdes an explanution for the fact that
no osclilations were observed in the former case. Sialon appenrs to be more sensitive o
contact pressuve, us indieated by the et that no osejllations oceurred under pressures of 9,1
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increased with increasing applied load and ocourred o o greater extent on 3Y-TZP and Ce-
TZP than on PSZ, resulting in more extensive transfer layer formation which appeared 1o
reduce both the seatter and the value of the Tiction coelticiont (Section 4.4),

The silicon based ceramics, Sialon and

Si,N;, generally exhibited the Jowoest Y R
“scatter and - the lowest and  most ’ .",
consistent friction coefficients, However, | # .,

extended runein periods associated with | ¥ ..
v

high cocflicients of fiistion wote

Y
observed for polished surfaces subjecied | o) _
1o & load of 50 N, Following the initlal T e
tun-in perfod, the friction coefficient @
oscillated between the low, steady-state ‘o R
and the high, run-in values (Figure 4.7), ' e

This trend was more marked for Sialon | & .,
than for 8i;M, Detailed analysis of the -

wenr tracks (Seetion 4.4) reveoled that | § . {\ “!J
the periods characterized by high friction | * 2 otk iy t

al

nat - o s . AP 1 e
] min g nmn Akuick LT TR T F T [LLT)

mucroscopie damage on the ceramic AT it e (o)

were  not  associaled  with  any

surfaces, such as  fincture, or fhe : {b)
formation of metallie transfor films. Flgure 4.7  Typical Triction coerlicient waces obialned
' under & load of 30 N Tor () polished Sialow aned {b)

polished SiN,.

It is well-known that silicon based eeramics tend to form Si0,-based surface [ilms during
sliding contaet, which are generally thought o be lubricious (Seetions 2.2 and 2.3). No
information could he found on the mechnnical propertivs or foad-carrying eopacity of such
films, however, The low trietion coetlicients and steady fifetion bebaviour observed in this
wark tend to confirm that fubricious Si0), wibotilms were formud on both S{ N, and Sialon
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picture of the surface films, Two sets of XPS measurements were performed o each wear
sear, one on the as-worn sear and one after sputier cleaning with argon fons, in order to

examine the surfice and bulk composition of any surfaee layers,
4,3  Triction and Wear Results

4.3.1 General friction behaviour

The [Hetion traces oblatned for the various material couples are presented in Appendix B, -
A brief examilmtipn of these graphs shows that o distinet two-phase behaviour was observed '
it most cases, corresponding 1o o run-in’ and a 'stehdy-state‘ petiod. The run«in phase was
characterized by the rapid dcvclo_pnmnt-'of a *steady-state’ surface on the sliding clemenis by
processes like the removal of surface contantinants and, more significantly, the formation of
surface trtbotilms, which is discussed in more detnil in Secilon 4.4, Rapid initial wear of the
steel ball and, in some cises, the ceramic cowsterlice uccun_'ed to establish a wellsdelined area
confact (Seetion 4.3.3).  Consequently. the contact pressure deereused durlng the run-in phase
to a value which could by accommodated by the material couples through steady-state
processes like the Jormation and wear of third-body {ilms,

In general, the steady-state phase was reached within 1000 m or less of stiding, In the case
of ground alumina surfaces, however, the run«in phase could be as long as 4000 m whereas
more than 5000 m of sliding was required to reach steady-state on ground PSZ surfices,
These results conflirmed the need for long test durations w obtain meaningful data.

The seatter in the fiiction conflicient way penerally + 0,03 or less, particularly for the polished
coramic surfaces, Notable gxceptions were the geound PSZ and the ground 3Y~TZP surlaces,
which exhibited much preater scatter and less consistent Iriction behaviour particularly. at
lower applied londs. For the zirconda ceramies, the scatter tended to deorease in the exler
PEZ, » (3Y<1710) « (CorTZP). These trends are probably related 1o the combined effeets of
mechanical polishing, surfuce factore and the formation of & metallic transder layer, composed

ol compacted wene debeis orfginating from the steef ball, In particular, surfhee fracture
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results obtained for ground and polished
alumina under an applied load of 50 N.

As may be expected, the conlact pressute
- foll rapidly in the {nitial phase of the test
in both cases due to Initial rapid wear of
the steel ball. As the test progressed and
the apparent confact areg +dnereased, the
weat depth increased more slowly which,
in turn, caused the contmet pressure 10
decrense at a Jower rate,

423 Anaiytical techniques
Microseopy

On completion of a test, the ceramic
discs and the steel bulls were examined
with the unalded eye to determing the
macroseopic regularity of the wear
trocks.  More detailed analyses of the
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fungtion of sliding dlstance for AJST 440C stec] shding on
(0) pround and: (b} polished nlumbna,

wear sears wete performed using low ssagnification optical aud high magnification seanning

electron microscopy (SEM). Prior to the SEM examination, the ceramic specimens were

sputter conted with gold,

Surface analysis

The energy dispersive X-ray (EDS) attachment on the SEM as well as Xeray photwelectron

speciroscopy (KPS) was used to characterize the chemical composition of the worn surlhiees

und any transfer Inyers. The latter technique is capable of identifying the oxidation states of

elemoents and facilitated the identifieation of oxides and hydroxides to obtain o more complete
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friction coefficient. Consequently, a 12 hour duration was employed for all subsequent
~ frietion and wear experiments, cortesponding to a shiding distance of 6912 m.

A bail-on-flat contuct geometry with initial nominal point contact was selected for all
experiments in order to minimize alignment dif{iculties and avoid the need for an initial
runaing-in period to achieve repeatable specimen contact conditions, A disadvantage of this
ayangement s the fact that the apparent contact area inereases and the apparent contact
pressure decreases as the ball wears, The extent of this variation depends on the wear rate
of the ball which, in tuen, depends o numerous factors such as the counterface materlal aid
surface roughness, In the context 6f ﬂl_c present work, an attempt was thus made to establish
how the contact pressure varies throughout a test,

From geometrical considerations, it can be shown that the worn arca on the ball at uny point
in the test is adequately approximated by:

Awm(2Rh-H) - A
where R is the tadivs and h {s the wear depth of the ball,

The apparent eontet prossure can then be determined simply by dividing the applied load by
the apparent contaet area caleulated from equation (4.1),

In the present wst scries, the combined wear of the stect and ceramie specimen is monitored

- - by means of a lincar vadable differential transducer (I.VDT), which measures the downward

displacement of the load (rame. It is thus generally not possibie 1o substitute this measured
we:ir depih direclly in equation (4.1). Towever, in the case of the AISI 440C-alumina coupld,
the elumina wears so Jittle that the measured wear depth is very close to the actual wear depth
on tho slee! ball, and it becomes appropriate lo use equation 1), Figure 4.6 shows the
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Table 4.3 Tust mntrix used For the fiction and wear tests,
Surlnce Fiiﬂsh _
Ground : ' [’.nllslu:d
Applicd tond (N) Applicd load (N)
[ Matorinl Y o | s | 20 30 50
AL, v v v v v | v
PSZ v/ v v v v v
Ty TZD v X v v v v
"~ CaTZP v v v v Y, a
Stalon v v v v/ v Y
SN | v v v v v v
NaNOQ, 940 ppm
Nu;80, © 0 2515 ppm

NaCl 475 ppm,
The plI of this mine water was 6,7,

Prior to each test, the specimens weee ulirasonically degreased in peetone, The AISI 440C
stainloss stee] ball was then elamped in the reciprocating head while the ceramie dise was
mounted it the stationary specimen stage. Both snecimens were then cleaned again by wiping
wish tissue paper sonked in acetone.  Afier sctting the stroke length with a digital
displocement gauge, the required fest porameters wore enteced in the computer program and
the test staried. For each experiment, fresh solution was used to flush the contact rcgiun._

*In the first test series on aluming, a test duration of 1,75 howrs was used, corresponding to a
sliding distance of 1000 m. This was based on typical test conditions reported in the apen
literature and seemed to be sulficlent for the fvietion coeificlent to stabilize. However, an
sxploratory experiment run for 12 hours o study the occurrence (or olharwise) of surlaee
fatigue indicated that up 1o 1500 m of sliding are generatly necessary o achieve a steody
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Table 4.2: Surface rougliess values of ground and polished ceratnic dises.
Material ~ Surfaco roughness ( pm R,)
_ _ _.Gru_untl _ | )  Polished

AlLO, - 02 0,04

b’z _ 02 0,03

3?-'!‘2]’ 0.3 _ 0,02

Conzp Y’ T

“Sialon 0 T om

SN, 06 0,02

4.22 Tribologieal test conditions and procedures

-Tiie actual loads experienced by reciprocating  compotients in water-powered mining
equipmcnt ate ill-defined due ta the dynamic nature of the operating envitonment, As a first
 step, detailed cxaminations of the damage which is typically developed on such components
were nonducted, followed by exploratory ball-on-dise teciprocating fviction ang wear tests in
an adempt fo stmulate this domage. It was coneluded that a load range of 20 to 50 N would
adequately represent the load conditions experlenced by such components,

~The final selected test mutrix is shown in Table 4.3, A {requency of 10 Hz and a stroke
“length of 8 mm was sclected (i.e. an average sliding speed of 0,16 m/s) to reduce vibration
and hydrodynamic lubrication offects,

In these experiments the contact was flushed with deionized water to simulate the essential
conditions found in hydro-power equipment, Exploratory experiments 1o study the inﬂuunﬁe
of water chemistry were conducted in a synthetic mine water, Unisel [193], whish was o
re[au\)cly agressive cleetrolyte propared by dissolving 2 number of' salts {n distilled water:

CaCl21L0 3411 ppim
Mg(NO,),.61L,0 1170 ppm
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Ceraniic material properties

The density and porosity of the ceramics was measured by the Archimedes method, which
involved weighing the specimens dry and in sir, 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
average of at least 5 measurements, are summarized in Table 4.1,

Takle 4.1: Material properties of the expetimental ceramics

Material . Bulk duﬁsity T Apparent | . Hardness Toughness
Agiemt) porosity (GPw) {MPa,m )

ALO, - | 39 0,036 1861 335

_ PSZ. | _.8.85 0011 1.85 -0, *

3Y-TZP | 6,10 ' (};023 {500 B ~11.0*

Ce-TZF 621 0,253 YY - ~130 *

Sialan 324 | 0,392 1.3.64 ~5,0 *

SN, ' 3,31 0,160 13,56 45

* fracture toughness coutd nat be measursd aceurately from indentations: these are typical liternture valugs.

Surfpec_preparation

Being ball bearings, the AIST 440C steel balls were highty polished and were used without
any further surface preparation, apart from cleaning prior to testing,

The ceramic dises were ground and polished: the R, values for each mateeial are summarized
in Table 4,2, These surface preparations were selected for practieal reasons since they are the

otws most likely to be used on actual machine components,
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zireonia (< 0,75 pun) with a very small proportion of larger cubic zirconia grains (Figue 4.4),

Ce-TZP

The Ce-TZP specimens were prepared

from commereial 12-Ce powder obtained

from Tosoh Corporation, Japan, Sample

powders were milled in iso-propy!

aleohol with ZrQ, grinding media. PEG

was added as a binder 1o a level of
2wi%. Sample discs were first hniaxiai'ty

jnressed at 40 MPa and then cold

isostatically pressed at 400 MPa. The

dises were fired in air at 1 400°C for 4

houts, using heating and cooling rates of
200°C/hout.

Figure 4,5 SEM micrograph showing the typical

microstructuee of Ce-TZP ceramic,

The microstruciure of the material is shown in Figure 4.5 and consisted of tetragonal zirconia
grains 1 « 2 pmt in size, with occastonal larger graing (up to 3 pm). This mictostructure is
typical for Ce-TZP and has been commonly observed by other workers [192],

Silicon based ceramics

Stalon 101 specimens in the form of square dises (approximately 14x14x7mm) were cut from

a plate specimen obinined from Vesuvius Siaton, England,

8i:N, specimens were ohtained from Tscar (Pty) Lid in the form of eutting toal tips and were

©used in the as-received condition alter suitable surfisce preparation,
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Australia, in the form of 40mm diameter
rods. Disc specimens were cut {rom

these rods using a diamond blade.

The microstructure of the material was
typical of a commercial Mg-PSZ ceramic
and consisted of large cubie zirconia
.grains with  tetragonal  zirconia
- precipitates clearly visible at the grain

boundaries (Figure 4.3), (The intra-grain -

tetragonal precipitates were too small 1o
be resolved by scanding  clectron
microscopy).

3V-TZP

The 3Y-TZP specimens were produced
using pre=mixed powder from Toyo
Soda, Japan. Round pellets 40 mm in
diameter were unfaxially pressed under a
toad of 35kN.  After cold isostatic
pressing, the pellets were sintored for
optimum toughness using the follnwing

heaung sehedule:

. heat at  3°C/min 1o
[ 500°C, soak for
hours; and

Flgure 4.3; SEM mierograph showing the typleal structure
of 1he Mg-PPBZ ceramic,

Figure 445  SEM  microgroph showing the typical

microstrieture of 3Y17Z1 ceramic,

. eool al 3°C 1o room wmperature,

As expeeted, the mierostructure of the material consisted of very fine greains of tetragonal
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A Leco analysis of the carbon content was performed by an ind'ependent laboratory, At
0,99 wt%, the carbon content was within the range specificd for AIST 440C stainless steel
(0,95 - 1,2 wt%). A check of the remaining elements using a Scanning Auper Microprobe
revealed a chromium content of 17,Jwi% which is also within the range specified
(16,00 - 18,00 wt%).

Alumina

Alumina discs were prepared from 99,5% [0 T o ~ — R
pure alumina powder (designated S ’ ' E :
RCHPDBM) mixed with 0,03 wi% MgO | =~ = o« 7+l

»
and 4 wi% polyethylene glycol (PEG) as | | - } ' _ 5"2 ) L ‘ .\5 e
binder,  Cylindrical pellets were | ° ¥ T g L e
uniaxially pressed for 30 seconds under ) J '.:M N _ . “ o

aload of 15 kN and then sintered using | ¢ a . ‘J R \k oo
the following heating schedule to yield :‘ 3} - o & - ‘* - *

fully dense discs, 25mm in diameter:

. Figuve .25 SEM  mictograph  showing  typical
- heat at 5°C/min to 300°C,

soak for 2 hours;

microstructure of an aluming disc.

- heat at 5°C/min to 900°C, soak for 1 hout:
’ heat at 5°C/min 10 1 500°C, souk for 3 hours: amd
. cool at 5°C/min fo room temperature,

The mierosiracture of the resvfling material is shown in Figure 4.2 and consisted of alumina
grains between ~2 and ~6 pm in size. The materdal appeared to be relatively brittle, as

indicated by the intergranular removal of whole grains during the polishing process,

Partialty stabilized ziveonin (PS7)

The Mg-PSZ ceramic (toughness-optimized T8 grade) was obiained from Nilera Ceramics,
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the siticon based ceramics at all applied londs, This was attributed to the groater tendeney
tawards surface fracture domaye and metaltie transfer layer formation on these matetials,
Wear on the stlicon based eeramles oceurred primarily by a tribochemical wear mechanism
and no surface fracture damage or 'signiﬁcmlt metallie transfer layer Tormation was noted.
The stabilized wear rates were thus significantly lower for these materials compared to the

oxide ceramics (IFigure 4.12 (b)),

A notable exception to this-gmmrul' trend is Sialon, which bebaved in o similar way to 8i;N,
at low loads, but cxhibited wear depths and wear xates similar to the oxide coramics at a foad
of 50 N. This was attributed to the fact that Sialon underwent a trapsition in fricfion and
wear behaviour at & load around 50 N, as indicated also by the friction results (Section 4.2.1),
At thig lond, the silicon-containing tribofilms on the Sialon sucface would appear (o become
unable to support the applied stresses, resulting in a significant nerease In friction and wear
rates. A similar transition also occurs on Si;N,, but at somewhat higher loads, as confirmed
by the bigh friction coefficients obtained unzier a load of 80 N (Seetion 4.2.1).

Another significant feature of these results is the fact that the stnbifized weor mtes are quite
similar for both growsd wnd polished ceramie surfhees,  This suggests that It may be possible
to utilize¢ the ceramic components in the ground rather than the polished condition (exeept
aluming, which shows no surfiace roughuess improvement during sliding). if the higher wenr
rafe daring the run-in phase can be accommodated,  Fine polishing of cornmic materinly ts an
expensive procss and thus this may have significant économie benefits.,

Furlwanone, the wear rates ol the oxide ceramies are considered to be sulfficiently similar for
hoth ground and polizhed surlaces that the selection of a suitable materinl couple Tor
hydrapawer equipment <a be made on the basis of friction hehaviour, rathe, than wear raté.
(Reeall that a snooati fic.ion behaviour and low coefficients of friction are important in these
components o avold sick-slip motion), Nevertheless, based on their lower stabilized wear
rates, the silicon hused ceramic-AlSI 440C couples should outlast equivalent couples with

axide ceramic by 30 ~ 80 % and should thus be given preference.
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for alumina. This result is attributable to the fact thut polishing was less effective and
oecurred at a slower rate on these materials, The wear depth curves were characterized by
lonper runsin periods than the oxide ceramics, which Indjcated that a longer slidi'ng distance
was required to achicve u steady-state surfaee. A rougher surfnee was thus maintalned on the
wear teack for a longer time perfod, resulting in more wear on the steel ball during the runein
period than in the case of the oxide cevamics, This trend was more provoutced for Si,N; than
for Sialon, which provides an explanation for the lawer wear depths exhibited by Sialon,

_ The lower rate of polishing may be related to the higher hardness of Sialon and &IN,
compared 10 the zirconin ceramics (~13,6 GPa compared to ~ 9 GPa for PSZ and Ce-TZI* mid
12 GPa for 3Y-TZP), Tribochemical wear of the silicon based cezamics by oxidation and
dissolution of the ceramic surfaces probably alse contributed (o polishivg, However, residual
grinding seratehes were observed over most of the wear track, Indicating that the rals of
material yemoval by this process was evidently lower than that due wear on the sieel ball or
that dus to the mechanical polishing mechanisms active on the zirconin ceramics,

To summarize, it thus appé:u«.i that the sliding couples involving Sialon and SEN, experienced
greater woat than the oxide ceramics in the eatly tages of the tribotests due to a lower rate
“of surface polishing and a longer runsin phuse.  If this explanation i3 correct, the oxide
cernmics would be expeeted to exhibit generally bigher wear rates than the silicon based
eeramics in the steady-state portion of the test, sinee the overall wear depths were similar for
both. By referrlng to igure 4,11 (b), it will be seen that this was indecd the case,
particulaely at high leads of 50 N, '

Notwithstanding the similar overall wenr depthy, the silicon based eeramivs would thus he
expected to outlast tixe oxide cerardes by up to 30 % under similar oporational conditions.
Thiy result vindieated the present analysis approzeh of quantitying the stabilized wear rate as
well as the overall wear of the sliding conple, ruther han relying only on measurements of
the averall wear of the individusd sliding clements,

For polished eeramic surfhees, the oxide ceranies exhibited generally greater wear depths than
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Tulble 4.6¢ Sumnuiry of wedr depth and steady-state wear rate resulls obtaine! for the various sliding
couples,

Buvfuee finish and npplied load ()

Ground Paollshed
Mnteri.u.l _E: Pm'nm.ﬁ.tnr 20 30 | 50 | 20 30 | 50
ALO3 Wear depth (mm) od5 | 006 | 048 | oov | o2 0,14
Weae rate (uiny | 0014 | 0014 | 0014 | 005 | 0014 | 0004
P8z, | _Wcar d.cpt.h .(mm} l_l..l. [ . 0...I2 .13 Y 0,3 a,14
Wear rate (/m) 0,012 '0,014 0,013 0,010 0,011 | .0.01.3.
3Y-TZP Wear depth (no) | 0,11 02 | o6 6o | ot | o4

Wear rato (uain) | 0010 | 0,008 | 0011 | 0010 | 0007 | 0012
CoTZP Wear depth {mim) 0,12 0,13 0,19 a1 0.1l 0,15
Wear rate {unin) | 0,011 001t ] 0,014 0,010 0.008 0,012

Stalon Wear dopth (mm) | 0,10 0,14 017 | 007 0,09 0,16.
Wear rate (vin) | 0,007 | 0012 | 0009 | 0,005 | 0007 | 0013
$i,N, Went depth (mm) | 0,13 | 048 009 | 006 | 008 | 0.3

Wenr ate (um/m) 0,000 | o011 | 0010 | 0007 | 0006 | 0006

However, under an applied load of 5¢ N, the wear depth for the zirconin coramies increascd
in the order PSZ - (3Y-TZR) « (Ce-TZP), with the wear depth for Ce-TZP becoming gimilae
to that for alumina. This is thouglt to be related to the increasing amounts of {kacture
damage observed on the Jatter materials at these higher lowls, In the case of 3YTZP and Ce-
TZP, most of the polished region of the wear track woin under a 50 N lond was roughened
again by surfbee fructure, resulting in incrensed abrasion of the steel ball as evidenced by the
presence of thick metallie transfer ayers in these arcas.

The silicon based ceramics showed wear depths of a similar magnitude to those for the
zirconia ceramics, despite the fhaet that only polishing and no fracture damage occurred in the
wear tracks, which could have contributed to wear of the sieel batl. In fact, In the case of
SE,N, the weae depihs at applied loads of 30 and 50 N were even Jarger and simifar to those
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Analogous fo the friction results, the

went depth traces showed a distinet two-

phase behaviour, characierized by a more

or less pronounced run-in phase followed

by o steady-state phase (Figure 4,10).

During the run-in phase, the wear depth

Incrensed mpidly and this was associated

with the formation of a well-defined area
contact belween the specimens.  As
outlned in Section 4.2,2, the contact (“)_

pressure between the specimens dropped

rapidly during this stage of a test,

During the steacly-state phase, the contact

pressure decreased at a much lower rate

and the wear w'c was  ossentially

constant, O T 3300 0008005 GO0 000 BRoo.

Gilding diMonce fm)

()
To choracerize the wen  “aviour of the

vatious couples, the total wear depth for  Figure 4.10: Typleal wear ~eplh trices oF () ground and
the test as well as the steady-state wonr  (0) polished aiumina (dry * g SON lood).

rate (in P/ of sliding) was determined from these traces. The resulls are summarized in

Table 4.6 and shown graphically in Figures 4,11 and 4,12,

Int the case of grownd ceramic surfuces, alumina showed the highest wear depth of the oxide
ceramics at all londs. This is probably related to the high hardness of alumine and the
consequential high wear rate on the steel ball by abrasion and adhesion, The virconia
geramies showed generally lower wear depths and this was attributed to the polishing eleet
observed on these materialy, which improved the average surfuce roughness over the wear
track and (hus reduced the contribution to the wear depth by abrasive wear of the steel ball,
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This approach was deemed unsuitable Tur the present work for a number of reasons:

——

Metal-ceramic sliding couples are ofien charaterfzed by the formation of
metailic transfer layers on the ceramic countterface, While material is removed
{rom the metal counterfice, it is thus not necessarily lost from the sliding
system and, in the form of a transfer layer, continues to contribute to the

gecommodation of applied load and interfucial sliding, Mass loss

measurements on the ceramic counterface do not take this into account, unless
mensurements are performed before and after removal of any teansfer layers
{which is typically not done).

In the hydropower systents under consideration, the incrense 1n clearance
between the sliding components s of prime importanee since this determines
the lcukagc raie of the hydraulic fluid. Thus, while localized surfnce fracture
damage may vceur on the ceramics, the functlon of the components may
remain essentlally unimpaired if the resulting sueface irreguluritios are filled

“and smoothed by a metallic transfor layer. Simple mass logs measuremonts

provide no information on these processes and their influence on total
clearance foss,

F'innlly, pronouneetd tunedn behaviour is observed for metal-coramic sliding
point contacts, which is the geontetry used in the present work, Muss loss
measurements petformed of the end of o test incorporate the rapid wear which
takes place during run<tn and provide no information on the steady-state wear

rate of the {otal couple,

in the light of these considerations, it was decided to quantily wear using the LYDT

mensurements of the wear depth resulting from the combined wear of the steel ball and the

ceramic counterface,  ‘These mersurements take into account the effeets of transfor layer

{ormation and the like and provide a relevant indieafion of the inerease in elearance between

the sliding parners,
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Polished coramic surfaces

The alumina, 3Y-TZP and Ce-TZP coramics exhibited a decreasing trend In friction
goetficient with incrcasing applicd 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 the zirconia ceramics a decreasing trend in
frietion coefficient was observed in the order PSZ ~ (3Y.TZP) - (Ce~TZP) at applied loads
of 30 and 50 N, The extent of surfice fracture and metallic transfer layer formation increased
I the same order, which tends to confitm this relationship,

The friction coeflicients exhibited by Sialon and SiyN, were again significantly and
consistently lower thain those of the oxide ceramics and remained unaffected by the applied
lond, This was attributed to the formation of lubricious Si-containing surface films and the
absence of significant surface damage and metallic transfer layers.

Furthermore, the friction coefficients for the polished SLN, and, o o lesser extent, Sialon
surfnees were very similar to those for the ground surfaces, pariieularly for higher npplied
lomds, This is vonsistent with the {indings of Denape ef @l [196], who Tound that the Triction
response of SLN, stiding on steel wus influenced by the ceramic surface roughness over onty
9 short trnsitory stage. The effeet was aseribed to the polishing of the ceramic surfhees

during sliding, which was confizmed in this work,
4,33 Wear rosults

During a review of the published literature (Chapter 2). it wus noted that maost investigators
quantified wear by means of mass loss of dimensional measurements on each of the two
stiding clements. Tlie data was then typically reported in the form of volume [oss, ar in terms
of wear cocflicients for each element (e in mmYmN o, i the Jdimensionless wear

coefficiont i used, i terms of mm¥in,N multiptied by the hardness of the sliding material).
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stmilar in appearance to those observed on alumina, and covered a large proportion of the
wear track area, The stabilized friction coefficients for these majerials and their dependonce
on applied load were therefore similar to those for alumina, since much the same conditious

prevailed at the sliding interface,

At low loads (20 N), polishing was less effective on 3Y-TZP than on Ce-TZP., This is
altributable to the higher hardness of this material (12,1 GPa compared to 9,61 GPa) since the
salubility of zirconia in water, like that of alumina, is too low for tribochemical polishing
(1953 Thm_éfore, polishing of zirconia surfaces must ocout mainly by mechanical processes
such as microabrasion and plastic deformation, which are controlled by material hardness.
The grinding scratches on 3Y-TZP were thus retawed over a greater proportion of the wear
tack nrea, resulting in o higher coefficient of friction. With Incrensing load, the wear track
surfaces became very similar in appearance fo the Ce-TZP wear teacks, tosulting in stmilar
coefficients of friction.

On the PSZ suffaccs, the centre of the wear track was polished effectively at all applied loads,
due to the relatively low hardness of the material (8,85 GPa). Sutface fracture oceutred in
focalized regions of the central porti'on of the wear track and metallic transfer layers were
formed only in small patches. The surfaces exhibited a similar appeacance at all upplied
loads, which provides an explanation for the apparent insensitivity of the friction coefficient
to this patameter, ' | |

The s:ilicon based ceramics showed a slight deercasing trend in Niction coelficient with
incrensing load, probably ns a result of more extensive polishing of the wear tracks, The
friction coefficients were consistently and significanily lower than those for the oxide
ceramics. This is aitributable to the formation of Iubricious Si-containing films on tle
ceramics and the absenee of slgnificunt surface fracture damage and thick metallic transler
films (although residual grinding seratches were in many cases filled with compacted wear
debris).
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In the case of alumina, no improvement in surface roughness by palishing occurred at any
applied load, This is most lkely relnted to the high hardness of the material, since polishing
of alumina ocewrs primarily by mechanical processes such as microabrasion. The surface
il'regulafitics were filled with metaltic 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:

(4.2)

ta‘
"2

where 1, is the shear strength of the film and & is the hardness of the 1ﬁt_=tnliic layer in the
case of a thick layer, or the hacduess of the softer sliding clement (in this ease the steel)
wherc the interfacial layer is thin. In the present case for aluming, relatively thick and
continttous metallic transfor layers were observed at all loads, Thércfom, the hardness and
shear strength of the layers would have approached constant values and thug constant friction
cocfficients were obtained.

A more complex combination of processes like polishing, surface fracture and the formation
of metallic transfer layers occurred on the zirconia ceramics (more details are provided in
Section 4.4), Polishing was observed in the centre of the wear tracks, resulting in the removal
of grinding seratches nnd a significant improvement in surface roughness. If this were the
only effect, the friction coefficlents for these materials would be expected to be significantly
lower than those for aluming, due to the reduced contribution of asperity interlocking to the
friction coefficient. However, the polished area covered only a portion of the woar track and
the prinding scratches were partially retained near the edges of the track, Despite the fact that
the scratclies tended to be filled with metallic wear debris, these arcas could thus have
conitibuled towards o higher friction coclficient,

Furthermore, the roughness in the polished contre regians of the wear tracks on 3Y-TZP and -
Ce-TZP was increased again as o result of surfiee fracture, particularly at higher applied
londs. These damaged arcas were associated with thick and continuous meinllic wansfer fiims
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4,3.2 TIriction coctficient resulis

To provide a comparative basis, the stabilized coefficients of [riction were determined from
‘the steady-state portion of the friction traces. The results are summarized in Table 4.5 and

shown graphlcally in Figure 4,9,

Table 4.5: Stabilized friction coefTicients for AISE 440C stainless steel sliding egdinst the varfous
ceranmics, ' '
 Ceramie Aphlicd | _ Frictlon coefMicient I'IJI.‘ cernmies
surfaee load (N) f—— — e - e e e . .
fnish ALD, PSZ 3Y-TZP | CevZP Siaton SiyN,
20 045 | 043 065 | 042 033 | ox
ground [ 35 | 046 04 | 055 046 | 0 0,29
50 . 0,43 . .0.4 . 0.8 0,38 0,29 (0,23
20 0,5 035 | 049 0,46 026 | 02
Pollshed 30 0.36 053 045 0,36 029 | 026
50 042 0,5 0,43 034 024 0,24

The repeatability of these coefficients wos 'generaliy within = 0,02, except for the zirconia
ceramics, particularly PSZ, where the repcatability was iypically no better than * 0,04 as 4
result of large-seale fluctuations in the friction behaviour.

Ground ceramic surfaces

For ground ceramic surfhcees, the coefficiants of friction exbibited by the oxide cernmics were
penerally similar and, with the exception of 3Y-TZP, appeared 1o be largely independent of
the applied [vad. This is consistent with the findings of He ¢f af [150] and is attributable to

the development of very similar transfer layers on the ceramics,
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Figure 4230; General appearanee of wasr seirs on fad prosd and (0 pelished Ce-TZP tapplivd ol 30

N, taghilivition 8x),
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Takle 4.9t XPS analysis jesults obtalned on paflshed atumbso after 6912 m of sliding under a load of
50N,
l;nuk Bindling energy | Species Senﬁltlvlfy t‘né(m' Atomic %
V) ' .

C ls) 285 R 0z 209
AL 75,2 | Alox Y
ous 50 0 - 061 | 504
ream | 7144 " FeOOH / Fe0, 1,76 06
o | | Total 100

Jow-speed sliding conditions used n this work,

The furmnti_on of lubricious aluminium hydroxides when sliding in water has been reported
by numerous waorkers [84]{97][149]. Iowever, the formation of such compounds could not
be confinmed in the preseat analyses and it is considered unlikely that they played a major
rOle in determining friction and wear behaviour,

4,42 Zirconia ceraniies

The general appearaince of typical wear scary generated on ground and polished surfaces of
the zirconia based ceramics under a load of 50 N is shown in Figures 4.18 - 420, The
ceramics clearly tended to develop a charneteristic surface finish during sliding which was
largely independent of the original surface roughooss. There was o trend towards inereasing
fracture in the wear sears, associated with the formation of metalfic transfer lnyers, in the
ordet PSZ - (AY-TZP) » (CowTZF), These aspects were studied in more detail using SEM,
and the findings are discussed below under separate headings, |
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KPS analysis vesults abtained on polished aluming afler 48 m of sliding usder o load of 30 N.

Table 4.7;
Peak Binding cnergy Speeles Sensitivily factor .Mum It %
) (eV) : - -
cas 285 . 0,25 15,6
TAles | tias ALO, 023 224
o8 5309 . 0,61 Ts18
Fo@m) 702 ) 176 2
Cr {Zp) | 3772 . .(_21’00!-1 ) "1,53 1"
| | Totnl 100
Table 4.8: XPS analysis results obtained from a lyplbal wear frack on polished atemina aftor 6912 m of
sliding wider o toad of 50 N,
Peak Bindlng energy {ev) | Species Sensitivily fuctor Alomic %
At_ynlysis oh the ns-worn surfneg |
C (ls) 285 . 025 27,0
Al (1) 19,1 ALO, 0,23 EY
0 (i) 531,1 . 0,61 535
Fe (2p) 710, FebOI / Fo,0, 176 6.6
Cr (2p) 3771 CtOOH 1,83 43
' Totsl 100,0
Analysis alter sputtering
cin | 288 . 04 w2
Al (25) 192 ALO; 0,61 39,8
oty 530,3 : 1,76 19
Fe (3p) 09,2 FeQ
Cr (2p) 579_:1 Crn0, _
N Totul )0
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- Fgure 417 EDS specti obtaled Tram {a} ground nluminh, 20 N load; (b) ground aluming, 50 N load:
(e} polished siuminn, 20 N Joad; and (d) polished aluming, S0 N load, confieming that transfer layees on

these surfuces originated from the siee! bali,

A further XPS analysis was thus performed on a carefully sclected aren of the wear track
worn for o sliding distance of 6912 m, where very fow pores were present.  The rosults
indicated tho presence of small amou.t3 of FeOOH/Fe,0,, but o relatively large proportion
of n complex aluminium oxide which could not be nnicuely identified (Table 4.9), This result
provided tentative evidence for some form of direet chemical interastion between the nxide
debris originating from the sieel bafl and the underlylng aluming cerumic surface, The
formation of an aluminium-iron oxide spinel could not be confirmed, possibly due to the
lower contact temperatures which would be developed under the water-lybricated, relatively
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oxide (Fe,0;) and chiromivm oxide (Cr () ). which are relatively hard even when compared
to alumina (~10 GPa for Fe;Cr3 [198] and ~12.7 GPa for Cy QO {199] against 19 GPu for the
alumina surfues), The nxidgs gould thus casily have acted as-a polishing medium by abrading

the alumina on a small scale.

EDS nnalyses confivmed that the transferred material on both ground and polished alumina
surfaces otiginated from the steel ball (Figure 4,17)." The presence of such layers on polished.
undamaged alumina surfaces indicated that strong adhesion and possibly some chemical
Internction Bemreen the steel and the aluming had occurred. This is plavsible in view of the
fact that alumina is known to form solid solutions with iron oxides [200]. Direct analytiéal
evidence for such effects is scarce, however, and appears to be limited to reports of the
formation of an alwuinjum-iron oxide spinel at high sliding speeds [139], To study these
aspects, detailed XPS analyses were performed on polished alumina surfaces which were worn
against AISI 440C stainless steel for various sliding distances under an applied load of 50 N,

After 48 m of sliding, a very faint transfer layer was visible on the alumina surface, The XPS
data indiented that this layer comprised FeOOH and/or Fez'(), (the binding energics for
FeQOH and FeyO, overlap) and CrOOH (Table 4.7). This may be attributed to hydration of
oxide wear debris since delonized water was used as lubricant. The [ayers formed after 4032
and 6912 m of sllding were more well-developed and exhibited similur compositions. Not
surprisingly, the outer surfaces of these layers vontained FeQOM/Fe,0, and CrOOM, whereas
the bulk of the layers. analyzed after sputtering the top surface of the Jayer away with argon
ions, comprised mointy Fe®) and Ce,0), (Table 4.8), Significart amounts of Al , O, were also
detected in all these anplyses, which suggested that either some intermixing of debris from the
steel ball and the alumina substiate ovcurred, or that the transfur layers were thin and patehy.
The XPS aralysis spot size is quite large (~ 1 mm?®) and thus the results could have heen
dominated by signals oviginating from thicker patehes of steel oxide debris compacted into

the pores on the eeramic.
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() (b

- Flgure 4,16; -Ol'iginél appearance of {a) grourd and (b) polished alumina surfaces prior to tl'fbo]t:gical lesting,

On the polished alumina surfaces, fitly continuous, dark brown metallic transfer layers were
clearly seen under the optical microscope (Figure 4.13), but were not obvious under the
seanhing clectron microscope (Figur: 4.15). The transfor layers were thus very thin and
smooth in the centre of the weat tracks, Thick, cracked transfer layers similar to those found
on the ground ceramic were only developed in the low-stress regions at the edges of the wear
sear (Figures 4.15 (b) and (d)). '

Furthermore, shallow pits similar in shape to the alumina graing in the mijcrogiruciure were
commonly obscrved on the wear tracks, particulurly at lower applicd loads (arrowed in Figure
4,15 {@)). Some of the pits exhibited abrasive grooves which ofien terminated at the pit
boudary, The development of similar grain relief has been reported by Wallbridge er g [64)
and Cee 1197] in studies of the sliding wear of self-maled alumina, and can be aseribed to
anisotrapie wear of the ceramic. Mild abrasive wear on a vory fine seale was suggested by

Gee [197] as o possible mechanism for the formation of grain relief,

Tir the present ease, some Joose wear debris was present in the sliding interface, as indieated
by the Tact that such debris wus compacted in the irrcgularitios on the ceramie surluce,

analogous to groutdd aluming.  As will be shown later, much of the debris comprised iron
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© | «

Figure 4,18 SEM micragraphs of wear seors gencrated on polished aluming: (a) 20 N joad, contre af seary ()
20 N load, edge of sears (¢} 50 N foad, contre of scar; and {d) 50 N toud, edge of sear.

although perhaps only semi-continuous, carried much of the applicd load and also contributed
signilicantly towards aceommodating the relative sliding motion between the AIST 440C stecl
ball and the alumina dise. As outlined in the foregoing seetions, the layers thus played &

majar réle in determining the friction and wear behaviour of the material couple.
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Figure 4.4 SEM ticrographs of west scars generafed on ground alumina surfaces: () 20N lond, eentre of
senty (1) 20 N lond, edpe of seai, () 30 N load, centre of scary and (d) S0 N Joad, edpe of sear. Lighter areas

are the metallie wranstor layer, darker arcas the plunina surfhce.

An extensive network of eracks in the films suggested that they were mechanically relatively
weak, Abrastve score marks and cricks were observed in the direetion of sliding, indicating
that some loose metal oxide andfor coramic debris was present in the sliding interface, There
was also some evidence for plastic deformation of the filing (illustrated in the left-hand

portion of Figure 4.14 (d)). The presence of these features indicated that the transfer layer,
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Figure 4,13 CGeneral appearance of wear sears on () ground and {b) polished aluming Qoad

magnilteation 50 x).

SO N,




CHAPTER 4  Metal-Ceramic Sliding Couples 102

4.4 Wear Scar Development and Tribofilm Formation
440 Alumina

A geheral 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 on 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
io be the primaty reason for the apparent insensitivity of the friction coefficient to ihe applied

load for these material couples.

On the gfound alumina surfhces, semi-continuous metallic trausfer layers were observed under
all applied loads (Figure 4,14). Metallic debrls filled the irregularitics on the ceramic surface
and was compacted in these areas to form coherent transfer layer patches. (Similar layers
have been observed by ™ -ikiran and Bai [149] in their study of water-lubricated sliding of
alumine against. steel), ¢ itnough the average surface roughness in the centre of the wear track
was thus improved (compare withi the original ground surface, Figure 4.16 (), the higher
asperifies on the alumina surface still protruded above the transfer film (seen as dark grey
areas in Figures 4.14 (a) and (c)). Litile or no polishing of these aspetities appeared to oceur,
probably due to the high hardness of alumina. As suggested in Section 4.3.3, this provides
an explanation for the higher stabilized wear rates observed for this matesial couple,

Thicker transfer films were developed at the edges of the wear rack, where they covered the
ceramic surface completely (Figure 4.14 (b) and (d)). As mught be expected from the pressute
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 thal the

transfer layers tended to be thicker on Ce-1ZP us u resull of increased surface fracture,
443  Silicon-based ceramies

The general appeatance of 'tybical wear scars generated on ground and polished surfaces of
Sialon and SI,N, under a load of 50 N is shown in Figures 4.33 and 4.34. - Evidently,
polishing In the centre of the wear irack was somewhat less effective than on the Zirconia
ceromics. As indicated in Section 4.3, this may be related to the relatively high hardness of
the sificon based ceramics, which would reduce the rate of polishimg by mechanical processes
suclt as plastic deformation and nbrasion, 'Further, many researchers have shown that at high
humidities, material removal on thess caramics occurs primarily by a tibochermical oxidation
mechanism, which is promoted by the presence of water and interfacial stresses
[26][101][148][207]. The resultant v drated 8iQ, tribofilms generally reduced the wear raie
of silicon nitride by the suppression of microfracture (by reducing friction} on the wearing
surfaces, Since no obvious fracture damage was observed on the present wear tracks, the
rolishing rate may tlius have been further reduced by the prosence of such tribofilms,

"The went {racks were studied in more detail using SEM and surface anulytical technigues, and
the findings arc discussed below under separate headings,

Sialan

Ag observed in the optical micrographs, Sinlon exhibited significantly less effeetivo polishing
on ground surlnces than the Zireonin based ceramics (Figuro 4.35),  Although the surfuce
raughness was improved in the centre of the wear sears, the original grinding seratehes were
still visible in many cases. Material was transferred from the steel ball onto the Sialon

ceramile and was deposited In the valleys of the grinding scrstches (Figure 4.35 (b))
| Analopous to the Zirconia based ceramics, transfer thus appeared to occur by a mechanism of
oxidative wour and abrasion of the steel batl, followed by mechanical compaction of Joose

wear debris on the coramie surface. However, slnee no macroscopic frneture damage occurred
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Figui'e 434 Wear trek generated on a ground Ce-TZP surface under o foad of S0 N; (a) general view and (b)
centre of track,

XPS malysis results obtained on a polished Ce-TZP wear track after 6912 m of sliding under
8 load of SON.

Table 4,12;

Penk Binding cnerpy (c{’T .Species Sensitlvity faclor Atomic %
Annlysls on the as=wotit surface |

¢ (18} | 285 . 0,2 268

2r (3p) 313 210, 04 26.]

O ls) §30,1 . 0,61 454

Fe ) 10,7 Fie0, 1,76 3,1

Total 1000

Analysls after spullering

Zr ap 3326 240, o 502

O {1s) 30 - 0,61 438

Fe (3p) 09,2 Fcﬂ L7 4,3

Crp 8754 Cro, 17 K
i .{‘c {3 386,3 e L 6,8 4

Ir Total i} A
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be understood since the tetagonal-tosmonoclinic (#m) phase transformation in Ce-TZP oceurs
more éasily (i.c. at lower applied stresses) than in 3Y-TZP, as outlined earlier. A similar
trend in fracture propensity with ceramic stabilfty was observed by Becker et al [206] who
- studied the wenr of zirconia ceramics with different foughness vatues agaiust an SAE 4620
stee] ring, L

As o result of increased fracture, more well-developed transfer layers were also formed
compared to 3Y-TZD, slthough the morphology of the layers and their mechanism of
formation éppeaved to be largely similar (Figure 4.31), Morcover, as for the other zirconia
based ceramics, polishing on the ground swfaces was so effective that the wear sears
generated were indistinguishable from those formed on polished surfoces (Figure 4.32),

. , \a X S
', e ¥
[ rl:fr‘

Bor B3z, -

{w (h

Fignre 4313 Wear track genetated on « polisbed Ce-T20 surtace under a lowl of SO N; (u) peneral view my
(h) wentre of track. (Darker arens = transfor Tuyer).

XIS analyses conlivmed that the tansfer kayers were composed ol iron and chromium oxidues,
muely file those Tormed on 3YWTZP (Table 2.13). After sputtering, FeQ) was abserved in the
bulk of the Jayers rather than Fe,Q, whicll oceurred on the as-wom surtace. This suppested
that further oxidation of the deposited iron oxides may have oceurred alter completion of the

test,  Further, considerubly more fran and chromium oxide was deteeted on these woear svars
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KPS analysis showed that the layers comprised mainly Fe,O, (Table 4.11). In contrast to
PSZ, the layers were not penetrated after sputtering which confirmed the visual obscrvation
that the layers were thicker and more contiuouns than those formed on PSZ,

Table 411 KPS analysls tesults obtained on a polished 3Y-TZP wear track afler 6912 i of sliding under -
n load of 50 N,

Pcnk .| Binding cnergy (2V) Specics | S_enslﬁvi(y fcter | Atomie %
Analysis on the as-wvorn surface '
cas | 28 | - 0.2 27,3
Zr (3p) . 20, Y 283
Toqay 530 o 06l atz
Fe (2p) M0 PO, 176 32
|  Total 100,0
Analysis aftey sputiering - )
o /26 210, 04 | 582
agy | 530 . 0.61 30,8
Fe (2p) 710 T w0, I s 19
Do
Totn} 100

- Near the edges of the wear scats, the surfice was polished and Hitle or no sutface fracture or
material transfor was evident, Analogous to PSZ, transfer Inyers were thus associated with
areas of high surface roughness, suggesting that they were formed pimarily by the
compaction of loose metal oxide wear dobris, This may be asciibed to the relatively low
chemical compatibility of AIST 440C stainless steel and 3Y-TZP,

Ce-TZR

The same abscrvations outlined for 3Y-TZP also apply to CeTZP, which is not surprising
in view of the microstruetural similaritics between the materiols.  However, the extent of
surface fiveture In the wear sewrs appeared o be somewhat larger than for 3Y-TZP. This can
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® | ®

I-‘igul'e?i.zg: Fracture and transfor dayer formation on polishcd' 3Y-TZP under a S0 N load: '{a) general view

and (b) centre of wear track,

detected large relative amounts of Fe and Cr, confirming that they were formed from debris
otiginating from the steel ball (Figure 4.30).
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Figure 4.30: FDS spectrum obtained fram the centre of the wear

rack shown in Figure 4.29,
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On the other hand, Tucei and Esposito [69] detected no phase teansformation in 3Y-TZP
ceramics tested in unidirectional sliding in air. They suggested that this was related to bigh
transient (flash) temperatuees ot the sliding interface, which reduced the driving force for the
transformadion, Neveriheless, extensive surface fracture leading to wear did oceur, which was
atitibuted to the low thermal shock resistance of 3YTZP, TFurther, Bundschuh and Zum
Gahr [39] studied the influence of temperatute on the wear of 3Y-TZP ceramics and suggested
that the maximum ditving energy for transformution may occur at mediumi temperntures
around 250 °C, They argued that the tendency for phase transtormation should be relatively
low at temperatures subsiantially above or below this 1ez11perﬁturc range, However, the
polential influence of the enviropment on the transformation driving force was neglected sinee
all tests were ¢onducted under unlubricated sliding conditions, Based on these arguments,
Bundschuh and Zum Gahr [39] attributed the reduced wear rates observed of tenperatures
araund 250 °C to transformation<induced plasticity,

In the present work, the sliding contacts were continuously flughed with water and flash
temperatures would have been relatively low. It is considered unlikely, thecefore, that o
substantial reduction in transformation driving force and/or fractute as a result of thermal
stock would have oceurred, as proposed by Tucel and Esposito [69]. Indeed, in contrast to
the work by Bundschuh and Zum Galw [39] the prosence of water in the sliding interface may
in fact have inerensed the transformation driving force, as suggested by Sasaki [202], Finalty.
Guiliou et al [205] recently demonstrated (hat the size of the near-surface transformation zohe
in Ce-TZP increased as the number of stiess cycles increased on u point contact. Eventually,
intergranular fragmentmtion and spalling ocoutred ot the edges of the contast zone, In the
present work, trunsformation of the 3Y-TZP surface could thus have been further enhanced
by the large number of stress cycles cxperienced by the ceramic as a resull of the
reciprocating shding motion. In view of these considerations, the suggestion that the observed
fracture damage on the AY=TZI wear ttacks was related to the transformation and subsequent
spalling of o surface loyer is reogonable.

The nreas damuged by fracture were assoclated with the formation of smooth, continuuns
metallie transfer layers which were also seen to delaminate (Figure 4.29). EDS analyses
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primarily by oxidation wear (i, hy the removal of wear debris from oxide layers on the ball)
with & small contribution by fine-scale abrasion. Somwe larger, more angular ceramic wear
debiis particles were also noted, formed by surface fracture,

3v-TZp

As for PSZ, effective polishing
occurred on the ground 3Y-TZP
surfaces, Similar impfovcments in
surface finish during sliding has been
reported by other investigators [49],
However, for comparable loads, a
greater amount of surface fracture was
‘observed in the centre of the wenr
sear, Further, the morphology of the

damage was different and no

preferentil grain boundary fracture or Figure 428 'I‘ypfcul Tracture damage In the centre of 3Y-TZP
the formation of striated pits was wear sears. (Dark layer ls @ metallie transfer layer).

noted,  Instead, the damaged areas

were roughened uniformly on a seul~ similar to the geain slee of the 3Y~TZP material .
(Figure 4,28), With increasing applied load, the extent of surface fracture also inereaécd. but
the appearance of the damaged areas rematned wichanged. This Is thought to be related 1o
the different microstructures of the ecramics. As described earlier, in PSZ ceramices only
tetragonal preeipitates are transformed under the influence of applied mechanien] stresses,
Since these preeipitates are Joeated at the grain boundaries and within eubie grains, the grains
can absorb some of the resultant compressive stresses.  In 3YWTZP, however, the
microstruciure comprises mainly very small tetragonal grains, which are metastable and
transform as o whole to the monoelinic phase when the applied stress exceeds o certain
threshold value, A britlle surface layer is thus formed on the ceramic which can be easily
removed during sliding sinee it is not restrained by the bulk of the mater{al.  Similar results

and observations have been reported by o number of previous investigators [40][43][204],
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XPS nnalyses showed that the transfer layers comprised only iron and chromivm oxides and
1o evidence of chemical interaction between the steel ball and the PSZ surface was found
(Table 4.10}. Aflter sputtering, no metal oxides were detected, indicating that the layer had
been penetrated, '

‘Tabte 4,10: XPS analysis resuits oblained on typical transfer Jayers generated on PSZ after 6912 m of

» g under a load of 50 N.

- Peak ..Binding encrgy .Speeiés Sensitivity factor Atomie %
_ {(eV)
C (s 285 . 02 223
Cr (2p) 576 0, TR 12
7 69) 183,6 210, 1,1 49,0
0 (Is) 530 - 0,61 204
Fe (2p) 710 FeQOH / Fe,0n 176 5,1
| Tota) 100

In summary, it can be concluded that material deposition on PSZ cccurred mainly by the
mechanical compaction of wear debris, rather than by direct adhesion and chemical interaction
between  the steel and  PSZ

counterfaces.  This {3 in accordance
withi the findings of He er af (1501,
who observed that only very thin
metallic transfer layers formed on Y-
TZP surfaces in the absence of
significant surlace fracture damage.

The mutallic debris  itsell  was

extremely small and the particles

exhibited an irregular  morphology

i T 3 ”
(Figure 4.27). Figure 27 Typical loose wear debris st the odges of the PSZ
debris from the steel bull was formed  your sears. -

This suggesied that
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Figure 4251 Typieal cxampiea of metullic transfer layers associnted with areas of surface fractire on worn PSZ
surfaces,
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Figure 426: EDY spectra oblained fom () traasfer byer assoclated with facture damage and (b) undamaged,
polished aren on worn PSZ ceramic,

These observations were confirmed by EDS spot analyses. In partieular, e and Cr was
detected in the transfer layers, while noe Fe or Cr was found on the wear scars {n arcus which

were well polished and firee Trom signifieint sarfaee fracture (Figure 4.26),
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bonds, ‘In this way, the phase transformation fromn tetragonal to monoclinic zirconia could
have been promoted, as desctibed recently by Sasaki [202).

Rainforth and Stevens [203] recently studied Mg-PSZ in unlubricated sliding coriict against
steel and reported similar pitting damage when the appliel mechanical stress exceeded a
certain threshold value, The formation of striated pits was attributed to the initiation and
coaléscence of microcracks due to the transformation of tetragonal prccipifates witliin the PSZ
grains to the monoclinic phase, Transformation oceurred preferentially along the [100]
directions, which could aceount far the localized occurrence of these pits in the prescant wotk,
Some material removal also appeared to oceur by abrasion, as indicated by nuirierous small
grooves on the wear 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 1o
well-developed surface layers were
formed on polished.regions'of the
PSZ surfaces, Material deposition
invariably appcai'ed o be associated
with regions of high suface
| rovghness, Grinding seraiches at the
edge of the wear scar were partially
[led with matetial orlginating from

 the steel ball, while the areas betwesn

the scratchey remained essentially free Bt T T Grimiing screhos Hiled with transforred matorial
from transferred  material (Figure  at the edge of & wear track on ground PSZ,

4,24}, (On polished PSZ surfices,

thicker teansfer tayers were formed by debris compaction in the low-stress areas near the wear
track cdges, analogous to alumina),  Similarly, metallic transfer Jayers were commonly
ussociated with areas of surface fracture in the cenire of the wear scar (Figure 4.25). Partial

delamination nf' these layers appeared to oceur regularly, Jeading to wear,
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brittle monoclinic phase as described

earlier,

Another characteristic feature was the
presence of steiated pits on the wear
tracks, whete small seale 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 assoclated Foyre 472 Proferontial fractare damage & PSZ grain
with a volume expansion (> 3%) of boundaries.

the precipitates. When the exient of

transformation exceeded a certain threshold, the associated conpressive stresses could not be

accommodated within the grain anymore, particularly since the wearing surface of the prains

was unresitained, and fracture ocetrred 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

W
_a'. T
o
. ' o
T Y
. : g
| . .!' -
J§ ... I .

Figure 4,23: Typical example of a siciated pit farmed en the

PSZ surfaces,

contributed to fracture damage by a

spalling fatigue mechanism,

Sinee the mechanisms of dunage were
similar, the formation of striated pits
and preferential grain  boundary
fracture  tended  to  ocewr  in
combination, This type of fracture
damage cowld have been exacerbated
by the presence of water through a
mechanism involving the adsorption
of OIT" fons at the surface ond the
resultant  breaking of the Zr-0-Zr
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PSZ
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
inclistinguishabie 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
coniribution by fine-scale abrasion and fracture (Figure 4.21).

) W

5;'!00 mu 10,8 3
Ia
Emnalza%. 8, psg.-:us = 28 eus

Figure 4.21; SEM micrograph showing polishing by plastic deformation on a1 typical ground P52 surface, EDS
spectrum shows fack of transferred material.

Non-uniform wear of the PSZ surface oceurred within the polished wear track regions at all
applicd loads (although the seinf.rity of damage increnscd with increasing Joad), characterized
by preferential fracture and localized material removal at the grain boundaries (Figure 4,22),
This type of dunage has also been observed on PSZ tapnet facings in dicsel englnes [201] and
is reluted to the presence of tetragonal zirconia precipitates at the grain boundaries, When (he

applied siress exceeds a particular threshold value, these preeipitates transform 1o the more
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on the steel surfaees, similar to those found In the present work, was promoted in the presence

of sulphate due to the following iniliating renction:
Fe + 8§07 .y Fe80Q, + 2¢ (4.3

Hydrolysis of the iron sulphate could then occur in the presence of waler o form iron
hydroxides. '

| Fufth_er, Rugareic [21 1 teported that the smooth, thin and transparent reaction layers formed
on the steel surfaces conld be removed by running water.

Less work appears to have been done on the influsnee of ehloring-contalning compounds,
although Kotvis and Tysoe [212] found that the addition of ~2% chlotinated hydrbcurhun to
a pure hydrocarbon lubricant Incrensed the louad carrying capacity (L.CC) of stecl-steel coupl'cs
by up to three times, It wos suggested that the additive decomposed to form chloride at the
stiding interfuce, subscquently Jeading to the formation of a halide, probably FeCl, Thie
presence of this chloride was confirmed by XPS analyses and was linkwd fo the obgerved
inerease in LCC,

Sintilar effects have been observed on metal-ceramic sliding couples, or cxample, Tanim
ot al [213] stuclied the c-ﬂicucy of the extreme pressure additive zine dithiophosphate (ZnlY1P)
in 8iC-steel and SigNsteel stiding systems. They confirmed the formation of iron phosphate
in the former couple und zine sufphide in the latier couple, and related the formation of these
reaction liyers on the stect counterfoce to a reduetion in wear rate, Inlerestingly, the Piction
coefticient was reduced by the zine sulphide layer in the case of the Si;N,steel couple while
that of the SiC-stecl couple remained unoffected,  This tends o confirm the apparent
Jubricious nature of sulphur-containing compounds. “These findings are supported by the work
of Gates and Hsu {214]), which indivated that sulplw-containing additive compounds tend 1o
ducrease friction and wear of sell-mated SN, lubricated by parailin oil. Iowever, in contrast
to the apparent beneficial effect of chlorides on stecl surfaces, they found that chlorine.

containing compounds temded to invrense wear and had a slight increasing eflect on the
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For Sialon, the tota] wear depth was reduced while the stabilizsd wear rafte remained
unaffected, "I'ogether with the friction results, this suggested that the *lond carrying eapacity’
of the interficial tribofilms was slightly inercased, leading to more consistent {riction
behaviour and lower wear.  Si)N, exhibited a lower total wear depth, but a substantially
inereased stabilized wear rale compared o the, results obtained in dejonized water. The couple
would thus be expected to exhibit a shiorter operational lifetime in Unisel than in deionized
water, although the lifstime would be similar to that of e remaining metal-eeramic eouples.
The lower wear depth waw attributable to a reduced running-in phase, o

These results suggest that the constituents in the Unisel synthetie mine water nodified the
tribufilms and/or the interfueial contact conditions in some way n the case of alumina amd the
sificon-based ceramics, The luck of a measurable offect on frletion and wear fn the case of
the zireonin ceramics cunn be understood sinve thiese materinls exhibited significant levels of
surface fractire damage, which led to increased surface roughneys and the formation of thick,
eracked metallic transfer films, It is likely that these larger-scale effects would have
dominated the friction and wear behaviour and musked any influence of the water chemistey,

such as redueed levels ol adhegion,

Tix contrast, the tribofilms formed on the wnfractured sucfages of alumina and the silivon-based -
ceramics were extremely smooth and probably not muceh thicker than [ pm [11] Salb-seake
effects due to Jubricant compusition may thus easily have exerted a measurable influenee on
the contact conditions.

The mechanisms by which lubricant additives or chemical contantinants inflience friction and
wear of ceramics are pgenerally not well understood, particularly for aqueous selutions,
Nevertheless, it is welleknown that the presence of chlorines il sulphur contining
compousds tends to deerease feietion and wear of metal sliding couples. For example, Woi
and Spikes [210] showed that inereased levels of sulphue Iy diesel fuels resulted in a marked
deerease in wear of selfamated BRUT0:1001 5344099 (EN31) steel in reciprocating stiding.
Nimilarly. Iiugar&ic [211] Found that 8O, decreased the covtticient of friction etween variows
steel=stee] sliding couples at high humidities (- 7023 1t was suggrested that the Trmation of

lubricious fervie hydroxide lavers
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solutions (p} values between 1 and 3).

Thesc solutions were simple in composition,

* contmining just one chetnical speeies suchas | 1

’ NaOIL IQOIL and IICL 'I‘hc Uniscl 0‘11 [ , ................... ............................
synthetic mine water solution used in this . — :;;g %L{_ ______
wok was much more complex in - g:’% gé B
composition and was close 10 neatral witha | °® Eé :g?,} """""""""""""
pll value of 6,7, 1t is possible, therefore, ok N"; Eé 2

that the conflicting results may be R e e T |

atiributable to a complcx_ interaction of
competing effects of the different Unisel Flgure 4.42; Wear rosults for AlzOy, Sialon and S N
constituents, Furthermore, the jofluence of  sliding fn deiomized waler and Unisel (WD = wear depth
the different chemical species on friction o mim, WR = wear rate in pov/im sliding).

and wear moy be different for metal-ceramie _

eompared to selfmated ceramie sliding couples, For example, it was shown in the previous
sections that relatively wteong adhesion appeats to oceur hetween AIST 440C steel and aluminn
when sliding in deionized water. The prcsencé of chemical species such os chlorides and
sulphates in the sliding interfnce, possibly in the form of adsorbed {ilms on the sliding
surfaces, may have reduced this adhesion ond lod 1o a reduction in friction and weor rates,

Table 4.16: Compatison of wear resulta obtalned for aluming, Sialon and 51,N, when lubeleated with Unisel
synthetie mine water ond deionlzed water,

~ Lubricont Parametor _ Ceramie counterface matertal
. ALQ, Sinlon SLN,
Dejonlzed water | Wear depth Gnm) 0,14 0,16 0.13
Woear taie (p;mfn\i . 0,014 0.013 | 1,006
llnise[. Wear depth (mm) . UI.]] . o4 010
e Wear rate (pan/m) 0,011 0,012 0011
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_ Flgure d,41: Typisal ftetion coctfiglont traces abtaincd for (n) Sialon and (b} SN, stiding a;,funst AIS] 4400
in Unissl synthele mine water snlutiou.

In the case of Sialon, the fiiction coefTicient in Unisei fell between the high and low-level
values obtained wnder delonized water lubrication (recall that the {rjetion coefficient oscillated
in defonized water), In contrast, SigN, exhibited a fifction coefficient similar to the low-level
value obtained in deionized water. For both materials, the frietion coefficient trace in Unjsel
showed no oscillations and remained fairly constant at the steady-state values (Figure 4.41),
Annlogous results have beon reported by Lotfelbein e al [209], who observed short periods
of increased frictivn in deionized water and ammonia solutions, but no oscillations in other
solutions containing chlorides and sulphates, The tust configuration {n their case wos self-
mated sintered SN, us well as hot-isostaticnlty pressed (HIPped) and reaction-bonded Sj N .

The wear results indicated no consistenit effeet of the Unisel solution on both the total wear
depth and the stabilized wear rate for the zirconin ceramics, as also found by Laffelbein e
al [209], However, measurable effects occurred for aluming and the silicon-based ceramics
(Table 4,16 ontl Figure 4.42).

In the case of aluming, the totel wear depth and the stabilized wear rate decreased when
stiding in Unisel, compared to deionized water. This is contrary to the resulls obiained by
Sasukl [208] and LofTelbein ef af [209] for self-mated ceramics lubricated by acidic aqueous
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4,52 Results and discussion

A typical friction trace obiained for

alumting sliding in Uniscl mine water ' e

(composition glven in Scction 4.2.2, page | 2 '

82) is presented in Iigure 4,40, It can E" o

be secn that the: steady state friction j -

coefficiont was reduced to ~0,15 ', |

compared to the value of ~0,43 exhibited - g

in deionized water. Moreover, o much .,.*“]y“ BRI
gmoother friction profile was observed., e

This {s in good agreement with the Figtre ddi ’I‘)‘Piﬂﬂ fiction :rncé oblained lor AISL 440C

results obtainied by Sasaki [208] for silding against nlumlnn_ in Unise! solutiotr under o lond of
' ' . 50N,

chloride solutions with pH levels

between | and 3. Similatly, friction coefficients between 0,1 and 0,15 were also observed by

Luffelbein et af [209] for self-mated aluming sliding in varfous 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 offect was observed for the zitconin ceramics and the frictlon
coefficients remained cssentially unchanged (Table 4.15). Again, thig {s consistent with resulty
obtaitied by LotTelbein et af [209] for PSZ ceramics,

Tuble 4.15; Comparizan of steady-state coefficionts of fiiction obtained in defonized water ond Unisel
synthetic mine water solutton,

Lurjennt o B Friction coefficicnt for ceramics
ALO, PSZ_ | 3Y-TZP | CoTZP | Sialon SN,
Delonized water | 0,43 04 05 038 | 029--08 | 033 --045
udlsel {618 045 043 | o4 ~04 | 028
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4.5 Influence of Water Chemistry
451  Introduction

The work described in the previous seetions was conducted with defonized water as lubrieant
in -order to obtain bascline information on the tribological properties of candidate material

couples for hydro-powered mining cquipment. However, South African mine waters typically -

contain high levels of clilotides and sulphates and high levels of dissolved solids, and can be
highly corrosive due to low pII values. The influence of such variations in water chemistry

on the tribology of cecamie and metal-ceramic couples has tot been studied to any great

extont, although fsolated reports exist in the literature,

Sasaki [208] recently studied the influence of pH on the friction and wear chﬁrm_:terlstics of
plumina under water lubricated conditions. The pIi values were varled by adding
hydrochloric acid and sodium hydroxide, The coefficient of friction was found to remain
 constant over a relatively wide range of pH values (~5 = ~9), but deciensed at pH values
outside this range. Convetsely, the wear rate was found to be lowest in pure water and
inereased with increasing and deereasing pElL

Similaely, Loffelbein ez af [209] recontly examined the influence of acidic and basic aqueous
solutions on the [iiction and wear behaviour of various ceramic sliding couples, Although

some variations in Iriction and wear were observed, they reporied no systematie effects and

concluded that the naturc of the solutions was of minor importance,

Agninst this background, some exploratory experiments were conducted in o synthetie mine
- water sohution to vcrify whether or not an effect could be obsuiv- . Due to time and financial
constraints, the experiments were limited to AISI 440C steel sliding againgt pelished ceramic
aiiertals under o load of 50 N, Limited surface compositional analyses were undertaken to
examine the influence of water chemistry on tribofilm composition, '
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The results obtained from XPS analyses
of & 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 FeOOH, they
confirmed the Tormation of a hydrated
Si0, tribochemical film on the silicon
nitride surface. The amounts of FeOOH
“were even smaller than those deteeted on
Sialon, and it is reasonable to suggest
that the silicious film dominated the
tribological behaviour and  was
responsible for the superior frietion and

wear characteristics of the material couple, as outlined in Section 4.3,

Table 4.14; XPS analysis results obtnined o a polished Si,N, wear track (6912 m of shiding, Joad 50 N).

Flgure 4.39: SEM micrograph of the orlginal ground 81N,

surfage.

Peak | B__Indluﬁ energy (eV) | Spcci.cs . Sénsltlvlty factor Atomle %
Annl&sis on tlie ns-{vut'in surfnce .
T 285 . 02 20,5
$i (2p) T l0ta Siticate 0.17 27,8
"o (ls) 531,8 . 0,61 2.9
N {ls) aona - Y 17,0
Fe () M0 FeOOH 176 18
' Total 100,0
Annlysis after sputtering -
C{lg) 288 » 2 0.6
81 2 103,2 $i0, 0,17 128
0 (1) §33,0 . 061 318
N {13) 08,8 . o 20,3
e t2p) 7122 100N . 1.76 3.8
Totnd 100
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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, Howevér. the amounts of transferred metal
' present on the Sialon wear tracks were extremely small, For example, the fact that no metal
was detected by EDS on polished Sialon suggested that t_he metallic transfer Jayers were
sipnificantly thinner than 1 ym, since that is the typical analysis depth of the EDS technicque.
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,

Silicon Nitride

The features observed on the silicon nitride wear scars were generally similar to those seen -

on the Sialon sears, Poiiéhing was slightly more effective on the ground Si;N, surfaces,
- however, and material deposition from the steel ball was reduced (Figure 4.38), The
improvement in surface roughness, élthough not as.dmmatic as on the zirconia based ceramics,
was evident by comparing the original ground finish (Figure 4.39) with a worn suiface
{Figwe 4.38 (b)), Polishing appcziwd to oceur by a similar mechapism to Stalon, i.e. mainly
by tribochemical means, although some microfracture was also evident at the edges of the

grinding seratches,

Flaure $38: B1EM micrographs of a we track generated on i ground SN, surfiwe wnder a load of 50 N: ()

general view and (1) ventre of ik,
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Figﬁre 137: SEM micrograph of a lyp[ezil wear track generated on 8 paliéhed Sfafen Surface under a load of

50N, The EDS spectrum shows no significant meta] transfer from the steel ball,

‘Table 4.13:  XPS analysis results obtained on & potished Ce-TZP wear track afier 6912 m of sliding under
o Joad of 50 M.
Penk Binding eﬁcrgy [eV) Specles Sensitivity factor | Atomle %
Anslysiy on the ns-worn surface _
cas | 28 . 02 31,1
5 Cep) 1012 Silicate 0,17 242
0 (1) 531,2 . 061 21,3 ¢
N () 3968 . 04 209 |
L_reen 7116 FeOOl 1,76 2,5
| o Total 106,0
Annlysls after sputtering
ey 285 . 02 58
81 (2p) o2 Silicate 0,17 34,1
O (ls) 334 - 0,61 20.4.
N (s} 39?;6 " 0. 21,0
Fe {2p) 7004 Fet) 1,76 8.8
Total 100
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Figure 4.35: SEM micrographs showing polishing and filling of grinding groa\?es (ﬁl'l'bwed)' ona ga"ound Sialen

surface under 2 50 N lead; (n) general view and (b) centic of wear track,

in the wear track, the effect was much less marked thai for the TZP ceramics. This iy
supported by the EDS analysis shown in Figure 4.36 which shows only a very small amount
of Fe and Cr in the wear scar, Even less material transfer from the steel ball was observed

on the polished Sialon surfaces (Figure 4.37).

iy
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Flgure £36: LDS spectewn obtained from the
wear sear shown in Figure 4,35, '

The results obtaited from XPS analyses of a

typical wear scar 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 cermmnic surface, probably by a
tribochemical mechanism. The composition of
this layer appeared to be refatively contplex
and/or non-stoichiometric, and could not be

Aniguely identified, Only small amounts of iron

in the form of FeOQOIT and FeO were detected.

Clearly, some traosier fom the steel ball had

oveurred, bul to & much lesser extent than on alumina or even the zireonia based ceramics.

E
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Fipure 438 Optical micrographs ol wear tracks ot () ground wnd (b polished SEN, (50 N Joad, 8x
mugnilivation),
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Figiere 4,33: Optheal micrographs ol wear tieks on GO grawsd and (0 polished Sialon 181 (30 N loil,

8% tiagni etion,
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The effect was more marked on the pin than the dise, with the roughness acress the sliding
dlrection reaching 0,39 pm R, as compared to 0,08 pm B along the sliding direction, - The
equivalent values for the dise are 0,29 um R, and 0,23 pm R,

Preferential wear of the intervgrain areas appeared to oceur to o much Laeper degree than on
Syndite, vesulting in an etehed appearance of the surlaces, Compositional anakyses by EDS of
grapular weat dehris which appeared to collect in the hollows yielded no X-tuy peaks, Sinee the
EDS system is unable to deteet carbon, it is reasonable to suggest that the debris comypyised
mainly diamond fragments orginating from the edges ol the. dianond grains in e PCD
compacts, [t is thus Jikely that the abragive seoring on the PCD surlirews was caused by these
extremely hard, Joose debris particles as they hecame trapped in the sliding interface.

5.3.2 Specinen gconictry eifecis

On self-mated Syndas, initial Joad earrying capacity (LCC) tests were done usiug uniapered
Syndax pins by increasing the applied load systematically from 186 to 3634 N (Figure 5.3).
Up to about 3000 N (~47 MPua contact pressure), the friction cocfficient remained constant
at ~0,08 - 0,1. Beyond about 3000 N, severe grooving of the sliding surfaces oceurred and
the friction coefficient and pin temperature Increased rapidly, These results suggested that the
load carrying limit way about
3000 N with the present {est
configuration, limited by the

wog - AVHRARARPHDAX DRV, LOND CARNYING SaPACLYY lliuzlliu

influence of wenr Jdebris on the w L
[T ’
intogrity of the sliding surfaces, E::: ' ‘/
Q::: 1 . v ..umwmu
Lde -
Closer examinntion of the [ "m

EYL AP T S bty i

iRt mm"ﬂa'inm LLE gy “Faw TR

Syndax piné confirmed  that

chipping oceurred ot ibe pin s . TONDAXSSYHDNN DEV.LONR GARRYING CAFACIIV LOSe3HI4R

o
edges which were not bevelled. | ﬁ'?:
' . . o f .
[he dobris so formed was | ya [ b

. 49 " L aad
co

drnggedd through the contaet avea 0 M

L
and coniributed to the SCUl'ill,l_-'. of . T T aamm"l““”t”"""‘"“ lopt?"m-u-una T

the surfoces and  probably
limited the LCC.  Additional

Flgure 5.3t Influence of applied load un the Triction Toree {top) and
BCTY lemperatuee (hottom) for solfimated Syndax (untupered phy),
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I {".l

Flanre 8,21 Optical micrographs of warn Syndax pin surfuces. showing abrsive grooving on
the dirmond peaticles and preferemtiad weir and deeunuligion ol Toase delbis at the imer-prain

arviss () 200x and (bY 140N magnilication,
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chemieal degradation of the diamond surfaces (although this was not confirmed). In fact, the
further improvement in surface roughness with increasing Joad indieated that such o marginal
overioad condition is a prerequisite for efficient and eapid running-in of the PCI) materials.
The test parameter window for successful surface polishing is quite narrow, however, as
explotatory tests showed that inceasing the applied load by too large an amount too early in
the run-in process results in seizure of the couple aud damage to the PCD surfaces.

Bascd on these results, o running-in procedure was dovised which involved the step-wise
 inerense of the applied load at a gliding speed of 0,13 m/s, while allowing unhugh time at
ench load for the friction coeflicient and the surfaee roughness on both sliding clenients to
stabilize,

Sell-mated Syndax

The Initia] running-in phase was conducted under a 186 N load, smaller than the 490 N load
used previously for Syndite, Afler ong hour of sliding, the sueface roughness of the pin in
the sliding direction had decteased from 0,40 pm R, to 0,08 pm R, while the roughness of
the disc had only decreased from 0,31 to 0,23 pm R, Similar trends had been observed for
the Syndrill 8D specimens with the pin polishing very rapidly, reaching 0,03 pm &, within
2 hours of running, and the dise roughness lagging behind, In contrast to Syndite, the frictlon
coefficient remained at o Jower value of 0,12,

The inttial running-in behaviour of self<mated Syndax thus seened to mirror closety that of
Syndite. In the second phise of ruaning-in, the normal load on the Syndax pln was thus
fncrensed systematically to a maximum of 1200 N, The friction coefticlent remained low ot
between 1,08 and (1 which wss in stark conteast to Syndite which showed much higher
frivtion coofficients of 0,2 « 0,4 when tun for extended periods at 490 N.

Closer examination of the spechnens during and after the tunning-in phase showed that
seratehes and grooves oppeared on the pin and dise surlaees (Figure 3.2). As o result, the

surfhce rovghness depended on the test direction, heing rougher acrass the sliding divection.
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5.3 Unlubricated Sliding Behaviour

331  Run-in characteristies

Self-mated Syndite

This couple was used to develop a methodology for running-in PCD materials., Ihitial tests
were conducted 4t o constant Joad of 490 N (contact préssuré 7.7 MPa), and the resultar

improvement in su:face roughness with inereasing test time is summarized in Tuble 5.1,

Table 5.1: Surfuce roughness values al the Syndite pin and dise runen under & load of 490 N,

: R,, of piu (um)

R, of dise (um)

Run .tllr_le—?hl)r .
0 0.5 0,27
E 0.03 010
i 004 T
8 001 07
14 002 0.k
18 003 .05

The results showed thot the Syndite pin was well-polistied after only two hours, corresponding
to 936 m of sliding, The dise, on the other land, exhibited o rougher surface thoan the pin
after 18 hours, althoogh no further improvement in surfhce findsh ocewrred afler 14 hours of
sliding, The couple was thus run for 4 hours under an incrensed applied lowd of 870 N (13,7
MPa contact pressure), which resulted in farther improvenents in surface roughness values
to 0,01 pm R, for the pin and 0,03 pm B for the dise. A this stage the couple was regarded

as well runsin agod ready for further investigation.

The friction coefficiont (1) nereased and exhibited mare seatter as the surfice roughness
improved,  Eventuafly, p Quetuated Between 0.2 and 0,4 which is mueh bhigher than the value
of -0.1 which would be expected for selfsmated dismotd, This suggested that the Syndite
couple wis swwginally overloaded during the run«in phase, possibly leading to some loea)
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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 fncreased step-wise from 180 to ~4300 N (equivalent to contact pressures
of 2,8 and 67.6 MPa) to evaluate the Joad carrying capacity of the sliding couples.

Water lubricated tests were also conducted at a sliding speed of 0,13 nifs.  Exploratory

- experiments were also conducted at speeds of 1.9 and 3 m/s. but it was found that

predoninantly hydrodynamic lobrication conditions prevailed up to high loads witl the highly

_polished PCD specimens, These condltions were unsujtable for-assessing the performance of

thie material couples in the more important boundary lubrication regitme, and the lower speed
was thus chosen to reduce the intluence of hydrodynamic lubrieation, B

Priot to testing. the . ~face roughness values of the pins and dises were determined using a
Hommel T1000 surfaee profilometer. In contrast to Syndite, the values for Syndax specimens
were found to be dependent on the test direction, and subsequent measurements were carried

~out both in und aeross the slidiog divection. The samples were then ultrasonieally eleaned in

acstone before the first tests, but butween tests the Syndax sliding surtuces were mostly
simply washed with water and acetone,  Tribofilms were removed from the sliding surfaces

before testing with dilute hydrochloric acld, followed by a witer and then acetone wash,

Thermocouples were fixed into the pins with epoxy in such a way that they were in dircet
contact with the rear of the PCD layer. The thermocouple output wis continvously logged
on & compater to give an indication of the PCD surface femperature during the tests. For any
given test, the temperature was found to seafe closely with the measured frietion foree, Tn the
interest of simplicity and brevity, this thesis will thus concentrate on teporting the friction data

sines the temperature data did not serve to elueidate the frietion processes further,

On eamipletion of the tests, the sliding surfoces were examined under an optical microscape
to atudy the surfnee features developed under particular experintental conditions, Mo
detailed analyses of the friction and wenr processes wore carrfed out using seanning electron
microseopy (KEM), while surface compositional analyses were conducted wsing energy
dispeesive x-ray anolysis (EDS) and Xeray photoelectron speetroseapy (XPS),
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When using ping such as the PCD compacts, with large flat arcas that must be kept in contact
with the tuesing dise, it is diffieult to get the iwo sliding surfaecs well aligned so that full pin
aren contact can be estabiished. Furthermore, the PCD couples were expoeted to show only
very fimited potential .f‘nr running-in due to the extreme hardness and wear resistance of these:
materials, Therefore, a sellaligning bearing with jts axis vertical was fixed on the Joad arm
to gct as pin sample holder, The inner and outer races of the bearing were pinned together
in such a way that rotation of the races with respect to each other was prevented, but limlted
relative movement in the horizontal plane was still possible. With the PCD pin beld in this
sell-aligning sample holder, good area contact with the dise could be achieved and mointained
without undue dilficulty.

522  Experimental materials and methodolopy

Ndminally, both the Syndite and the Syndax pins used were 13,44 mm diameter with 2 mun
wide 5° taper edges so that the effectiv: contact diamoters were ~9 mm., The Syndite pins
consisied of & 0,7 mun thick PCD tayer with cobalt *binder', bonded to o tungsten earbide
backing, The total height of the pins was 8 mm, The Syndax pins consisted of o 5 mm thivk
PCD layer with silicon ng binder phase, beazed to o mild steel backing pin. The Syndite
counferfuce discs were 70 mm in diameter while the Syndax dises used were 56 mm in
diameter, All sample materials were supplied by De Beers Dinmond Research Taboratory
{DRL), Juliunuésburg.

Initial experiments showed that the roughness of the lapped contact surfaces on the Syndite
and Syncdax specimens lmproved progressively with increasing tost time and applied lond A
runsin procedure was thus developed to provide a wellsdefined, ste Jfy-state surlnee fAnish on
all specimens prior to testing, ‘This consisted of running the unused material couples al o
sliding speed of 0,13 /s and periodically Inereasing the applied load, At cuch load, the
couple was run until the friction cocfficient stabilized, following which the test was stopped
atd the surface roughness neasured on both sliding elements. The process was repeated until

no farther improvements in surlaee roughness were noted,
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52 " Tesi Equipment and Methodology
52,1  Tost cquipment

Thrust bearings are characterized by a unidirectional sliding motion, and thus a pin-on-dise
(PODY) rather than a reciprocating t1'iﬁclnete1‘ was utilized in the present work {Figure 5.1).
I this machine, one clement of the sliding couple is in the form of 4 pin and iy fixed in a
sample holder on a cantilever load arm. The pin s allowed to slide on rotating horizontal
dise, which conprises the second element «f the couple under investigation and is driven by
- & variable s;md motor, The lord on the pin ean be varied and is applied 'lw menns of dead
weiglts on the load anm.

Figure &13 Pivean-dise (POD) iribametar wsed in fhe present work,

The friction Toree and pin temperatures were constantly monitored and recorded by o

curipuler,
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CHAPTER 5
5, POLYCRYSTALLINE DIAMOND (PCD) SLIDING COUPLES
a1 . Introduction

Initial development wotk on PCD thrust bearings for down-hole drilling applications,
condueted by the writer shd co-workers, indicated that the friction behaviour of self-mated
Syndite {De Beers PCD) sliding couplis was quite unpredictable at high contaet pressures,
In some c'a_ses_.'mpid geizure of prototype bearings accured without adequate warning, It wag
noted that this iustahilify in friction behaviour was the performance limiting factor, and not
wear of the bearing surfuces. Careful mmlysis of the worn surfaces suggested that the sndden
inerense in frietion coeffivient, followed by seizure, was assoclated with the formation of Co-
rich tribofilms on the PCD surfaces. No reference to this phenomenon, or to the mechanisims
underlying the effect of such layers on PCD fiiction and wear, could be found in the open

iiterature,

It was known., however, that cobalt and other metals like iron tend 1o promote the chemical
degradation of diamond 1o fonn graphite (Section 2.4.3 and 2.4.4), Tt was thus postulated that
thermally stable PCI) materials which do not employ conventional metallic binder systems
should exhibit a more attractive {rietion and woear behaviour than Syndite at high contact
pressures. An example of such o material is Syndox (De Beers trademark) which employs

silivon as a binder phase.

This more dutailed wudy was imitinted to nssess the tribological characteristies of various
combinations of Syndax and 813 025 Syndite (Co-honded PCD, dismond grain sive 25 um)
undey both dry and water Iubricated conditions,  Purticular emphasis was placed on elucidating
the mechanisms which deteraine the friction behaviour of these couples, i ordey o point the
wity towards the selection or develomuent of PCD sliding couples for bearings with improved
performance. Less atlention was paid o quuntifying wear since wear was not found to be the

performance limuting factor for PCE bearings.
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behaviour of alumina and the siticon-based ceramics. Based on available evidence, this was
tentatively explained in terms of reduced adhesion and the promnotion of iron oxide and
hydroxidé formation on the steel ball by the presence of sulphate, Adsorption cffects may
have played a significant contributory rdle, particularly in the case of the silicon-based
cetamics. It was suggested that the influence of sulphate may have been more important in
this regard than that of chloride, Further work on clarifying the precise mechunisms was
suspended due to time contraints and a lack of funds, but s clearly Indicated in view of the
potential importance of these effects in improving the performance of these metal-ceramie

sliding couples,

It was noled that metal-ceramic couples suitable for application in reciprocating componenls
in hydro-powered stoping equipment need to exhibit a low friction coetficient and steady
friction behaviour, coupled with an ncceptable 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 piven to SiyN, beeause of the apparent higher load
corying capacity and lower wear rate compated to Sialon. In mine waters which exhibit a
similar composition to the syathetic Unisel mine water sofution and which are typically used
as the hydro-power working fluid, both Sialon and SiyN, are considered to be cqually suitable.
In thls case, even the AIST 440C-alumina couple would be suitable as & result of' the beneficial
influence of the mine water constituents on friction and wear, provided the poor fracture
- toughness of the alumina ceramic cun be tolerated,
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4.6 Summary

The fiction and wear behaviour of a range of oxide and silicon-based ceramics sliding against
AISI 440C stainless stecl in deionized water was studied, All the sliding couples which were
considered exhibited a pronounced two-phase friction and wear behaviour, characterized by
a run-in ad 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 rﬁte, which is the more important parameter for assessing the fong-term operational _

performance of the sliding‘couple.

It wos confitmed that the oxide ceramics gencrally showed higher friction coefficients and
wear rates compared to the silicon-based ceramics. This was explained in terms of different
evels of adhesion between the sliding cloments and the formation of interfucial metallic
transfer films. In the case of zirconin ceramics, increased transformation toughening was
found to be relaied to increased sueface fraciure damage and metallic transfer tilm formation.
However, these filims were beneficial in that they protected the underlying ceramic surface
from further clzimage and determined the friction and wear behaviour,

The superior friction and wear behaviour of Siaton and 8i;N, was relaled {o the formation of
lubricious S10;-based tribochemical reaction films on these materials. The load carrying
capacity of these films appeared to be limited, however, and oscillations in fifction coefficient
and increased stabilized weat rates were observed at londs of 50 N. The elfect was more
pronounced for Sislon and was probably related to the different nature of the tribofilms.

All ceramics except aluming developed a characteristic surface finish during sliding, which
was essentially independent of the originat surface roughness. This has important economic
implications since these materials may be thus used in practicn] applications without prior
polishing. '

A short study on the influence of water chemistry dem »uat the presence of
significant amouats of chloride and sulphate had a sighifi-unt effect on the friction and wear
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for silicon, as indicoted by the relevant bond dissoclation encrgies (Table 4.17, after
Ref, {214]). '

Table 4.47: Bond dissoctation encrgles for selected silicon bonds

Bond Dissaeintion energy (kd/mot)
_ Medn | Ruﬁge
SiH - 297 4
sisl | 118 } 21
sic 435 21
81N T 4l 38
8i-Cl 439 50
8.8 619 13
810 T 13

In summary, the resulis 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 ceramicy sliding ngainst steel, and were largely concentrated on the
steel batl (no obvious signs of increased chemical attack was noted on any of the ceramic
sutfoces), The influence of suiphates on the formation of iron oxides and hydroxides formed
on the steel ball may be of pacticular importance in this regard, Similatly, adsorption effects
may have played an important rdle, particularly in the case of the silicon-based ceramics,
Apain, sulpluu-uéontﬂining compounds may have had the dominant effect in this regard in view
of the very steong affinity of sulphut towards stlicon, However, it must be realized that these
results we preliminacy in nature and further work is indicated to clarify the nature of these -
mechantsms. In particular, detailed experiments using different solutions containing only
chlorides or suiphates should be conducted, coupled with more detailed surface compositional
analyses, 10 assoss the relative rdle of each Unisel constituent. This work was suspended in
the present case due to tme constraints and a lnck of funds. '
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friction coefTicient.

Considering these findings, it is considered reasonable to suggest that similar processes may
be responsible for the effects observed in the present. work, Specifically, the reduction in
friction and wear observed for aluming may be related to n reduction in adhesion between the
AIST 440C stee} and thr: alumina counterface. APS anadyses on the alumina surface revenled
no signiffcant differences in tribofilm composition compared to the sufaces tested in
dcion_iicd water, and no sipificant amounts of sulphur or chlorine wore detected, Similarly,
there was no 'sign of iron chioride on the steel ball. It is likely, therefore, that the
mechanisins responsible for the reduction in adheslon were related 1o adsorption effects of
sulphur and/or chlorine containing species. Furthermore, the presence of sulphate in the
Unisel solution may have promoted the formation of pfotectivc iron oxide and iron hydroxide
films on the steel ball, as suggested by Burgacic [211]. 1t is interesting to note in this context
that Laffelbein ef af [209] also failed to detect any reaction layers or significant differences
in tribofilm composition on various ceramic surfaces, They used a variety ol analytical
techniques including Auger spectroscopy, which has a similar analysts depih resolution to
XPS, It would appear, therefore, that whatever reaction or adsorbed layers were woemed may
have been removed after termination of the test, or during the analysis procedure,

For the silicon-based ceramics, the stabilized friction coefTicient was substantially unaffected
by the Unisel solution, particularly for SI,N,. “This may be understood since the tribological
behaviour of these couples was determined mainly by a tribochemical reaction flm and e
adhesion occurred between the AISI 440C steel and the ceramic surfaces when sliding in
deionized water, Like the AISI 440C-alumina couple, XPS analyses failed to detect any
substantive differences in tribofilm composition on the ceramic, or the presence of reaction -
layers on the steel ball. It is possible, therefore, that the apparent increased Joad-carrying
capacity of the couples, as avidenced by the absence of oscillations in the friction coefficient,
may be relfated to increased iron oxide/hydroxide formation on the steel ball, analogous to the
AIST 440C-aluming couple, This is supported by the fact that the stabilized wear rates were
very similar Tor the three steel-ceramic couples. Nevertheless, adsorption etfects may also

have played n rdle since ehlovine and pardeularly sulphur are known 1o have a strong affinity
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Figure §13:  Typical nppearance of Syndax dise from Ol sell-maled Syndax conple under dry
stiding: {a) optival micropraph (S00x mag.), and (1) SEM wicrogruph.
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to the well-known ‘tin-sweating” effect observed in bronze besrings,  Further stwdies are

required to determine the mechanistic details, but were beyond the seope of the present work.

As outlined in the previous section, the Co-tich tribofilng were associated with high fiietion
-~ coefficients. At somewhat lower Joads where the layers were loss well-developed and very
patehy, erratie friction behaviour vecurred as n result of stick-slip motion, While cobalt«
induced degradation of the diamond surfaces mﬁy also have played a rdle in this regard, it is
suggested that adhesion between the (."u~riéh tribofilms and/or shear of the {ilmy in the sliding

interface were the dominant effects.

Self-mated Syndax

The Syndax surfaces were highly polished but exhibited evidence of preferential wear of the
inter-grain arcas {Figures §,13 and 5.14), Some of the cavities in the binder phise regions
tmay still be remnsnts from the origingl lopped surface, however, Wear delbris aceumulation

antd compaction was observed in some of the binder phase regions.

No obvious tribofilms were discerned by microgscapic exumination of the surfaces, DS
analyses on the polished diamond grains showed small amounts of Si. however, which
sugpests that very thin Siseich tribofilms were formed (Figure 5.15),

The precise composition of the Si-rich flhms was not confirmed since these partieular
specimens could not be accommudated in the required analysis equipment (ALS, XPS).
Nevertheless, based on published informuation and own experience with ceramic friction and
wear, it ig probable that the films contained significant amounts of silicon oxides and
hydroxides, both of which are comparatively lubriciots, This would explain the fact that the

films were not detrintental te the friction behaviour of the couple.

In summary, the low frictlon coefficients and high LOC of the sellsmated Syndiill couple
were atlributable to the obsence of Cosrich tribofilms on the surfaces.  Sliding contact

oceurred primarily between relatively clean dinmond surfaces, some of which were coversd
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@@ o m

Figwre §120 SEM mierogeaphs of 0 waorn Synidite surface: {n) area with Cowricl deposits and (k) ST arca
altey cleaning with hydrochloric acid, ' o
bulk to the sliding surfhce was the primary effect contributing o tribofitm formation, It is
unlikely that mechanical extrusion of the binder phase by deformation of the near-surface
PCD microstructure played a significant rdfe in this process, Unlike tngsten carbide-calsalt
{WC-Co) cermets, where this mechonism s commonly observed [215), Syndite is
characterized by the true imergrowth or sintering of diamond particlos to form a stff,
continvous dismond skeloton, The potential Tor microstructural deformation and coacomitont

mechanical binder phase extrusion iy thus muceh lower in these materials.

It is mare likely that binder phase mipration was thermally activated by frictiona heating and
was sustained by o diffusion mechanism, probably involving the dilfusion of vacancies inte
the PCD compact, anatogous o a similar migration effect observed during the brazing »*
Syndite [216]: The underlying driving force for the mechanism may have boen provided by
the binder pliase undergoing some chemieal reaction(s) at ar near the surfiee of the PCD
wotiaet (reeal] that ABS amd XPS analyses of the tribofilms showed the presence of binder
phase oxides).  Differential thermal expansion between the Tinder phase and (e rigid diamond
netwark probably played a lesser role, since PCTY compaets eontain suflicient microporosity
atler manultieturs to gecommedate such effects up to bigh temperatures 700 °CY) without

binder phose exudation [217] Tn sununary. it is considered that the mechunism is analogous -
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Table 521 XPS results obtained from a typical, thick tribofilm on a Syndite surfuce.

Peals Bluding encrgy (V) Specics
284,10 ' _ Giraphite

cds) . 235,35. | Piamond
Colpy) ) 782,85 _ * Comoxide
WGP T w3 | T Weonide

films were quite continuous. Loose
Co-rich binder wear debris most likely
contributed to the formation of the
{ilms by agglomeration ot surface
diseontinuities such as grain houndary
regions, where it was compacted and
smeared over the surface of the
diamond grains, The latter effeet may
uave hecu:ﬁe more prominent ag the

surface finish of the Syndie

improved, probably Uccm]“e_ the Figure 5,113 Accwmulntion and compoction of Cosrich wear
disconlinuities became smaller and  dobris at the leading edie of a Syndite phn.

Juss able to gecommodate loose wear

debris, The extent of tribofilm formation would thei: be expeeted o be simi'lu'fly related to
surfuee finish, which could explain the ttend owards highes Getion coelficients and more
ereatic fretion behaviour with improved surfice finish, . The important rdle of loose wear
debris was confirmed by the ebservation thag the debris tended 1o form a compaeted layer at
the leading edge of the Syndite pin, al the interface between the edge taper and (he sliding

surfaee (Figure 5.11),

Removal of the Co-rich teibefilms by ctehing with hydrochlorie acid resuited in fuirly deep
villeys in the inter-prain regiony (Figure 5,12). Nevertheless, the gibolilm could be re-formed
apidly even at low fomds of 564 N where little further polishing and wear of  the dismond

geains ocevered, Thix abservation suggests that migration of the binder phase from (e PCD
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l"igufu 310 Cowich tbodim on Syndite: ta} SEM miceopraph; (b BDS spectrum of triboftim and (&)
LIS speet um of polished diamond atain withoot triboftims,

A small graphite peak was deteeted apirt from the dominant diamond peak, sugpesting that
some graphitization of the diamond sueliees had oceurred, possibly stimulated by the presence
uf the Co-rich triboliln.

The surface filtus tended to form in patehes with well-defined boundaries, within which e
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Flame 59 Welladeveloped wibalilog on (a) Synidite dlise Cl40x mag)s amd (B Syndite pin
LIO0S g



n
o

CHAPTER & Polyerystalline Diamond (PCDY) Stiding Couples _ 1

534 Surface cffects and tribofilm formation -

Self-mated Syndjte

Extensive tribofilm formation was observed on the Syndite disc and pin after completion of
the LCC tests (Figure 5.9)'. These films ware usually very thin, as indicated by their eolourea
appearatice under the optical nuicroscope, and were gencrally observed more casily by optical

than by seanninig clectron mictoscopy. | | | '

Enerzy dispersive X-ray (EDS) analyses were conducted on 2 Syndite pin with a thick surface
film smeared over part of the polished PCD sutface, in order to determine the nature of these
films (Migure 5.10), Little metallic contamination was found on diamond graing without (he
- surface layer, while a high concentration of cobalt and tungsten, the constituents of the
Sytdite binder phase, wos detested where the layer was present. More sophisticated analyses
using Auger cleciron spectroscopy (AES), indicated that the approximate composition of the
layer was Co 1%, C 41%, O 33%, W 7%, and C1 0,6%. An analysis on a polished dismond
grain without any apparent surface layer showed an approximale composition of Co 4%, ¢
87%, O 7%, and €1 2%. Clently, the surface layer was rich in Co with lesser amounts of W
and originated from the Syndite binder phase, The high oxygen confent detected by ALK
supgests that oxidation of some or all of the cletents in the layer hod oceurred,

Xeray plotoelectron spectroscopy (XPS) analyses wete performed to examine the nature of
the layer i more dotail, The resultant speelra were relatively complex with carbon and
oXypen exhibiting composite peaks, There i3 some uncértninly concerning the position of the
W and particulinly the Co pesk, due fo relatively large statistical errors associated with the
peak analysis, In the latler case this uncertainty could be of the order of 1 « 2 eV, With this
it mind, there wns some evidence for oxidation of these tribolilm constituents, os sugguested
by the ALS moeasurementy (Tu_hlc 52% A more precise defermination of tribotilm
composition would require a fie more comprehensive study, which was beyond the scope of

the present work,
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"2 and 4), it is probable that the silicon-rich tribofilm on the Syndax surface contained

significant amownts of silicon oxides and hydroxides, which are relatively lubricicus, This

would expldin the fact that the film did not appear to have a detrimentat effect on the fiiction

behaviour of the Syndax / Syndite counle,

Syudite (pin) / Syndax (disc)

~ Finally, this sliding couple also |

carried the maxinum applied
POD machine load of 4300 N
(Figure 5.8).
coeflicient remained cssentially

The friction

constant over the load range
although  variations  oceurred
between 0,09 and 0,11, The
results that
Syndite/Syadax may be slightly

sugpest

supetior to Syndax/Syndite with
respect to friction behaviowr for
low load applications and viee
both

couples are far superior 1o the

versa, Nevertheless,

self-mated Syndite couple und
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Figure 5.3

Load eavrying capacity and triction behaviour of a

Syndite (pin) 7 Syndax (dise) couple In dry liding.

are etter suited for unlubricated, high Toad sliding applications.

Detailed examination of the worn surfnces revealed silicon and cobalt-rich tribofilms on the

Syndux surface, similar to those found on the Syndax/Syndite couple, The byndm. surfice

was essentially free from deleterions Co-rich tribofilms,
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The superiot friction characteristic of Syndax compared to Syndite is thought to be related to
the absence of Co-rich ot any other well-developed tribofilms on the sliding surfaces (Section
5.3.4). The frietion behaviour is thus dominated by diamond-diamond contact, rather than by
the propetties of interfacial films.

- Syndax {pin} / Syndite (dise)

Thls couple also suStainc’d ule 7%y IWI.NK&P}-'!\’NN.NLHN Dit¥y LGR LGOD .fﬂ 43bRN
maximum POD machine load of b '
o proa
4300 N, altl -the scatfer 1 CRB b .. !
- 0 1ough tfle gcalter in o AN AR
friction  coefficient  was e
significantly higher than for the R — AT S T AR
seff-mated  Syndax  sliding o
couple (Figure 5.7). oen
Nevertheless, the  friction .
. -1
coefficient also decreased over % :
the lond range used, from 0,06 | § SR
ie foad range used, from @, .
g g 0.‘1 S s
at 1600 N to 0,07 at 4300 N, _ i
- which is comparable to the self- o
. Imated Syndax couple. [T T e

Figure 5.7 Land carrying capaclty and (rction behaviotr of a
These results ave perhaps _
. Syndax (pin) / Syndite (dise) couple in dry sliding.
surprising  in view of the
presence of cobalt in the Syndite material, which was seen to be related to the poor friclion
behaviour of seif-mated Syndite, However, o detailed analysis of the worn surfaces revealed
no Co-rich tribofilms on any of the shding surfaces, A complex, patchy silicon and cobalt
containing tribofilm was noted instead on the Syndax surface (Section 5.3.4), The cobalt was
effeciively *bound’ in this complex film, and thus adhesion between the surfaces as well oy

the potential for cobalt-induced decomposition of the diamond surfaces was reduced.

Based on published [iterature and own experience with ceramie friction and wear (Chapters
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However, this may not have been the only mechanimn; since removal of the tribofilms
resulted in a dramatic decrease in friction cven at low loads, Thermocoupie measurements
indicated that the temperaiure at the interface between the 0,7 mm thick Syndite layer and the
underlying WC-Co support did not exceed 50 *C at these loads. In view of the high thermal
' condubtivity of Syndite, it would appear unlikely that the surface tomperature would have
reached values around 700 "C under these conditions. It is suggested, therelore, that divect
interaction ot adhesion between the Co-rich telbofilms on the two sliding elements may also
have significantly contributed to the observed effect of these films on Syndite Friction
behaviour, particularly at lower loads. Such interaction may have been futther controlled by
other properties of the wribofilms, such as thickness and shear strength.

- Selfumated Syndax

LOﬂd Cﬂ.l‘[')’il'lg capac“y (LCC) o EVKENXCPI/RYHRANID] DAY, LGO L&4KY 1o AZOIN

tests were performed  using a
tapered  Syndax pins by EEE e .
increasing the applied load i s .

120
Ny

systematically from 1600 N to v e T
about 4300 N. The sliding
couple exhibited low friction

h e et |
BEap 1 ARnileL9%4 LTSI

0.3

H ') 0. [
coefficients and smooth friction .

behaviour up to 4300 N (67,6
MPa contact pressure), which is g .\*&

5

Friction coeficiont

the maximum applied load that
could be reached with the POD

machine {Figure §.6). In fact, T R
Applied lond {H)

the fietion coellicient decrcased
from about 0,13 at 1600 N to
0,07 at 4300 N applied load, in
contrast to the selfomated Syndite couple.

Flgure 56! Load cﬂnrrying capacity and friction behaviour of scif-
mated Sytdox D dry sliding,
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3200 N, which was defined as its load carrying capacity (1.CC).

The increase in friction coefficient nnd associated scatter was seen to be related to the
formation of a more or less continuous iribofilm on the Syndite surfaces, which appeared to
originate from the Cowrich binder at the inter-grain areas, It was found that the [ilm could
not be temoved with waier or organic solvenfs, but could be readily ﬁnd completely removed
with dilute (~ 6M) hydrochioric acid, Detailed analysis of the tribofilm appearance and
composition indicated that it was indeed rich in cobalt and originated from the binder phase
(Section 5.3.4). '

To study this effeet further, additional

~ experiments were conducted at various loads Py —
" both before and after removal of the Co-rich . °:§ D L

- films with hydrochloric acid. As shown in ﬁ 0t

Figure 5.5, significantly lower [riction ﬂ"'"’

coefficlents were obtained with the cleancd o]
. . 2.094
specimens,  This result confirmed the o
, M 0 1060 100 P00 2500 0dD
deleterious effect of the tribofilms on the Applied load ()
friction behaviour of self-mated Syndite, | [F==Baior ciataing = Al soreing |

Cobalt acts as a cat_nlyst and I8 known 10 gy 55 InNuence of the presonce of Co-rich
teduce the temperature at which diamond  tribofims on the [riction behaviour of seli-mated
begins to graphitize in the prosence of Syndite.

oxyaen from ~875 "C to ~700 "C (Scclion _
2,4.4). In the present case, the Syndite surtuces visualy appeared shiny, black, with dark
streaks in the areas where the Co-rich layers were present, and it is possible that this
mechanism coniributed 1o the observed effect, Indeed, XIS analyse: sugpested that a smell

amount of graphite was present on the Syndite surfaces.
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experimeuts conducted with similac Syndax pins and dises before they were lapped flat
suppested that loads in excess of 4000 N (62,8 Mpa conlact pressure) could be sustained. In
this case, however, the pin suiface was slightly curved and the edge chippirig cffect do=~ " !

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 copacity
of self-mated Syndax was repeated using pins with a 2 mra, 5° edge taper, This pin geometry

wag also used for all remaining tribotests, as indicated in Section 5.2,

533  Influence of lond and load carrying capacity (LCC)

Self-mated Syndite

The influence of applied load on

I RYNEALLLCPIARYHONLELS DY DRY, LoC 2008 TO {0EaH

the friction behaviour of self- o |-

Yien } : :
. . N Je0 r
mated Syndite is shown in Em : : M
EL B LY

Figure 5.4, As observed during wn s - m.lwma\mm
148 F

the run-in phase, the friction S T T EL ey T
coefficients were relatively high

(0,17 » 0,26) and were found to B
iﬁcl'eﬂse Signiﬁcant]y bcy()nd an L - B e / IIIIIIIIIIIIIIIIIII
applied load of 3200 N (50,3 | § * S~ S
MPa comtnet pressure), At .a Bie]--
higher loads, the friction o1
coefficiont also tended to avs e
~ Incrense with time for a given e S~ .
| ' Applid Jand {H}

load and the seatter in the

: N Figure 54: Load carvying capacity and friction behaviour of self
measured  frietion  force ) y & capaclty
mated Syndite in dry sliding.

incteased, indicating that the
Syndite couple was not sliding under steady state conditions. It was thus concluded that the

moximum foad which could be sustained by the couple with constant friction coeflicient was



CHAPTER 5 Polycrystulliné Dismond {PCD) 8liding Couples 173

1%“’ =P
1wel 1903 Pregeld 1003 Remainingt 153 f
BIVE Ja0s A R::ﬂ tggg Presné}l: nmgs Remalnlhpt 0=

B

RK =T yhay eI TE.200 kel 113
51 ¢ nGeoa 23'qu

(e pre o5, comnafls, SE5 b i eereum . ool BT 15 S
' (8 (b}

Figure 533: BDS specira obtained from the Syndlie pin: (a) Intergraln, binder phase region; and
(b) typlon) polished dimmond gruin, showing absence of Cosrich tribofilms.

high atfinity between Co and the Sirich Syndax binder phase,

Ag for the Syndax (i)in) / Syndite (disc) couple, the Co from the Syndite binder phase was
thus bound in n complex Si-tich tribofilm on the Syndex dige. This effectively cleaned the
Syndite surface, limited the formation and interaction of Co-rich tribofilms, and resulted in
~ the low Triction coefficients and high lond carrylng capacity observed.

53.5  Influence of drilling fluid constituents

It is normal practice to pump a drilling fluid down the drill pipe and through the deill bit to
cool and lubricate the diill bit and flush the cuttings out of the borehole. These fuids are
usually water-based clay (bentonite) muds. In order tu ensure that (he cultings are carried out
of the borehole efficiently, barite and/or haematite additions ave also made 1o adjust the
density of the drilling mud. The density required and thus the level of these additions depend
on the depih of the borchole, nid inerease with increasing depth, For holes of about 2000 m
in deptl, the typical bentonite and barite contents would be of the order of § wt%, glving u
mud density of ~1.3 gem®, Haematite is generally added only for extreme depths and where
very high mud densities are required. Due to the nature of the application, the drilling mud
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Flgure 532:  Optical micrtagraph fa). 200% mag.. ond (b) SEM micrograph of the Syndite pin
fiom the Syndite (pln) / Syndite (dise) dry sfiding eoupla,
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slidimg eouple.
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reglons were denuded of Co os shiown in Figure 5.15) The complex debris formad in this

way was then smeared over the Syndax diamond grains to form the observed tribofilms.

The mechanism outlined abowe may have involved direct interaction between the Syndax and
Syndite binder phases, and/or reaction between loose debris originating from the hinder
phases. The presence of a significant amount of’ loose wear debris an the Syndite surtace
indicatesd that the fatter process probably played a significant role. Further, the preferential

~transfer of Co to the Syndax surfaee would appear to have had the effect of proteeting the

Syndax binder phase regions from prefurential wear. This may have been related simply to
the aecumulation of debris at the Syndax binder phase regions, andfor a modification in the

mechanleal properties of the Si-rich material in these arens ns o reswlt of the presence of Co

and W, An analogous effect has been observed i WCCo comented carbide composite

materiols, where the neeumulation of delris in the binder phase regions protected the biner
phase from further wear [220],

Syndite {pin) / Syndax (dise)

The features noted o this material couple wete similar to those on the Syndax (pin / Syndite
{disc) couple, The Syndax dise exhibited extensive fribofilm Formation in the lorm of thick
potches which were smeated over adjacent diamond grains and were often associated with
loose particulate wear debris (Figure 3.21), BDS analyses showed that the Tlms were rich
in Si and Co: however, in conteast to the films found in the case of the Syndax (pin) / Syndite
(dise) couple, no signifieant amounts of tungsten were detected (Figwve 521 ().
Nevertheless, 1t is likely that the films were formed by @ similar mechanism.

The bulk of the Syndite pin nrea was highly polished and only some loose wear debrls was
present on the surfiee (Figure 5.22), No obvious tribofiling were noeted,  EDS analyses
confirmed thut appreciable amounts of Co amd W were only present in the hinder phase
regions, while the dinmond grain surfoees were essentially free of Co (Figure 523} The Co-

rich bindet phase was thus preferentially removed fiom the Syndiwe surliaee as a result of the
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intensity of the peak mepswred at 101,35 ¢V was significantly higher than that of the peak at
783,75 eV, and was thus attributed mainly to a Si-containing compound. In particular, the
peak could correspond to a complex metal-S1-O eompound, sinee a compound of the form
Me,Si0SiMe, exhibits a peak at 100.9 eV and a compound of the form (Me; 8i0), exhibits
a peak at 101,6 eV gecording to the database, Although far from conclusive, these results
thus provided some tentative evidence for a complex Si-Co containing compound in the
tribofilm. as expected from the phase disgram, The determination of the exact nature of the
compotnd would require a very detailed XPS 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 constitvents, There was some evidenee to

supgest, owever, that it was present in the Form of an oxide {Table 5.3).

The mechanism of teibofilim formation way clearly complex and involved a number of
processes, Analogous to the Syndite couple, it is proposed that the bindcr. phase on both the
Syndax and the Syndite sliding clements was exuded from the structure under the influence
of frictional heating. Although Syndax Is u true composite where no diamomd intergrowth is
present, the network of diamond grains is extremely stiff’ as o result of the high velume
Praction of dinmond, It is thus considered unilikely that direct mechanical extrusion
contributed significantly to binder phase migration.

In the case of selfemated Syndite, this mechanism resulted in the formation of Co-rich
tribotilm patches on hoth sliding elements, In self-mated Syndux, the Si-rich binder phase
beeame oxidized and was thus eusily removed fram the surfaces, resulting in low friction.
coefficients and preferential wear of the binder phase without the formation of thick
tribofilms. However, in mixed Syndax / Syndite sliding couples the Coerich binder phuse of
the Sydite evidently exhibited a strong affinity towards the Si-rich binder pliase of the Syndax,
as shown by the EDS and XPS analysis results.  As a result, it was preficentingly removed
from the Syndite surface, reacting with the Si and accumulating at the binder phase regions
of the Syndax surfhce, (This tends to be confiymed by the tuet that the Syadite binder pliase
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(Table 5.3). The graphitization did not appear to have a negative effect on the friction
coefficient or load caerying capacity under the test conditions used, This provides a further
indication that the relatively poor performance of the selfemated Syndite couple was
attributable mainly to adhesion and direct interaction between the Cowrich tribofilms formed
on there materials, rather than tribofiim-induced chemical degradation of the dimnond

surfaces.

Table 5.3 XP§ results obtained from 4 typical tribofitm an a Syndar sutface after dry stiding against Syndite,

Peak Binding energy (V) _ © Specles
: 284,80 : - Graphite
¢ (s ;
236,00 - Dioamem
- 532,68 - © Sllicon oxide
0y i —
534,10 Shleon oxide
5300 Weoxide, possibly WO, ()
101,35 Complex Si-metal cnh‘.puund, or Co (3s) peuk
Si(2 : ’ .
e 103,60 Siticon oxide
104,95 ' B Sillean oxide
Co () 783,75 ? (some indications for a complex Co compound,
_ but no mateht found in XPS database)
w tﬁp',,;') 37,90 _ . W or W-nxide

The $i data indicated that much of the tribofilm was heavily oxidized, which could gecount
for the fact that the film did not have a deleterious effect on the friction coefficient or load
carrying capacity of the sliding couple. The Co peak at 783.73 eV and one small peak at
101.35 eV, which was attributed to Si. could not be uniquely identified using the available
XPS databasa. Intecprotation was complicated by the fact that the Co peak at 783.75 oV was
poorly defined due to relatively large statisical crrors associated with the peak analysis. It
is possible that this peak was indicative of the presenee of Co in its metallic form, sinee the
Co(2py,) peak appeats at 778 ¢V [219], Furthermore, for pure cobalt the Co{3s) peak appears

at 101 eV but is much smaller in irensity than the Co(2p,,) peak., In the present case, the
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appenred to be effective in "neutralizing” or "binding” the Co, which suppressed the formation
and imteraction of Co-rich tribofilms on the dinmtond surfaces and thus led to the low friction

coefficients observed on this material couple,

The strong interaction between S and
Co in the tribofilm can be understoud
by considering the relevant binary

phase diagtam (Fipure 5,20, from Ref.
[218]). This indicates that 8i and Co
form solid solutions as well as a

number of intermetallic compounds
over a wide range of compositions,

In the present case, the EDS analyses
sugpested  that the tibofilms

contained significantly more Si than

N W @ n [
Weight Tercont Hiticon #

Co. DBy referring to the silicon-rich

portion of the phase diagram, it can |

be scen that the tribofilm might fhus  Figuee 5200 o5 binary phase dagram.

be expected fto contiin a Si-Co

containing compound, possibly similar to CoSly. The actual composition of such a compound

would probably be more complex than CoSi. however, due to the more complex conditions

prevalling at the sliding interfice, as we. as the presence of oxygen which also has a strong
inity towards Si. Nevertheless, the presenee of such 1 compound would help to explain the

effective binding of the cobalt In the tribofilm. which sppears to prevent the formation of

deleterious Co-ricn tribofilims on the Syndite counterface, |

Based on these considerations, the composition of the tribotilm was stuclied in more detall by
conducting X3 analyses on the Syndax pin. The spectra obtained were again complex, with
¢, O, Si, and W exhibiiing compound peaks. By resolving the peaks. it was found that most
of the dintond surfuce on the Syndax pin was undamaged. although there was some evidence

for locatized graphitization, similar to that found on the sellemated Syndite surfaces
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Figurco 5.15 {cont),

Despite the interpretive difficulties, the EDS
analysis showed that the filims were riel In Si, but
nlso contained siglﬁi’icant anounts 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 too [arge in relation to the W L«
lines between 8 and 10 ke'V to be attributable
only to W, The tribofilms on the Syndax pin thus
originated mainly from the Syndax binder phase
(8i), but interncted strongly with Co and W from
the Syndite binder phase during their formation,
Material transfer occurred preferentially from the
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Flgure 5,191 EDS spectrunt of the tribafllin an

the Syndax pin,

Syndite binder phase (Co/W) to the Syndax binder phase (Si), as evidenced by the fact that

the films formed only on the Syndax surface. The extensive formation of these films
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" Flgure 17 SEM microgra.ph of the wora Syndite dise from the Syndax (pin) / Syndite {disc)
dry sliding couple, showing accuulation of loose wear debris on the surfuce,

e A AL

Figure §,18:  Optical micrograph (a), 200x mag.: and () SEM micrograph of Syndax'hin' from
the Syndax ¢pin} Syndite (dise) dry sliding couplo, showing extensive tribolilm formatior.
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worn surface of the Syndite dise from the Syndax {pin} Syndite (disc) dry sliding coupls,

PR

Figure 5.16;  Optical microgioph (a). 2'00x tﬁag.; {(b) SEM micrograph; and (¢) EDS spectrum of the
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Figure 515: EDS spectra ablained from polished diamond grains o (a) the Syndex disc and (b) the
Syndax pin from the selfmnted Sydax dey sliding couple, :

by thin and lubricious, Si-tich tribofilms,

Syndax (pin) / Syndite (disc)

Little Cowrich tribofilm formation was observed on the Syndite dise (Figure 5.16), The
dismond surfaces were highly polished and some accumulation of particulate wear debris
oeéurred on the sliding surface (Jigure 5.17). This debrls was not smeared over the surface

and did not appear to be deleierious to the the friction behaviour of the material couple.

In contrast, the Syndax pin exhibited well-developed tribofilms (Figure 5.18), These films
oceurced in patches which were smeared over the diamond grains and appeated to originate
at the binder phase regions, Enermy dispersive x-ray (ZDS) analysis of the films was
somewhat complicated by the fact that the Si K, line at 1,739 keV overlaps with the W M
© Hlne at 1,774 keV. It was thus difficult to unambiguously identify 8i, the Syndax binder
phase, in the presenee 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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The same basic behaviowr pattern was found in the four tests conducted (Figures 5.31 to
5.34), On commencentent of the temperature incrcasé, the ftiction force also started to
Incrense and at the same time the fluctuations of the {iction force signal increased. At times
tlie associatxd vibrations were so severe that the whole POD tribometer was shaking, The
friction force then reached a maxinmm value at some temperature between 60 °C and 100 °C,
after which it and the signal flucluations again started decrensing and reached an apparent
mintmum at & tempernture of about 1607 C. On allowing the sysiem to cool down, the Ttiction
force and ossociated nolsy.vibrations again inereased rapidly,

These -msuhs_suggcstcd that for a given appliod load, the formation of the detrimental Co-rich
tribofilms was indecd promoted by increasing temperature, which is in agreentent with the
proposed formatian mechanism of these layers. The fuct that the friction coe(Ficient decreased
at higher temperatures was probably related to the properties of the (ribofilms at these
temperatures. 1t is possible that the layers were significantly softened and thus more cosily
sheared and removed from the stiding surfaces,

54 Water-Lubiieated Sliding Behaviour
540  Runpein characteristics

The Syndite and Syndax specimens were run-in aceording (o 8 similar procedure used for the
dry fests and exhibited similar behaviour. For both materials, the surthee roughness decreased
raphdly from the original lapped finish (~0,3 pm B, for the pins and ~0,5 pm B for the dises)
to stabillze at about 0,08 pm R, The friction coefficients also decrensed during the initial
stages of the run-in procedure, whereafter they remained virtually constant at values around
0,05,

In the case of Syndax, o run-in test was alse performed using an wntapered pin. Analogous
to the findings during dry slicing, facture ocourigd at the pin edges and some of the resultant
debils was entraived in the sliding interface, This ways associated with an inerease in friction
coeflicient. Wiping the surfaces elean while ronning resulted in a signifieant drop in friction
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Summary

The study confirmed the hypothesis that the presence of mud constituents such as sifica and
bentonite in the sliding interface could have a beneficial effect on the frietion behaviour of
self-mated Syndite, This was mainly related to the removal of the Co-containir; teibofilms
from the stiding surfaces, by mechanical abrasion and chemical interact'on betwzen Co and
the 'dri-llihg _ﬂtlid constituents (particularly bentonite). The frction cocfifciont was less
sensitive to the presenee of barite, peabably due to the lower chemical atfinity of Co towards
this material, but the introduction of hnematite into the sliding interface should be avoided,
since this resulted in a dramatie inerease in {riction cocfficiont and severe sueface damage.

These results have clenr implications Tor the design of drifling muds suitable for use with PCD

bearings,
53.6  Influence of temperature

It was suggested cartier that ‘extrusion’ of the binder phase under the influence of thermal
stresses may have played an impaortant “Ole fn the formation of the tribofilms observed on the
various sllding couples. The antbient temporature would thus be expected 1o exert a
significant influence on the fiiction behaviour of selfmated Syndite in partieular,

Unlubricated, selfsmated Syndite couples were tested at various temperatwres wnder Tour load
conditions. "The system was heated by weans of two eleotric tube henters in the steel carrler
dise below the Syndite dise, The test temperature was measured by a thennocouple in contnet
with the back of the PCD layer on the pin. This thermoconple was also connucted to a
temperature controller which regulated the heating rate. A maximum temperature of ~160° ¢
for these tests was selected (similar temperatures are typleally reached in downehole drilling
applicalions). At the start of the testy, the stiding couple was allowed to reach equilibrium
friction foree and femperature conditions when sliding at ambjent temperature. The
temperature was then inereased to ~160" C, at which stage the heating clements were switchud
off" and the system was allowed to cool down,
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- Hagmatite

Dry powdered haematite (hardness 5§ « 6 on

Mohs® seale) was introduced into the contact 0z

aren of a poliélied Syndite 'couple_ sliding :{:

with a friction coefficient of ~0,2. An - & 777

instantaneous reaction oceurted, the friction % o I A -
coefficlent increased rapidly to a value of j :a?' I I

~0,6 and this value was maintained for the OEEJ::: ''''

duration of the-test (Figure 5.28). ot

B0 DD WEDG 00D 2600 APUD  ame
Applios lond (N

Examinnﬁon of the PCD surfaces after the

Figure 528 Infuence of haematite on the Mielion
test rovenled that severe damage had

behaviour of selfamated Syndite,

occurted (Figure 5.29), Severe scratching

associated with apparent surface break-up and dislodgement of diamond particles way noted,
particularly on the leading part of the pin. Diamond particles broken out of the surfes and
moving through the sliding comuci appeared (o have conteibuted greatly to the surfuce

damage.

As hrematite is_Soﬂer than quartz less severe mechanical damage would have been expooted,
but in fact the surfoce damnge caused by the haematite was more severe than that from the
~ quartz. However, in contrast to silien, iron is known to act in a similar catalytic fashion to
cobalt and promotes the graphitization and degradation of diamond (Scetion 2.4.4), Tt is
likely, therefore, that the very high friction coefficlents encountered and the severe damage
sustained during sliding in contact with the haematite were caused by this reaction.

Aller the test in the prosence ol hacmatite, the specimen couple was cleaned with dilute
hycrochioric acid and re-run in an attempt at re-polishing the surfaces, This resulted In the
development of veey lieavy deposits of the Co-rich teibolilm on bolly sliding clements
{Figure 5.30). Their formation was probably by the sume mechanism os deseribed carlier, but
promoted by residual damage on the diamond surfaces caused by the haematite.
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After the test no evidence of the presence of
the high Co content deposit could be
detected on the PCD surfaces, The low
friction coefficients could thus be
attributable to the absence of the Co
conlaining surface layer, as well as to the
lubricating propertics of the bentonite
(bentonite is soft and is characterized by
- platelet-like particles, which counld be easily
shearec in the sliding imterface), Slight
scratching of the PCD  surfaces had
oceurred, possibly caused by the presence of

sad

100

T Y T T
Appiiod toaed M)

Flgitrc 5.20: Influeice of bentonite on tre fiction

bohnviour of selfmated Syndite,

a small amount of silica present in the beptonite,

Barite

' The presence of barite (hardness 3 - 3,5 on
Mohs’ scale) hud a similar, but smaller
influence on the Syndite friction cocfficient
than sitica or bentonite (Figure 5.27),

After the fest, the Syndite surfuces were
well polished andl high Co content tribofilms
were present on both the pin and the dise.
The reason why barite, which is harder than
~ bentonite, did not remove the tribofilms as
elfectively proEahly relaies to the fact that
barite Iy composed of barium sulphate,

)

1080

1600 Eog% . $I0  9%Ou 3500
Appilod taad (M)

Figuré 52N
behaviour of self-mated Syndile,

In'nuéhcu of barife an the t‘riétlun

towards which ¢'o has little chemical affinity. Bentonile ig an aluminium stlicate, and it is
] ¥

thus possible that a chemienl interaction with the Co oceurred, resulting in the preferential

removal of Co from the Syndite surface, analogous lo mixed Syndite / Syndax sliding vouples. -
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the pin surface, with abrasive wear marks, indications of diamond particle dislodgement and
oven what appeared to be transverse cracks across sothe diamond particles. The ring surface
showed slight signs of abrasive wear ar had a somewhat pitted appearance, possibly due to
some diamond particle dislodgement. This damage is atiributable to the high hardness of
quartz (7 on the Mohs® seale), and the concomitant high point stresses on the Syndite sur;. ces.

The fact that the friction coefficient of the sliding couple was reduced on the introduction of
the sand may have been-duc to the abrasive action of the quattz 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

infroduced into the contact area of the o4
SD/SD sliding couple the effect on the o
friction coefTiclent was the same as with the

¥ o
quarlz sand, An immedinte drop in friction | § ..
coefficient was observed on the introduction ﬂ st \\\’________,\
of the silica powder and this Iow friction ™ *
0.0
coefficient was maintained over the full load o e,
. . . q [.1+] 1008 1800 0G0 w00 Q000 M4BD
range investigated (Figure 5.25), Analed oxd ()

Figure 5.25:  Influence of powdered sillci on the

Examination of ; e  th
i [ the PCD surfuce after the Trietion beheviowr of seli-mated Syndite,

test showed that scratching had ocourred,
although not as severe as s 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 Syndite couple, caused
an immediate decrease in Iriction coefficient from ~8,3 to 0,2, Under higher loads the 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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Figure 824 Surface appearines of Syndite after sliding in the presence of dry silic, showing

abrasive groaving and fractire damage; SO0x mag.
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usually also containg 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. -Due to the high mud flowrates (~3500 Vmin for a three stage twrbine) it is
often impraétical to seal the powerpack bearing assemblics and, as a result, the radial and
thrust beaﬂng asgemblies are also exposed to the drilling fluid. One of the perceived
advantages of PCD thrust bearings is their ability to operate with fairly agressive drilling mud
as lubricant and coolant, while providing superior friction and wenr performance compared

to traditional elastomer/steel or steel rblling element thrust bearings.

The laboratory investigation described in the previous seetions has shown that the perﬁ)rmanc.c
of self-mated Syndite was limited by the formation of Co-rich tribofilms on the sliding
surfaces, Turther, the fiiction 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,
remo&ing the Cowtich tribofiims from the Syndite surfaces and [cading to improved
performance, Therefore, the influence of the solid mud constituents silica, bentonite, barite, -
and haematite on the tribological characteristics of self-mated Syndite was studied under dry
sliding conditions. Priot to cach iest, the Syudife couple was run-in under high load and at
a sliding speed of 0,13 nvs to obtain well-developed Co-rich tribofilms on the sliding surfaces.
The load was then reduced, the mud constituent under investipation added and the load

increased step-wise analogous to the LCC tests.

Silica

Pure quartz sand was introduced into the contact area of a polished, sell-mated Syndite couple
sliding at 0,13 m/s under a load of 600 N and at a friclion coefficient of ~ 0,2, The friction
coefficient almost hnmediately decrensed to a value of ~ 0,1 ond this low value was
maintained when the load was tnereased o 2 200 N, Examination of the PCD surfaces after
the test showed that the Co containing deposit present before the test had been removed and
the surfaces scratched. The surfuce damage, shown in Figure 5,24, wag particularly severe on
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Figure 542 Optical mivrograph {3), 500x mag. and (b} SEM micrommph of the Syndite dise

from the Syndax/Syndite water-lubrieaied sliding couple.
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Syndax (pin) { Syndite {disc)

Close examination of the Syndite dise by optical microscopy techniques revealed that Cosrich
tribofilms formed in small patehes on the polished diamond surfaces, as well as in the inter-
gmin' arcay (Figure 5,423 The films were comparable to those formed on the dulk of the seil
mated Syndite surfaces In water-lubricated sliding, but were difficult to see even with aptical
mieroscopy, and could not be observed at all under the SEM. '

No obvious Sisrich tribolilms were observed on the Syndax pin (Iigure 5.43). In contrast to
unlubeated shiding of this material couple, the Si-binder phase from the Syndux thus
appenred to be unable to "bind* the Co front the Syndite binder phase in wellsdevelaped
tribafilms, This could be dus t o number of factors, including:

. debris was swept-out of the sliding interface by the water-and was thus unavailoble
for tibotitm formation:

. the rate of formation of silicon oxides and hydrexides was probably higher in the
preseice of water, These could have been easily removed ftom the surthees by
sliding. and would thus have been ungvailahle tor tribofiim formation;

. tess adhesion and materinl transfer would have veeurred in the water-lubricated
environment, due to the contomination’ of the stiding surfaces by oxypen,
hydrogen, and water (these moleeules rapidly combine with active surfiees ereated
by the sliding provess which suppresses adhesion and matedal ransfery;

- comparatively fow temperatuees also suppressed adheston and material transfer and
reduced the mte of *thermal migration” of the binder phase from the PCD strugture,
thus redueing the rale of debrls and tribofilm Tornwtion (parteulacly in the case of
Syndite).

Analogous to the self=mated Syndite couple in waterslubrivated sliding, the Syndax/Syndite
couple thus exhibited Jow friction coetficients (- 0.1) as a result of the absence of large areas
of well-developed Coerich tribotilms,  However, small patehes of this tribofilim and the

presence of small amounts of wear debids were effetive in indueing stick-~slip motion which.
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Faure 8415 Optical micrograph (a), S00x mags and (h) SEM micrograph of a typieal Syndax
stelitee produced In selfemnted, water-tubricated stiding.
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Sclf-mated Syndax

The Syndax dise and pin both exhibited highly polished dismond surfaces with somewhat Joss
seoring damage than observed in 'dry sliding {Figure 5.41). This was confirmied by the faet
that the surface roughness of the pin was simitar both in and across the sliding directions
(0,02 and 0,05 respectively), It thus appears thut much of the wear debris was swept out of
the contact zone by the watei,

Preferential wear of the Si binder phase as well as i‘ragmu'ntdﬁmi of the edges of the diamond -
groivs in these regions war observed on both sliding clements, The damage appeared to be
‘worse than for dey sliding, which could be related to the fact that Si is- suscoptible to a
chemicnl wear mechanism in water through the formation of silicon hydroxides, Morover,
mueh of the Joose wear debris was washed nway from the contaet zone by the water and was
thus not allowed to seeumulate in the cavities between the diamond prains where It could have
protected the underlying Si binder phose. The wear rate of Syndax in a water ubricated
envirotmment is thus likely to be higher than in dry slidiﬁg.

Detailed microscopie examisation revealed no obvious tribofilms on the dismond surfaces.
Nevertheless, BDS analyses showed small amounts of Si on the polisbed surfuees of the
diamond grains, whiel indicated thmt thin, Si-rich tibofilms were present in these areas,
Given the aqueous envivonment, it is probable thot these {ilms would have been largely
composed of silicon oxides and hydroxides, These compownds are lubricious and would thus
not lead to o significant increase in friction coelficient Similar observations were made on
the _unlubricuted sliding couple,

The superior fiictlon behavivur of the seif-mated Syndax couple was thus attribuled to the
absence of steongly interacting tibofilms on the dinmond surfhees, Preferentiol wear of the
Si binder phase and the absenece of largs amouits of aceummulated debris in the sliding
interfuce left the dinmond graing standing proud, Sliding contact was thus dominated by
dlamomd=inmond frigtion, which ig associated with low [Hetion couticients, Thin, lubricious
Siwtich tribofilms may have played o smafler contributory role,
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Figure £39:  QOptien) micvagraphs of Co-rich triboflim patelies formed on Syndite during self-

mated, waterlubricated sliding: (a) small patches; and (b) larger patches (300x mag.).
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54,3 Surface effeets and tribofily formation

Sell~mated Syndite

The Syndite surfnces exhibited patehy tribofilms, rich in Co (Figure 5.39). These patches
were considerably less well-developed and thinner than those formed during dey sliding, and
could not be seen under the SEM (Figure :.40). Nevertheless, EDS analyses confirmed that

small amounts of Co were present on the diamond surfaces,

The low frietion cocfficients of around 0,1 exhibited by this couple may thus be attributable
to the absence of thick, well-developed Co-rich tribofilms, as well as the Iubricating and
cooling effect of the water, However, the couple appeared to be senslive to small chungus
in contact conditions, which resulted {n stick-slip motion agsociated with severe vibrations and
noise emission. The LCC was limited to low contrct pressures, although the [rction
coefficient was not affected dramatically.

This behaviour was somewhat different to that shown in dry sliding, where the contact
conditions were dominated by well-developed Co-rich tribolilms and relatively high loads
could be sustained, albeit at higher cocflicients of friction, The temperatute of the sliding
suefaces may have played o rdle in that o minimuwm in fiction coefficient was found at 160°C
jn dry sliding (temperature mensured at the interface between the PCD layer and the WC-Co
support material). This was attributed w0 the influence of emperature on both the rate of
formation and {he mechanical properties of the Co-rich tribofilms, In water-lubricated shding,
temperatures were Jower and the rate of formation of the tribofilms and associated loose wear
debris would have been lower, Furthermors, the small teibofilnt patehes would not have been
soltened to the same degros as in dry sliding, Tt is thus [ikely that small amounts of loose
wenr debels and the internction of the tribofilm patches caused small, localized disruptions in
the contact conditions which, in tn, resulted in the observed vibrations and oseillation of the
friction coeffivient. It is unlikely 1hat graphitization played a major rdle in view of the strong

cooling effect of the water and coneomitant low contact temperatures,
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Syndite (pin) / Syndax (disc)

In contimst 1o the Syndax (pin) /
Syndite (dise) couple, this 34

EYBERIILEPEAEYHORRADY HEY, UGG LG4 TO ALQAH

. M e
load of 4100 N (contact pressure Aty o _ ,

64,4 Mpa) ﬂtl a lOW_ Teiction v .815ﬁwaiﬂmEWimﬁﬂ#ﬁmi_
coefficient of 0,1 (Figure 5,38).
‘However, this LCC wus not

material couple could sustain a 36

roproducible  and  was  only
obinined once out of a tolnl of % -

five tests, In the remalning

tests, the couple exhibited much

the same behaviour as the

Syndax/Syndiiec couple, i.c. a T A T )
Appliar! ioad (M) ‘

low LCC of 2800 N, limited by

vibration and noise entigsiob.

Figure 538: Load . ..ylng capaelly and fiiction behaviour of a
Syndite (pin} / Syndax (disc} couple in watler-lubsicated sliding,

- Tt was thus concluded that the teue LEC of this couple was probably elose to 2800 N (contact
pressure 44 MPa), although it nppeared to be possible under very favourable eircumstances
to attain a LCC of 4100 N with low friction coefficients.

As for the previous couple, small patches of Co-tich tribofilms were noted on the Syndite
surface, Further, analogous to sell-mated Syndite in dry sliding, small amounts of loose, Co-
rich wear debris were probably present in the contact zone, despite the ﬂushing effeal of the
water, These factors are thought to be responsible for the unstable fiietion behaviour at high
londs which limits the LCC, No Si-rieh tibofilms, which appeared to be effective in binding
Co and preventing this phenomenon, were noted on the Syndax surfuce,
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Syndax {pia) / Synditc (dise)

This material couple exhibited a

BYHERUE P ASURDR LECDS HIET, Lo [aio YO Bdded

%uQ

stmilar trend to the self-mated ba ‘
AdE 3 .

Syndite couple (Figure 537). | % | H WMMI‘

' 24 | . f
The  fiiction  coefficient wo ¢ ., R | Jﬁhwj
. ’ " by AR A .
incrensed signilicantly between P A TS N R R

TIHE

1600 N {contact pressure 25,2

MPa) and 2400 N (contact

pressure 37,7 MPa), but still

remained at quite a low absolute g " B
!

valuc_ of 0,13 maximum, The

LCC was limited to 2800 N | © V[T

{contact pressure 44 MPa) by
the onset of vibrations and noise foe T #

2tico
Apptied lond ()

emission,

Figure 5,37:  Load carrylng capacity and friction behaviour of

Syndax (piny / Syndiie (disc) couple in water-tubticated siiding,
~In view of the superior

performance of this material couple under dry sliding conditions, this behaviour was somewhat
unexpected, Iowever, as will be seen in Section 5.4.3, it could be explained in torms of the
formation of small patches of the deleterlous Co-rich films on the Syndiic sutfuce. These
were generally not as well-developed ns those formed under dry sliding conditions on selfx
mated Syndite, and thus had little influenee on the friction coefficient. However, their
presence (and, probably, the presence of some loose, Co-tich wear debris) and interaction was
enough to induce stick-slip motion, which Hmited the load carrying capacily of the couple.
Removal of the iribofilms with diluic hydrochloric acld resulted in smoother friction
behaviour for a short period of time, until the small tibofilm patches were to-formed, This

tended to confiem the above interpretation,

No abvious Si-rich tribofilms were observed on the Syndax surfuce amd this provides an
explanation for the presence of the Co-rich tribofilms.
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Selfomated Syndax

This couple was able to sustain
(11
the maximum load which could o
LEL]

be applied with the POD %0 _ _ ' NWWMWWW
1 adg 3 2

machine, namely 4300 N EE: _ _ |

(contact pressute 7047 Mpa )' As R (VO TR T Y Iﬂlm I Y TSI T LR

shown in Figure 5.36, the
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friciion coefficient remained

virtuall‘y constant at very low

“values (< 0,1) over the entire =§ 1 '
a.15

load range used, The

- performance of the couple was e e e

not influenced significantly by

v i fiietd fooo 10 soon 2000 500 a0 40 4
the increase In seatter in friction Apptnd oud 4

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

Figure 5,36:  Load currying capacity and [i Fietion behaviour of self-
mated Syndax in water-lubricated sliding,

is a significant finding which suggests that in contrast to self-mated Syndite, sclf-mated
Syndax may be able to run dry for short periods, which has potentially jmportunt implications
for the robustness of thrust bearings with Syndax sliding surfaces,

No obvious tibofilin formation was noted, although thin Si-rich films were formed on some
of the diamond surfaces, These were similar to those observed in dry slidiﬁg and were
probaly highly oxidized and hydrated due to the presence of water, The surface roughness
was increascd due to preferential wear of the Si-rich binder phase tegions, and so the low
coeflicients of friction and high LCC were probably not refeted (o hydrodynamic lubrication
effects, ‘The superior performance of this material couple was thus attributed to {he absence
of deleterions Co-rich tribofilms, with thin, lubriclous Si-contalning tribofilms possibly
playing a contributory réle.
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coefficient from ~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 flushed out of the contact zone by the water,

542  Influence of load and load carrying capacity (LCC)

Sclf-Mated Syndite

The resuits from a LCC teston [~ ‘

self~mated Syndite are shown in 4 340 b

Figure 5.35. The friction a8

coefiicients were extremely low ﬁf::
: H

at below 0.1, but incrensed .

steadily with increasing load.
The LCC was limited by the
- onset of severe vibrations and

noise emission from the sliding

]
couple, which was associated E"'“

L * A 1 ['R] vt st s s iR SRR A -
with refatively large fluctuations e
in friction force.  Despite the i J
low friction coefficients which R T VT T R

Appiod load [N)

were altained, the maximum

LCC of the couple was thus Figure 5;3’5: Lond carrying capacity and friction betiavlour of self- .

only ~2500 N, which s
significantly worse than that attained by the same couple in unlubricated sliding, A possible

mated Syndlto in water-lubricated sliding.

explanation relates to the extent 1o which Co-rich teibofilms wore formed, the presence of
loose wear debris 1n (he contact zone, and influence of temperature on teibofitm formation and
frietion.  (Recall that, in dry sliding, the friction coellicient tended to decrease with
temperature and reached an apparent minimum at 160°C), These effects will be discussed in

more detail in Section 5.4.3.
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heematite was attribuited o struetural degradation of the diamond surfaees. catalyzed by the

iron content of the haematite (iron iz Loown W prontote the graphitization of diamond),

The effect of ambient temperature on selmated Syndite in dry sliding was studied in view
of the apparent Inportance ol thernsal etfeets in wibalilm formation.  The Trietion coeflicient
and nssociated Tuctuations in frietion foree increased with inereasing tcmpet'ulu'l‘c wd resched
- maximum u femperature between 60 °C and 100 "C. Beyond this point. both parameters
clecrensed to reach o minimurs st about 160 °C. These eifects were explained in wems of the
influence of temperature o1 the rare of binder phave migration and tribolilm Tormation, as

well as on the mechanienl properties of she thotiln,

Similar effeets were observed under water-lubmicaed sliding conditions.  The load carrying
cupaieity of the self=maled Symdite couple appeared to be limited by e formation of small.
Co-rich tribofilm patehes, which caused severe stick-slip mation but did not jnerease the
overall frietion evefficient deamatically. The self-mated Syndax couple exhibited lower
coetficients ol friction and muel higher LCC, wnd this was atiributed to the absence of such
wibolilms, In contrast to dry sliding. the mixed Syndite/Syndax couples showed a siilar
hehaviour to the self-mated Syndite, i [imited 1LOC which was apparently due o the
formation of Costich tribofilms, In all cases the {Hlms were much less wellsdeveloped thim
i dry sliding, and were difTicult 1o observe and snalvae, Nevertheless, the observition that
the (ilms appeared to promaote stiek-slip motion, wd thus Bmit the LOC, was confirmed by
remuving the films with dilute hydrochlome aeid, whereupon fower coellicients of Fiction and

smuoather ftietion behaviowr were obtained Tar g shorl period,

The presence of benefieial Si-rieh tiibofilms which could bind the Co, analogous to dry
sliding, could not be contirmed on the Syndax surfaces, This was probably related t the
combined effects ol lower temperatures. the presence of water in U contaet zome which
redueed adhesion and material transfor, and the faet that debris was swept owt of te enpitact

area by the water amd was thus unavatlable Tor trthoQlm formation.
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sliding conditions.

Under dry slidin’g conditions, mised Syndite/Syndux stiding couples showed Tower voeltivicnts
of {frietion aml higher 1.0OC thun self-mated syndite, "This was related to the formution of Si-
rieh tribefilms on the Syndoax surfaces, which also contained smaller gmowls of Co and W
from the Syndiwe binder phase, No deleterions Co-riels wibaftimys were present on the Syndite
surfoces. It was coneludd that Co was preferentially remaved {tom the Syndite suelaee wnd
transferred to the binder phase regions of the Syndax surlaee, due to the strong elemical
affinity betwenn Co and 8i, There was some analytical evidenee that a ¢hemieal compod
rich in 81, Co and O was present in the Sieich uiholiin.  The Co was thus elfectively boung
in this tiboliln on e Syndox surfbee, and the potential for the formation and interactlon ol
detrimental Co-rich tribofilms on the Syiudite surfiee was reduged. The determination of e
precise nature of the Ki-Co=O) compound regquires a mueh more detailed. independent XPS

study.

The formation of the tribolilms was explained in terms of a thermal binder phise migration
mechanism. sustaited by diltusion and possibly defven by chemical reactions (oxidation) of
the binder phuse at the sliding surlface, Loose wear debeis generated Trom the binder phise
regions probably also played o signif® -«ant contributory réle (compaction),  Further work,
involving far instarce model experiments in a camtrolled aimesphere Tuenaee, couplad with
detailed mass speetrometric analyses, s indicated o confirm and deseribe the proposed binder

phiase migration and tdbofllm formation mechanism in more detail,

The influenee of several typleal deilling [luid constituents e, siliva. hentonite, harite and
baentindite in the contact area of o self~mated Syndite couple was examined onder dry sliding
conditions, The elfeets varied fram apparently bo effeet with barite. to redueed frietion and
po sirfice domage with betitouite. o reduction in friction aeconypanivd by surfice seoring with
silico, i inereased  frictico coefficionts and severe surface dumage with haematite.
Betwlleial efleets were associated with the removid of deleterious Cosrieh tribodibns {rom the
stiding surliwes, by @ complex mechanism involving hoth mechanical abravion and chemical

interaction between Co and the Jrilling tluid constitvents,  The dramatie nepative efleet ol
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apacity of these {ilmy appeared o be Himited, however, aud oseillations in triction coefTicient
und increased stabilized wear rates were observed at loads of 50 N, The elfeet was more

pronounced for Siofon and was probably reloted to the ditferent nature of the triboliims.

All eeramies except aluming developed a charaeteristic surfhee finish during sliding, which
was essentially independent of the original surface roughness, This has important ceonomic
fmplications since these materials may be thus used in practieal applivations withont prior

© polishing,

A short study on the influence of wter chemistry demonstrated that the presence ol
signiticant amounts of chlozide and sulphate hod a signilemt wid generally beneficial elfect
an the frietion and wear behaviour of aluining and the silicon-hused ceramies,  Based on
avyiluble evidence, this was tentatively esplained in terms of redueed adhesion and the
pramotion of iron oxide anl hydroxide formation on the steel ball by the presence of sulphate.
Adsorption elfects miy have played a significant contributury réte, pardeularly in the case of
the silicon-based ceenmies, It was suggested that e influenee of sulphate may have been
more impartant in this regand thon thet of chloride.  Furthes work on elarifying the precise
meehanisms s indieated in view of the potential importance of these ofTects in impeoving the

performanee of these metnd-geramic sliding couples.
6.3 Polyerystalline Dianmond Sliding Couples

The fiietion behaviour and lowd carrying chpucit.\‘ (L.UCCY of varivus sliding combinations of
Nvidite and Nyndax were studied under dey and water-tubrieated conditions. In hotl cases.
the LEC of Syndite was limited by the onset of unstable %ietionbeliaviour and jnereasel
[rietion coellivients ut higher loads, 1t was coneluded that this wus nssoeiated with the

formation and adhesive interaetion of patchy, Cosriel tribofilns on the Syidite suptiees,

Sell-muted Syndax eshibited lower coeltivients of friction and higher 1LOC and this was
ultributed o the absence off Cowriclt ribofiims, as 4 result of the ditferent hinder phase

composition, The performance of the eouple was similar under both dry and water-lubricated
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performance limitations and associated frietion and wear mechanisms o polyerystalline

digmond (PCD). and this was the second focus arca of the present work,

To fheilitte the work on metal-eeramie sliding couples, a high-speed reciprocating tribometer

with computerized dota acquisition and control was developed, The main wims ol the |
machine, namely to provide meaningfil friction and wear dat in a reciprocating mode and
over a range of sliding conditions, were satisfactorily achieved. Vibration analyses indieated
that reciprocating frequencies between 25 and 35 Hy should be avolded mless further
- vibration-reduclng measures are employed.  Some suilable measutes were identified.
Lixeellont agreement in measured dynamie friction cocfficients was fumd with o commercially

avallable tribometer, using a standard tost arvongement with known friction behaviour.
6.2 Metal-Ceramic Sliding Couples

The Fietion and wear behaviour of 1 range of oxlde and silicon-based cermmies sliding ngainst
ATST 440C stainless steel in deicazed water was stadied. A the sliding counles exhibited
A pmnuﬁncud two=phase {vietion and wear behaviour, charncterized by a run=in and @ steady-
state phose, The wear results showed that 1t Is important (o quantily not only the totad smount
of wear, a8 s conmonly done, but also the steady-state wear rate, which s he more

imporiant patunetor for assessing the longsterm operatonal performance of the sliding couple.

In agreensent with puhlished Herature, the oxide ceramies generally showed higher friction
goelticionts nnd wewr tutes compared 1o the silicen-based ceramies, This was explained in
terms of dillerent levels of adhesion Letween the sliding elements and the formation of
interlhedal metallic transfer flms, In the case of zirconin ceramies, inercased wanstormation
tonghening was fund to be related © increased surface fiaetore damage and wmekdlic transfer
{ilm formarion,  These Tilms were beneficlud in that they protected the undetlving ceramic

surlapee fron Turther damage and determined the Kietion and wear whaviour,

The superior Ttetinn and wear behaviour of Sialon and 85N, was related o the Tormution of

Tubrieious SO «based tribochemival reaction s on these materials. The loml aurying
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CHAPTER #
o CONCLUSIONS

Mining rentains one of the most impottant industry sectors worldwide. Continuing pressure
towards reducing vnit production costs bas driven much research activily in the areas of
improved mining systems wd mose efficient use of engineering watetinds.  In purticulan the
| performanee of new mining systems sueh o hydrospawer ('t.hc use ol water as hydraulic
working fluid) in South Afiican gold mines, or down-hole drilling powerpacks in the oll and
gas {ndustey, is limited by the wibologieal performance of sliding matecal couples, The
present stady aims 1o make o contidbution in this ared by esamining e friction and wear
charaeteristics of metalceramic g polyerystalline sliding couples for applivation in
regiprosnt 2 hydru-pnwci' components, ol high-load thrust bearings lor dowa-hole

powerpacks, respectively,
6.1 Genoral

A sty of the existing literature stowed that the Triction and wear behaviour of ceramics and
Jiamond is governed by a number of complex meehanisms and phenomena. Tl developoent
of statle tribufilms on the stiding surfaces is of partiewlar importance in this regard, and nuch
work hag been perfornied i an attenipt W charackeriz such layers, Realizing this complesity,
several rescarchers have focused on developing friction and weur maps., which deseribe the
iribological performanee of particular materlal couplex aver a wide range ol operating
comditions, 'The problem remains, however, (hat few maps are availuble and much publshed
work is not comparable due to differeness in test conditions, asterials, and experimental
provedures, Studies which are Toeused o a pueticular set of applications, like the present one,

will thus e required for some time to come,

A Tair amount of work has heen done on the [ietion and wear of single ervstal diamond wxl
(VI diumond contisgs, which has confinmed the very low friction coefTieients ad wear 1 es

which can be avhicved with these maoterials,  However, very linle is known abow e
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influence of femperature on the rate of binder phase extrusion and tribofilm formation, as well

as on the mechanical properties of the tribofilm,

Under water-lubrieated sliding conditions, similar effects were observed, The lond earrying
capacity of the seff-mated Syndite couple appeared to be limited by the formation of small,
Co-rleh tribofilm patches. The self-mated. Syndax couple exhibited lower coefTicients of
friction and mueh higher LCC and this wag aitributed to the absence of such tribofilms, In
conteast to dry sliding, the mixed Syndite/Syndnx couples showed o similar behaviour to the
self-mated Syndite, Lo, limited LOC which was appacently due to the formation of Co-rich
fribofilms, However, in all cases these lilms were much less well-developed than in dry
sliding and wete dilficult to observe and analyze, Ncycrthcless. the obsetvation that the Alms
appenred to promote stick-slip motion and thes limit the LCC was confirmed by removing the
films with.di-lu‘te hydrochloric acid, whereupon lower coeflicients of fiietion and smoother
friction behaviour was obtained for n short period.

The prosence of beneficlal Si-rich tibofiims which could bind the Co, analogous 1o dry
sliding, could not be confirmed on the Syndax surfoces. This was probably related to the
combined effects of lower temperatures, the presence of watet in the contact zone which
reduced adhesion and material teansfer, and the fact that debris was swept out of the contact
aren by the water and was thus unavailable Tor tibofilm formation.

These findings have important commereial implications since they point the way towards the
design and seleétion of imyproved PCD material couples for thrust bearings used in Jown-hole
drilting applications, Commercial aspects of this work, us embodied in improved thust

beatings, have been proteeted by three tnternational pater? applications,
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Under dry sliding conditions, mixed Syndite/Syndax sliding couples also showed lower
coefficients of friction and higher LCC than setfemated Syndite. This was related to the
formation of 8i-rich tribofilms on the Syndax surfaces, which also contained smaller amounts
of Co and W from the Syndite binder phase, The abscnee of deleterfous Co~rich tribofilms
on the Syndite surfaces led to the suggestion that 0 strong affinity existed between Si and Co,
resulting in the ﬁref‘erentidl removal of Co frot the Syndite surtace and transfer to the binder
phase regions of the Syndox surface. There was some analytical evidence that u chemienl
compound rich in Si, Co and O was present in the Sierich tribefilm,  The Co was thus
effectively bound in this tribofilm on the Syndax surface, and the potential for the formation
and interaction of detrimental Co-ricl tribofilms on the Syndite surfuce was veduced,

The formatior. of the tribofilms was explained in terms of a thermal bindee phase migeation
mechanism, sustained by diffusion and possibly deiven by chemical renctions (oxidation) of
the binder phase ot the sliding surface, Loovse wear debris generated from the binder phase
regiuns probably also played a siuniticant gontributory vdle (compuetinn).

The infuence of several typleal diilling fluld constituents j.e. silica, bentonite, barlte and
haematite in the contaet area of o selfamated Syndite eouple was examined under dey sliding
conditions, The effects varied from apparently no effiect with harite, to reduced friction and
no surface damage with bentonite, a reduction in friction aguompanied by surfice seoring with
silica, and increased friction coelflelents and severe surluce damage with haenutite,

* Beneficial effects were generally assoctated with the removal of deleterious Cusrich teibofilms
from the sliding surfuces, The dramatic negative offect ol haematite was attributed to
sruelural degradation of the diamand surfaces, cotulyzed by the iron content of the haematite
{iron is known to promote the graphitization of diamond).

The effect of ambient temperature on selfmated Syndite in dry sliding was studied in view
of the appasent impottanee of thermal effects in tribofilm formation,  The fiction cvefficient
and associated tluctuations in fdetion foree inereosed with inereosing temperature and reached
L maximum a temperature between 60 °C and 100 °C. Beyond this point both pasimeters

decrensed to rench nomdninwum at about 160 °C, These effects were explained in terms of the
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55 Commercial Implications

This work has led to the development of an improved PCD thrust bearing for application. in
conjunction with a down-hole powerpack such as a -Moineay motor or turbodeill,
Commerclally sensitive aspects of this bearing have been protected by two patents [221][222].
which have been granted to date in South Africa. the USA, and Australis. Examination of
the patents is underway in o number of other countries, including China and Europe.
Protatype thrust bearings have beun tested successtully both in a full-size test rig as well a8
in a production oil well i cooperation with the Russian Seientific Drilling Techniques
Research Institute (VNIIBT).

The wark has also elearly shown that the use of thermally stable PCD, such as Syndax, either
as self~mated beoring couples or in conjunction with Syndite, may provide significant
improvements in friction behaviour and load carrying capacity. Based or rhese findings and
in view of the potentlal commerclal implications, nn international patent application has been
submitied for a thrust bearing incorporating such improved PCTY sliding eouples as bearing

surfaces [323].
5.0 Summary

The friction behaviour and load catrying capucity (LCC) of various sliding combinutions of
Syndite and Syndax were studied under dey and water-fubricated conditions, In both cases,
the LOC was limited by the mlsét of unstable friction bebaviour and inerensed fietion
coefticients at higher loads. It was coneluded that this was associated with the formation and

aditesive interaction of patehy, Cowrich teibofilms on the Syndite surfaces,

Sellsmated Syndax exhibited lower coelficients of frietton and higher LOC and this was
altributed to the absence of Cosrich tribofilms, as a result of the different binder phase
cotposition. The pert‘umhance of the couple was similar under both dry and water-lubriculed
sliding conditions, 1t Is thus likely that thrust bearings incorporating selfmated Syndax

bearing surfaces will exhibit superior performance compared to Symdite bearings,



g

Flgure 545t Optical micrograph {a), S00x mag.; and (b) SEM microgaph of tho Syndite pin
from the Syndite/Syndax water-lubricated sliding couple.
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Figare St Obticnl micrograph (a), 500x: and (b) SEM nicregeaph of the Syndax dise f‘ronﬁ
the Syndite/Syndax water-lubricated sliding couple,
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in turn, caused severe vibrations and limited the LCC,

Although the presence of Co-rich wear debris and tribofilm patches was not easily observed
microscopically or confiemed analytically, their cffect on friction and LCC was confirmed by
temoving the tribofilm patehes with dilute hydrochloric acid and re-running the test at o load
close to the LCC, It was found that the couple initially ran very smoothly and with low
coefficients of friction, but stick-slip sliding nccompanied by vibrations and noise commenced

with increasing test duration.

- Syndite (pin} / S;{grl:u}L (disc)

The behaviour of this couple appeared (o be very similar 10 that of the Syndax/Syndite couple.
The Syndax disc showed some preferential wear of the 8i binder phase, but no well-developed

Si- or Co-rich tribofiims were detected (Figure 5.44),

The Syndite pin exhibited highly polished diamond surfaces with small patches of Co-tich
tifbofilms at the grain boundaries (Figure 5.45),

The fundamental mechanism which dominated the friction behaviour and LCC in water-
lubricated sliding thus scemed to be similar for the two mixed Syndite/Syndax couples, In
both couples, the absence of large arcas of well-developed Co-rich tribofilms resulted in low
{riction cocfficients, Of cowrse, the lubricating cffeet of the water, as well as the presence of
thin and fubricious, Si-rich tribofilms on the Syndax surfaccs may alse have contributed to
the low {riction coerlicients, TFor various reasons which were presented in the previous
paragraphs, Si-tich tribofilms which were effective in "binding' the Co in dry sliding Jid not
form. Therefore, simall patches of Co-rick tribofilms were developed on the 8y adite surfices
and these induced stick-slip motion, vibrations, and noise emission which, in turn, timited the
LCC © low loads, |
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Figure 8,431 Qptical micrograph (), 500x meg.; and (b) SLM micrograph of the Syndax pin
frar the Syndax/Syndir: wateplubricated sliding eouple,
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6.4 Hydro-PPower Mining Systems

Metal-ceramic covples suitable for applieation in 1eeiprocating components in hydro-powered
stoping equipment need to exhibit a Jow friction coufTieient and steady triction behaviour.
coupled with an acceptable steady-state wear rate, in ordet to ensure satistactory compotient
operation and lifetimes. In view of these requirements, this work bas demonstrated that the
sificon-based ceramics were generally superior to the oxide coramics. In deionized water,
prefurence should be given to 8iN, because of the apparent higher load carrying capacity and .
fower wear rate compared to Sialon, I mine waters which exhibit a similar composition to
the synthetic Unisel mine water solution and wineh are typieally used as the hydra-power

working flutd, hoth Siaton and SiN, nre considered to be equally suitable, 1n this case, cven

thie AIST 440C-nluming couprle would be suitable as a result of the benelicial influenee of the

mine water gonstitwents on friction and wear, provided the poor fracture toughness ol the

aluming ceramic can be tolerated.
6.5 PCD Thrust Bearings

It was confirmed that selfsmated Syndite shows promise for applivation in high-load thrusi
bearings lubricated by water-baged diilling fluid, However, thrust bearings incorporating seli-
mated Byndax bearing surthees will exhibit superior LCC and mare stable feletion behaviour.
Simifarly. mixed Syndite/Syndas sliding couples provide superior bearing performanes under
dry sliding conditions, but show little advantage over sell-mated Symdite under waler-
lubricated conditions. Tt was alse concluded that the sddition of bentenite, silica, and barite
to the deilling (uid can improve the {riction behaviowr and LOC of self-mated Syndit,
Hacimatite additions must be avoided sinee they cause rupid sefzure and severe damage of the

bearing surlfoges,

Muost of these findings have been contirned by laboratory amnd field wsts of prototype PCD
thrust bearings, Conynerclally sensitive aspeets of this work have been protected by three

internional patent applications,
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APPENDIX A
Reeiprocating sliding tribometer design drawings

(Note! These drawings have been photo-reduced and are not {o seale).
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APPENDIX B

Friction cocefficient enrves for metal-ceramie sliding couples



»-wr *
\m;namm@g i

WO B
1na
a] FIN NSS T TRA A VIR
4 N VA verars S K S st W o,

. " QIS REERL \KF Y AHAND THREAD,
o SECTIN A2A,

a5 .

FRILTION FOREE TRAVEDUCER

ity one withoul M8 Nenw, COMNELTING 2 OUT  PLRTE

TATE [a7-Bl-ting
WA LER A DARNR) ONG 1O 24
JLAALE 1T [

—umgq-v-n-l iH
I:E
2
8

ﬁf,&’f& ,J»;, u
B4 ¥

o

i,

Himw ’
ot e bnad R vemtinrrn

~SEENON Bch L LSERIMN BeB
x"l MOLRS @05

-

f o

FAICTION FURLT TRINEDULTR

e ppar

AT _Tifrai 1900 |
vistAwH (G F A DAMMILRG 8o 22

-y,

IO L




7y

A rrmgund

Y

! ; gl
.u.........{,-gl, . — ,:N, . .{ -
!

? \\usmm

W et

AL EL, T T S

i i : x 16 S0 HEER) . ..
SCUTCH YOHE Apdiivg
FRONT COVER
IR N— T S——
Qe

Tt

oy ..,\ N ]
O, "
A fat §

1 e

R
\\‘\
.,
R
1\_&

o,

e

s ’}";

,:-“ ,:;’L /f: et

i <1

™

VA
[diee]

e L Ll LN T PRt

2y

8 ,,.|

™

PR, L PR

~ SR AzB

SeaTCH Yolirn HOW WG

TR 3 PRORT

AATE IOk taay ]
TRAWH IS umnu oG w18

SCATE (161 |EF




" ) “"1
g N a s I

ANEENS !
7 ] :/
A\HV
(| N
1] P
AN | N l

2h

0

Al
/ JHMES 27

Il
. L Jr—
[, \J; ol
AN
1)
2,
e,
B

THMER AT

SLoTCH Yo SHEET

BUSHIVGS

OATE  Joni-3581
oG 40 4T
SCALE [1:T [Tt - .

T
B

L

¢ 6

!

%
P
g,
= -

i
2

-.{?._

- “.f;.._

‘;‘”"@
=
-
Ix
=

O -

o

¥
.
)

¥
1

i

7777

e
SE

WwELD T
o SEETON Ao,
~JLEHE110 DEER)

TLOICH YOKE Houliveg

DATE J9h«R11984

TR &AM ORG N 18
ERALE %T‘Fz%




78

silivr

[} -.._..ﬂ
I.l|1

o

i

8]
o
l

aeie r
STIIE

..]_i.

o2

1

SLUTCH yoWE MoviING

b
o SELTION Ash
L o
f . " R -w---éb—--m-
A ’ T |
Lt . |
THREAQ _

FUOTEH Yol & SHAPT

A |DRG w0 146




838, KLEAR THROUIBL,

/

T
L
[l
L
Il
—]

17

7=

SEL TIOKR, A

s

SCoriH YOKE pLocH

ATE 102 ~01%1588 ~ '
DHAWN |OF A DAMMIORG HO 13
SCALE | 1:1

Loat__

rﬂ&.
07
4 Fr o]
SN
ﬂ"l|
_SECTION AzA

SeorcH yelle cAM

GATE  [112-01195H

1AWN [OFRA DANR[ORG M0 14
|.’.m|.l-: 11




a8

/.

A A

IB\_

g R - e e
WA, 08 B
L
AL R e N
i :\’1'@‘J 4
o A
1
o — O
| 2l )
A 25 I A ScorcH yoke
185 .
e vo. 11
2
8
W)=
’.
p{ GI |2 - ﬁ - \:}
/W
i
|
T u
PUESTIEY -
| / |
r-df- $60TCH youE

2 ——

5

i

TaTE (6L its 1900 12
DRAWK [OFRA DAMN] ORG MO
SCALE {1 Ifﬁ-"%




£h

n
7

-

el

g

{

2

i1

2k

ELAMPING_HLOCK
HEAD

SHAFT

ARG, T

PRING_ WASHER

BALL AEARIHG

CLAMPING BALT

1TEH

ary

RESCRIFHON

MATERIAL

RECIPROCHTING SPECIMEMN

MHERR

DAt

{i-wEt

FAWN I1ER A TAHMIORG 0. 9

S

E1U1 i gH

=,

10

10

50

5 8

CR AT
T .

AR

-
bred

1

[l
HOLIOW SRAFT,

=k

LK

=

Bl

BA A VE,
HISTON (LDOSE;

FH

ISTIMG FAi

TRARK_Pil '

AM
SLIDING BLACK
JOKE FURK
INEAR GUINIE

GURE_BLOLX

NEHYPUT SHAF

LTEM

ATy | DESCRIPTION

MATERIAL

SCotoH Yokt HiSEMBLY

DATE
IRAW

B1-0i-1vA8
RINER & DAMMINRG ug 10
1:1 [0} ol

SCALE




LEaR BERMNG HOWSIVG

(2 orr}

T ——— |

u.e..1 431t 108]
DRAWH [RERA OAL: [ORG 0. 7
SEME 1 | |

154
E e |
B 1
|
et = o
e o s e £ et
] ~
) I
phelecy ﬁ LL

s
=11
=

Mk

SECTION, AzA ...

ik

LORD FAHME

HATE  [07-11-1987
ORAWHINERA GAHMIORG 80 §
SEALE LUY Tt - .







ceffaczent

Frictisn o

0.4
]
a.1
2.0

n.8
&5
G.4
0.3
0.8
nl
9.0

0.4
0.7
a4
.8
0.4
a3
0.
o1
¢.n

SILICON NITRIDE, POLISIIED SURFACES

Applied loads 20, 30 and 50 N (fram top to bottom)

e mben B R LT e Pt R Boar = e el e i o e et -

S st RN

Mt 8 1 e i LA 8 e e T 1 e M AT 4% R L J

4 1100 2non {iei] Ahang FHINO Govo D B

Shidirg tHastomen ()

axe b P TP USRI FApFPIPNERY S P PR ———

GIINA nodvihed N

\\'N‘Ww LN T

[ } g et "

_0 ] fono 2600 Ntil] LD haoy GO F006 ot
Hhiging disbanee  {m)

TU R it et o sima i LB 4 B b o s b L me e © o e ke e ] AR 8 g

GLING padinhe SiM

A -

Bt ratte ot et i A A e o A R T T e L R e % ek e e e bbbt et e S e

n 1000 anon JAaim 4000 bt fionn 00 1ol

Slading ofislames [n)



Friction coeffiziant

SILICON NITRIDE, GROUND SURFACES

‘Applied loads 20, 30 and 50 N (from top to bottom)

]

DA+
0.8
0.7
0.6 [

0.8
'
0.2/
0.2/
9.4 1

LN Braund 20

8.0

0.u|

0.0

0.7y
G.61{

(]
Q.4

0.31
pRY

0.}
0.0

[HA]
..B
.

vt

n.h
9.4
4.

0
a0

£ R gk ettt S i

3000 4600 Ho00 13000 7000
-
S1iding. digtance [(m)

1 T

0 1009 2O00

[ U R T S

O304 grownd HIN

\‘\‘ . L"‘ .' ..m.“

- o

ey

il Y
Slading distant

000 L] Goun nno

{m}

L} 1008

s e b kg T S i b a1t 1 e A P

S1Ha mranned ik

5~“JNKM~“h~““““NMuthHNWMH

LA T “' L "

1000

e e Ton Lo s W82

4} 00D P00

B T T "T T TR PP

g At Koo
Blathmg gistanme i

Fuin

e o ey s

e e e

BOGL

ol

Hi0C



Friction coeffigisnc

Ua

Friction coe

Feiction cpefizczan

SIALON 101, POLISHED SURFACES
"Applicd loads 2[!, 30 snd 50N (ffom top to bottom)
L . RS B
11 Narlon 569 pal yuleal PO
(]
G.& I
.
0.
Q.
Q.
a.
Q2. Mh\i ’,.I h F
a. .
0.7
0.0 . —

o gy 2ond doep 4000 5000 D] 7500 oL
81iding vistanee {w) '

- v b

S lon 107 pattanhed N

S )

[ Y PR RN Y PNV S ERONRUR Y PSP S USSR P SN

I Y

0 1900 RlelT] WL Ao P nono 7400 BODG
S1iing distanee |0}

Sristun 101 poi g BN

o - B PRI ] Fartbnms -

0 1000 aane 3400 Ay £000 £O60 0 naac
Slidng dentanemn  {m)



I1CIany

-7

Frictics Coe

ciion fpeffalzent

Fra

c.i
0.7

a.m|

0.4
Q0.4
0.3
0.2
0.1
0.0

I

Lo

9.9
0.0
0.7

0.0 |

a.b
[
6.2
.2
0.1
0.0

on|
o.of

6.7
0.5

R.u

G.4

0.3

0.
u.0

SIALON 101, GROUND SURFACES

Applied loads 20, 30 and 50 N (from top to bottom)

Eiwimi 10% nenuml it

o 1000 aonn 3000 . AcDR U000 GOLn 7000
Gihading digkanet  m

Daalon 81 granml AN

0 dnpe 600 3000 AB00  LOOB  60pg 7000
luding distanee  (m)

Sralan 05 peoumd Ly

M..._ o bt A - FPURTATTT L1 TR AT A

AT ARy & Aol Sl A TI vk L < i i 4 o s an e b

[T AP N VU J PR Y

O TR T S reer, DEIFE VDI RSy ewe SRS

ot s b —ra L L ek f s e e a3 e abp e A e s = oh P eens e Bt R e merr e

0 1060 Houn qoan A000 S¥I00 B} Folt)
SLithumg sl aeen ()

+



Fiicien:

ctisn cae

Fri

Fraiction coefiicient

friction coefficient

Ce-TZP, POLISHED SURFACES

- Applied loads 20, 30 and 50 N {from top to bottom) |

o+ 1ef panl szilnnd . 0N

0 1000 2000 00 4000 000 (e 1] 7000
liding diglaney  [m}

gnac

n.4
.8
0.7

|
0.h|
0.4 1

0.3

0.2y

§ e

Gret 20 pbbutn JON

%M

G.0

0 1000 2000 a000 4000 hnoo Low 000
Sligung dislanes [in}

1.7

.4

a.9|

0.0

0.7

0.6
0.5

q.4,

2.3

8.2
(%]

fir= 120 prrd psihesd GtH

i

-tk

)] 1on 2000 2000 . 4000 5000 6ooe me0

Blting dhskanen (o)

oot



Friction coefficient

Frictign coefficisnt

~E
b

riction cosfficier

F

Ce-TZP, GROUND SURFACES

Applied foads 20, 30 and 5¢ N (from top to bottom)
1.2 ' S
1] Co~T2 granngd MR ‘

1.0}
g
0.0 7
0.7
0.6
v.ul _
0.4 L
DAt
0.2}
.9

0.0 +
0 6o ‘2on0 Jood 4000 5000 sogn aan noag

Sliding gistongy (m}

1.3 f . P [ e

[ Cet=T2P ground 0

=

W"‘ W W‘_ ‘n"' W EMWWMJMWW‘"

PN

o o 2 o o O
oF

+] - 'y - et e 15 e ek et v et
) 100 ann 3000 e HOBD [F) 00 naoc
. Slitding daotanee  {m)

I + " e R T T T TT R e 3

E:n-l'[ﬂ’ Hrunel SWiH

o o a o oo
~

-

[+] 1o g wha Lyt SO0 Lo onn #ong
Bliding dastanen [m)

o oo a 4



e

Friction coefficient Friction coefficient

" Friction cosificient

0 ey

3Y-TZP, POLISHED SURFACLES

Applied loads 20, 30 and 50 N (from top to bottom)

1000 2000 8000 4000 5000 6000 7000  BOGO
Sliding dlstanee {m) '

0 1000 2000 83000 4000 SO0 8OO 7000 BOCO
Sliding distance {m)

¢ 1000 2000 8000 4000 500G €000 7000 8000
Sliding distanse (m)



Friction coefficient Friction coefficient

Friction coefficient

3Y-TZP, GROUND SURFACES

Applicd loads 20, 30 and 50 N (from top to bottem)

1.2

114

0,94
0,84
0.74
0.8+
0.54
0.44

———

© 1000 2000 9000 4000 5000 6000 7000
Sliding distance (m)

BoOD

0 1000 . 2000 39000 4000 SN0D €000 700D
Bliding distance {1}

8000

0 1000 2000 8000 4000 5000 800G 7000

Sliding distance {m)

BOOQ



Friction coefficient

Friction coefficient

. 0‘5‘.

Friction coefficient

1.2

PSZ, POLISHED SURFACES

Applicd loads 20, 30 and 50 N (from tap to bottom)

1.1'I

1+
0.94
0.8+
0.7
0.64

0.4
0,34

0 1000 2000 8000 4000 5000 6000 7000  BOCO

8liding distance {m)

8 1000 2000 8000 4000 5000 6000 7000 8000

Shiding distanse {m})

0 1000

2000 8000 4000 500G GODD 7000 8400
Sliding distanice (m)



Author: Damm Oliver Frank Rudolf August.
Name of thesis: Friction and wear of selected metal-ceramic and polycrystalline diamond sliding couples.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material {(one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



